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Abstract

Gunshot injuries are challenging conditions because of the unique characteristics of the wounding
agents producing soft tissue damage that may be compounded by the formation of an expanding
temporary cavity (cavitation). Variations in the ballistic performance leading to higher energy
transfer by the projectile, including bullet tumbling, deformation and fragmentation, cause increased
soft tissue injury and may also lead to more extensive bone comminution compromising local blood
supply. Once life-threatening injuries have been excluded or properly addressed, the emergency
management of localized trauma from bullets and shotgun pellets may be complicated due to
progressive tissue necrosis within the zone of injury. Additionally, the risk of infection should be
tackled especially in high energy bone injuries. War experience suggests a baseline separation
between wounds with limited tissue destruction which can routinely be managed as simple
penetrating injuries and those resulting from high energy transfer to the tissues involving a
substantial amount of necrotic elements surrounding the wound channel which call for a more
aggressive surgical approach. A further justification for such a distinction is the need for antibiotic
therapy, which varies according to most studies depending on the wounding mechanism, the nature
of the wound and the extent of tissue injury. The emergency physician should also be aware of the
possibility of “bizarre” bullet paths resulting in occult injuries of important anatomic structures.

Keywords: gunshot wounds; wound ballistics; penetrating trauma; shotgun injuries; vascular
injuries; assault rifles

1. Introduction

The greater availability of firearms in modern societies has resulted in increased frequency of
gunshot injuries and deaths among civilians, due to suicide attempts, assaults and unintentional
discharge of guns [1]. Whereas most self-inflicted injuries of this type result in death and only few
wounded arrive in hospital emergency departments alive, more victims of firearm-related violence
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in general suffer nonfatal injuries than die [2]. Firearm injuries remain challenging because of the
unique characteristics of the wounding agents and the resultant trauma which may involve
unpredictable wound tracks and additional collateral damage due to the phenomenon of cavitation
leading to progressive tissue necrosis, especially with high energy injuries. Such injuries are seen in
mass shooting incidents against civilians by lone actors and terrorist groups using military-type rifles
[3,4].

Effective management of gunshot injuries in the emergency department requires an
understanding of the behavior of bullets and other types of projectiles (e.g., fragments, shotgun
pellets) in the human body to support the diagnostic process and the interpretation of imaging
studies [5,6]. Moreover, certain aspects of the initial management of these injuries, such as the benefit
for antibiotic prophylaxis and the removal of retained projectiles, have to be addressed according to
the currently best available evidence [7].

2. Wound Ballistics

The term wound ballistics refers to the subset of terminal ballistics (the study of the effects of a
projectile within the target) which examines the behavior of and the damage caused by penetrating
projectiles in human and animal tissue and certain tissue simulants [8,9]. Gunshot wounds are
produced by bullets, which by means of their velocity perforate skin and deeper tissues acting as
kinetic energy penetrators. Whereas gunshot wounds are usually classified under penetrating
trauma, their mechanism involves features of both blunt and penetrating injury [5,10,11].

Projectiles from firearms are commonly separated according to their velocity at the point of exit
from the barrel of the gun (muzzle velocity) into two main categories. High-velocity projectiles
include rifle bullets and experimental projectiles exceeding velocities of 600-760 m/s (fragments from
explosive devices also fall into this category) [12-14] whereas handgun bullets travel at or below the
speed of the sound in air (340 m/s), thus considered low-velocity projectiles. A third category
comprises projectiles with medium velocities, such as those from Magnum handgun cartridges,
between 400 m/s and 450 m/s [12].

An important categorization of bullets related to their construction, which corresponds to
distinctly different ballistic behavior within the target, is between expanding and nonexpanding ones
[15,16]. Expanding bullets include solid lead bullets (used exclusively with handguns), copper-plated
lead bullets, and semi-jacketed bullets with an open tip available in soft-point and hollow-point types.
Designed expanding bullets intend to maximize the tissue damage with a greater amount of energy
transferred [15,16], in the case of hunting ammunition (typically soft-point rifle bullets) with the aim
to effectively kill the game [15,17]. Full metal-jacketed (FM]) projectiles are nonexpanding, typically
consisting of a soft lead core encased in a jacket made of harder metal, such as cupronickel, which
completely covers the tip but usually leaves the base of the bullet open [18] (Figure 1). Since the ban
on expanding (“Dum-Dum”) bullets imposed for military use by the Third Declaration of the 1899
Hague Convention, on the grounds of avoiding unnecessary suffering [19], the FM] construction
became the standard for military small arms ammunition. Assault rifles, which are the modern type
of military rifle, use bullets with smaller cartridges containing less propellant compared to full-
powered military rifle cartridges previously used, as it was found that the latter didn’t offer a
significant tactical advantage in typical infantry battle conditions. However, there have been recent
reports for use of illegal ammunition with expanding bullets in the war of Ukraine [20,21]. Modern
designs of military bullets contain various components of steel with or without a lead core.
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Figure 1. Various stages of construction of a full metal-jacketed military rifle bullet. The lead core (lower row) is
enclosed by jacket which covers its tip but leaves its base semi-open. The canellure, around which the mouth of
the cartridge case holds firmly the bullet, representing a weak point of the jacket acting as a stress concentrator,

can also be seen (upper row, far right). War Museum of Athens.

2.1. Dynamics of Penetrating Projectiles

High-velocity bullets are capable of completely perforating the human body [15,17] whereas
low-velocity ones may or may not exit the body depending on the anatomic areas they pass through.
A projectile that comes to rest within the body has obviously delivered all of its available energy to
the tissues [18]. The importance of the projectile velocity in the wounding process can be deduced
from the kinetic energy formula K=1/2mv?, which states that the kinetic energy K associated with the
motion of an object is proportional to its mass m but the dominant determinant is its velocity v as the
latter enters the equation raised to the second power [14,22]. The energy transferred to the object by
the force that accelerates it (the firing of the gun in the case of a projectile launched from a firearm)
can also be transferred from the moving object once a decelerating force applies on it [23].
Theoretically, the kinetic energy of a projectile penetrating tissue is the energy available for transfer
via a retarding force (drag) due to tissue resistance acting against the projectile motion. However, it
remains controversial to which extent the kinetic energy formula can convey the tissue damage
produced during the projectile-tissue interaction [8,24]. Specifically, this formula does not reflect the
increased tissue damage from tumbling projectiles [25].

Projectiles with the same kinetic energy at impact but different masses and velocities behave
differently in the same type of tissue, creating different wound morphologies [8]. This has been
shown in gelatin (used as an ideal skeletal muscle simulant) [26], where the penetration depth is
usually less for the projectile that is smaller and faster compared to the heavier, slower one [27].
Whereas the letter causes mainly crushing and disruption of the material that contacts, the lighter,
faster sphere dissipates most of its kinetic energy by propelling tissue sideways resulting in the
formation of a temporary cavity (cavitation) [26].

Military rifle bullets penetrate tissue initially with the longitudinal axis of the bullet close to its
line of trajectory (i.e., at stable flight) [28] creating a wound channel with roughly the same diameter
as the projectile, termed the narrow channel [29,30]. After a distance that varies depending on the
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bullet design, the bullet becomes destabilized because of the action of the retarding force. Since the
latter tends to concentrate on the bullet’s forepart, it generates an overturning moment which
prompts the bullet to yaw [31]. Yaw is the deviation of the bullet’s longitudinal axis from its line of
trajectory [18]. Since modern rifle bullets have a streamlined (“spitzer”) shape, any such change in
their orientation can only increase their presented area which also increases the magnitude of the
retarding force by a positive feedback mechanism [31] (Figure 2).

in air: yaw (reversible through spin)

in tissue: yaw (irreversible) and tumbling

Figure 2. Destabilizing effect of the retarding force acting on a military (full metal-jacketed) rifle bullet. In the
air, yaw tendency (due to inherent instability) is counteracted by the spin. During tissue penetration, the much
higher tissue density generates a strong retarding force which increases in magnitude by positive feedback as

the bullet undergoes irreversible yaw and its presented area increases.

A tendency to yaw, which is a feature of military rifle bullets, while already existing in air, is
effectively counteracted there by the gyroscopic stabilization of the spin (imparted to the bullet by
the rifling of the bore of the gun). In tissue, however, this stabilization is rapidly overcome because
of the higher density of the medium and the enormous retarding forces [18,27]. Consequently,
tumbling (rapid yaw) of the bullet appears as a result of which the diameter of the wound channel
increases until it becomes maximum once the bullet travels sideways (at 90 degrees of yaw). At this
point, the bullet strikes tissue with its whole length thus maximizing the damage produced [27] while
the amount of energy transferred to tissue also reaches its maximum [14,18,32]. Such a bullet will
eventually turn base-forward, which, of course, implies a sufficient length of the wound channel
[18,27].

Expanding projectiles sustain deformation (mushrooming) of their nose under the pressure of
the impact. This provides shoulder stabilization to the projectile preventing yaw and tumbling [30].
An expanding bullet, which mushrooms within 2 to 4 cm after penetration (i.e., without formation of
a narrow channel) [30], may increase the wound diameter by 2.5 times. As a result, the surface area
of the tissue that sustains direct damage from crushing and tearing by the projectile frontal area
theoretically increases approximately 6.25 times [27]. However, this increase in wound diameter
becomes clinically significant only with rifle bullets [18].

Bullet fragmentation is common as a result of bone impact while it also occurs with expanding
rifle bullets containing a lead core as they penetrate soft tissue [18,33,34]. A different pattern of
breakup, also without a bone hit, affects military rifle bullets with a lead core. Above a certain
velocity, approximately at 600 m/s, the extreme bending and compressive stresses encountered while
the tumbling bullet moves sideways within soft tissue cause flattening of the jacket [30]. At still higher
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velocities, the bullet may even fracture, usually at the cannelure (the circumferential crimp on the
jacket around which the cartridge case holds firmly the bullet in the unused ammunition) releasing
metallic fragments within soft tissue [27]. This results in a snowstorm appearance of the wound in
plain radiographs [18].

Depending on range and velocity, fragmentation is a common characteristic of the 5.56 mm
bullet used in the M16 assault rifle; it is seen both with the projectile fired from the original M-193
cartridge which was developed for the Vietnam-era M16Al rifle, and the NATO-standardized
S55109/M-855 cartridge of the M16A2 rifle [18,27]. This small-caliber bullet essentially relies on
fragmentation to bring about its excessive destructive effect on tissue creating large wounds, as a
result of which there have been press releases and medical reports falsely claiming that because of its
high muzzle velocity (exceeding 900 m/s) it blows up in the body [18]. However, fragmentation of
this bullet does not occur consistently since it is velocity-dependent requiring a penetration velocity
above 760 m/s [35]. In addition, it entails tumbling of the bullet which requires a sufficient width of
tissue while in borderline cases pre-impact yaw has a critical role in reducing the length of the narrow
channel and precipitating early tumbling [30,36].

2.2. Pathophysiology of Bullet Wounds and Cavitation Injuries

The nature and severity of bullet injuries depends primarily on anatomic factors related to the
shot placement and the bullet trajectory [37-39] and the functional effects resulting from the anatomic
structures and organs disrupted [40,41] (Figure 3). Projectile characteristics, some of them inherent
(mass, contour and construction) and other developing during the passage from the gun barrel
(velocity, stability), also play a role as wounding factors [27]. According to some experts [27], the
caliber of the projectile, i.e., its diameter (expressed either as fraction of an inch or in millimeters), is
not an important determinant of the wounding effect. However, a relationship of larger bullet calibers
with morbidity and mortality in gunshot victims has been reported [42,43].

Figure 3. Abdominal gunshot wound from a .45 cal. handgun bullet, which resulted in laceration of the right
internal iliac vein. (a) Emergency x-ray of the patient. (b) CT scan, 21 days later, which also reveals the FMJ

construction of the projectile. Courtesy of D. Pinialidis, MD.

The most common cause of death in victims of shooting incidents is hemorrhage [10,44,45].
Gunshot wounds to the head may be compatible with survival depending on the bullet trajectory
[8,40], although in case of involvement of the brainstem, death ensues instantaneously [45]. A recent
review of combat injuries in view of the war in Ukraine published in German, identified severe
traumatic brain injury (TBI) and hemorrhage from injuries to the chest and abdomen as the main
causes of primary mortality whereas secondary mortality after surgical intervention resulted from
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injuries to the trunk, neck and TBI [46]. Among civilians, gunshot wounds to the head and neck are
the most serious representing more than half of the fatal cases [43].

Two basic components of tissue damage have been recognized in bullet wounds [14,27,29,47]:
the permanent wound channel which is the area of overt tissue destruction after the bullet has exited
the body or come to rest within it, and the temporary cavity that forms in the wake of the bullet
invisible to the naked eye. Ballistic trauma from low-velocity projectiles (e.g., handguns) almost
exclusively involves the direct mechanism of crushing and laceration. As a result, in order to cause
significant injury to a structure, a handgun bullet must penetrate that structure. High-velocity bullets
possess enough energy to cause additional damage through cavitation and possibly secondary injury
due to bullet fragmentation [18,28].

Cavitation occurs as the bullet track expands with its walls thrust outwards, at velocities that
reach up to one tenth that of the projectile from the deposition of its kinetic energy (Figure 4). The
cavity created by this phenomenon involves massive tissue displacement increasing in size several
times the projectile diameter within milliseconds after the projectile has left the body [48,49]. In
sufficiently elastic tissue, the cavity after some undulation collapses undergoing a violent implosion,
thus demonstrating both its temporary character and the highly dynamic nature of this phenomenon
[32,36,48].

— | :?./"@m ‘ —

Figure 4. Schematic depiction of the temporary cavity formation (pink) and expansion (blue arrows) in tissue by
a tumbling military rifle bullet. Black arrow indicates direction of movement.

The degree of tissue damage from cavitation depends on the type and properties of the tissue(s)
perforated by the bullet [18]. These properties also affect the projectile-tissue interaction which has a
central role in the wounding process [48]. Cavity expansion results in tensile injury [36,50], consisting
in a stretch mechanism of the temporary cavity [8]. In solid inelastic parenchymatous organs, such as
the liver, this mechanism causes extensive disruption [14,48,51]. Significant lesser damage occurs to
the lungs, because of the compliance and low density of the lung parenchyma [14,51,52], often
presenting as extensive pulmonary contusion in radiographs [5]. Skeletal muscle is believed to
undergo mostly reversible injury from the stretch mechanism due to its elasticity [26]. Indirect injury
to internal organs, lying at a distance of several cm from the path of the projectile, can occur from the
pressure waves associated with cavitation, often referred to as “blast injury” [53-55].

In head injuries, formation of a temporary cavity is an important cause of the ensuing pathology
since even low-velocity FM] handgun bullets create a significant cavitation effect. Pressure waves
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reaching 644 kPa in experimental head models are most likely associated with the collapse of the
temporary cavity [56]. Remote effects of cavitation commonly manifest as indirect fractures of the
thin orbital plates and the cranial base [30]. A zone of destruction of brain tissue around the wound
channel extends up to 18 mm, which when affecting the brain stem can account for the onset of
respiratory arrest leading to death [57]. Military rifle bullets penetrating the head produce extreme
pressures amplified due the unyielding brain case, which exceed 2760 kPa resulting in explosive
fractures of the calvarium from within [29].

2.3. High Energy Injuries

High energy bullet wounds are characterized by tissue damage extending peripheral to the
wound track as a result of the temporary cavity formation following penetration by a high-velocity
projectile [58]. The size of the temporary cavity is directly related to the projectile energy transferred
to the tissue [18]. Clinically significant cavitation is a predominant manifestation of high energy
transfer resulting in a “zone of injury”, often extensive, surrounding the wound channel [22]. Due to
the extensive rupture of small blood vessels from the stretching effect of the expanding temporary
cavity, the zone of injury has the appearance of bruised discolored muscle [29]. Within this zone, a
pattern of progressive necrosis is encountered, which is not obvious during the initial examination
[59-61]. This evolving process has been reported in experimental animals too, sometimes even after
formal debridement [62-64], Extensive endothelial trauma affecting the microcirculation beyond the
limits of obvious tissue damage, which is proportional to the energy transferred, appears to be a
critical event in the underlying pathology [48,65,66].

In the absence of gross infection or vascular impairment, whether muscle necrosis occurs other
than at a microscopic level, has been a matter of debate [28]. The different response of muscle to
cavitation in various experimental studies may be related to the animal species used [58] and the
underlying patterns of involvement of vascular territories in the muscle tissue [67]. The temporary
cavity also creates a strong suction effect forcing air and debris to enter the wound [68]. The wound
demonstrating a large amount of dead and ischemic non-viable tissue contaminated with foreign
material represents the unique pathology of the high energy gunshot injury [29].

Assault rifle bullets possess significant less kinetic energy than those from full-powered military
cartridges (e.g., 1693 Joules for the 5.56 mm NATO vs. 3272 Joules for the full-powered 7.62 mm
NATO). However, assault rifle bullets are particularly effective in energy transfer because of their
tendency for tumbling and possibly fragmentation during tissue penetration, and also because of a
greater degree of cavitation injury due to the large temporary cavities they create (Figure 5).
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Figure 5. The onset of maximum cavitation in a block of ballistic gelatin penetrated by a 5.56 mm NATO assault
rifle bullet, as the latter moves sideways just before its breakup (courtesy of N. Tsiatis). Arrow indicates the

direction of penetration.

As a result, gunshot wounds from high-velocity projectiles have a longer wound track
potentially penetrating through multiple anatomic parts, with a wider zone of injury around it,
compared to wounds produced by lower velocity bullets [69]. A deforming or disintegrating bullet
from a powerful handgun is also capable of producing high energy effects to the wound with a large
temporary cavity [58,70]; a large handgun bullet may produce a similar effect because of a bone hit
(Figure 6).

(a) ‘ b ©

Figure 6. Close-range hand injury from a .38 cal. handgun bullet, with extensive soft tissue damage from bullet
deformation and cavitation as well as from bone shattering. Intraoperative photographs of the entry (a) and exit

(b) wounds. (c¢) Emergency X-ray of the bone injury. Courtesy of G. Breglia, MD.

A large exit wound is always a sign of high energy transfer [15,58]. In the case of a non-
deforming military-type rifle bullet, it results from expansion of a large temporary cavity near the
point of exit associated with bullet tumbling or breakup, or expulsion of bone fragments acting as
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secondary projectiles [35,64,71,72]. This is more likely to occur with wounds of the torso involving a
long wound track [73]. However, a small exit hole from a tumbling bullet that has eventually turned
180 degrees leaving the body base-forward may conceal extensive injury in a deeper layer from high
energy transfer [28,29].

Bullet fragmentation in soft tissue can be regarded as the most extreme manifestation of high
energy transfer by high-velocity projectiles, consistently associated with greater tissue destruction
[72,74]. The fragments created from a high-velocity bullet often have not sufficient energy to exit the
target [21,75]. The resultant tissue damage involves a combination effect with cavitation, as the
fragments create secondary wound channels extending radially from the main wound track, and the
subsequent stretch mechanism causes more extensive disruption of this damaged tissue than what
would be expected by this mechanism alone [33,75].

Gunshot wounds of the extremities are often complicated with vascular trauma. The latter may
be an indirect injury as a result of the temporary cavity [76]. A large temporary cavity can cause
arterial trauma or compartment syndrome, resulting in ischemic necrosis and infection [25,77].
Gunshot injuries sustained in combat have shown an increased rate of vascular injury [78],
amounting to 26% and 33% in the wars in Iraq and Afghanistan respectively [79]. When compared to
the much lower rates of vascular injury reported among civilian cases (commonly resulting from low-
velocity projectiles), which is less than 10% [60,80], these figures suggest a link between vascular
damage and cavitation in the context of high energy trauma. The mechanism of injury most
commonly involves stretching of the vessel wall resulting in intimal tears and thrombosis; however,
avulsive vascular injuries may also occur [81]. Neurologic deficits of different degree may also be
encountered in extremity wounds, either indirectly from the severe stretch produced by cavitation or
from direct laceration or contusion by the projectile [82,83].

2.4. Shotgun Injuries

Shotguns are smooth-bored (nonrifled) long-rifle firearms, which fire either multiple pellets
collectively known as the shot or a single projectile (slug). Pellets are separated by size into two
general categories, birdshot (of smaller diameter used for birds and small game) and buckshot (for
large game) [84]. Lead pellets have an upper limit of velocity, approximately 420 m/s, above which
collisions between individual pellets cause deformation whereas for steel pellets this is not a limiting
factor and higher velocities can be attained [18]. In many areas, including the European union and
the United States, lead shot has been banned for game hunting in wetlands because of lead poisoning
of waterbirds [84]. Upon discharge, the pellet spread (“pattern”) attains a conical shape [77] and the
wad, usually a plastic insert isolating the shot from the propellant within the shotgun cartridge, is
also expelled from the muzzle [18,84]. As a result, the firing range from muzzle to target is the
primary determinant of the wound morphology [18,85]; it affects not only the number of pellets that
hit the target but also the density of the shot pattern.

Within close distances (<3 m), the pellets are still bunched together acting as a single projectile,
with their initial velocity virtually unchanged [27]. At such range, the shotgun is a formidable
weapon [18] and the resultant wound involves massive tissue destruction [75,85-87]. Up to a certain
point, the size of the wound increases with range [8]. The wound appearance is determined by the
gauge (caliber) of the shotgun and the choke, a constriction of the barrel at the muzzle which controls
the diameter of the shot pattern. The gauge influences the density of the pattern, depending on which
the wound either consists in a single large cavity or contains multiple wound channels from
individual pellets. The size of the wound, however, is affected by the diameter of the pattern, which
is governed by the degree of choke [88]. With increasing distances within a range of 1-3 m, the wound
margins appear increasingly more scalloped and ragged, reflecting the gradual divergence of pellets
at the periphery of the shot, until smaller wounds from individual pellets congregate surrounding
the main wound of entry [9,18]. The wad can also reach the target over relatively short distances, and
within approximately 2 m, for as long as the whole shot enters the body through a single wound, the
wad should be expected to be found within the wound as radiolucent foreign body [9,88]; however,
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it does not participate in wounding beyond distances of 5-7 m [84]. Because of the unfavorable
ballistic shape of pellets, their velocity drops rapidly [18] and beyond 6 m, due to the resultant loss
in their kinetic energy, they tend to cause limited tissue damage [87].

Shotgun slugs have muzzle velocities ranging approximately between 400 and 560 m/s. They are
heavy projectiles made of lead or copper alloys, which within their effective range of 100 m produce
extensive internal injury, demonstrating extreme shocking effect, due to rapid delivery of their kinetic
energy to the target. Energy transfer to the wound is achieved because of the blunt shape of the slug
associated with marked cavitation and the tendency of lead slugs to flatten or breakup [10,89]. By
contrast, cavitation has no significant role in injuries from shotgun pellets [18].

2.5. Bone Injuries

Bone is significantly denser and harder than the surrounding soft tissue, also demonstrating
very limited elasticity. These characteristics result in greater amounts of energy transfer following
bone hit by a projectile, which sustains early destabilization with temporary cavity formation and
possibly breakup [8,58]. The bone at high impact velocities (>551 m/s) demonstrates behavior of a
brittle material [90,91]. Depending on the velocity of the projectile, provided that its energy suffices
for complete perforation of bone, the energy transfer initially results in drill-hole fractures
demonstrating a conoidal defect with the exit hole larger than the entry (beveling), while at higher
velocities greater bone fragmentation occurs as radiating fractures appear propagating outwards
from the point of impact [91,92]. Fractures of long bones of the extremities from low-velocity bullets
demonstrate rather typical fracture lines, such as divot fractures of the cortex, drill-hole fractures in
the metaphyseal area, and the so-called butterfly and double butterfly fractures of the diaphysis, with
various degrees of fragmentation around the exit hole [93,94]. Diaphyseal gunshot wounding of the
human femur by a 9 mm FM] bullet at an impact velocity of 360 m/s has been shown to produce a
similar ballistic fracture pattern with a round entry hole surrounded by radiating and concentric
fractures lines resulting in comminution and frequently a square exit bone defect [95].

Bone comminution by projectiles smaller in diameter than the bone is mainly produced by the
hydrodynamic phenomena associated with cavitation within the bone marrow [30,95]. Rifle bullets
as well as those from larger and more powerful handguns, which are capable of higher energy
transfer, tend to produce fractures of an explosive character with severe comminution, as a result of
the temporary cavity they induce [70]. The diameter of the projectile is more important than its mass
regarding the bone damage produced at higher velocities, because of the greater energy transfer and
the associated temporary cavity resulting from the presented area of larger projectiles [96]. Because
of the associated soft tissue damage and disruption of the blood supply, these fractures are often
complicated with infection, delayed union or nonunion [27].

Indirect fractures, i.e., without physical contact of the fracture site with the projectile, can be seen
in high energy injuries due to the pressure wave from cavitation. These fractures, which can occur
probably within a distance of 3 cm from the projectile trajectory, characteristically are linear or have
a wedged shape. This is caused as the expansion of the temporary cavity bends the bone beyond its
tensile strength, which results in tension failure of the cortex on the opposite side [97].

2.6. Infectious Potential of Gunshot Wounds

Bacterial colonization of gunshot wounds mainly occurs from the skin flora and clothing. The
bullet transports microorganisms and textile fibers into the tissue while the suction effect of the
temporary cavity causes additional contamination [30,98,99]. Debris is also present on the bullet
surface, which is not self-sterilized from the temperature developing during its passage through the
barrel [8,30]. Abdominal wounds may become heavily contaminated by spillage of fecal content and
colonic injuries are associated with increased incidence of infectious complications [100] which are
more common in high energy gunshot wounds [101]. As a result, gunshot wounds are considered
prone to infection, with wound infection rates around 15%, whereas high energy wounds appear to
carry a greater risk because of the large amount of devitalized tissue present [7].
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3. Initial Evaluation of Gunshot Injuries

In case of a gunshot incident, information that should be sought from emergency medicine
service (EMS) providers includes the victim’s approximate position at the time of wounding, which
can help in assessment of the bullet trajectory, and the distance of shooting, particularly in the case
of a shotgun wound. Any available information about the weapon type (handgun, rifle, or shotgun)
and caliber can also be helpful for the initial appraisal of the character of the wound, its extent and
length [22].

3.1. General Principles

Evaluation and initial management of patients with gunshot injuries should generally follow the
Advanced Trauma Life Support (ATLS) guidelines [102,103]. Since most preventable deaths from
penetrating injuries are due to exsanguinating hemorrhage, the traditional mnemonic acronym of
initial trauma assessment A-B-C-D-E (Airway, Breathing, Circulation, Disability, Exposure) has been
modified for gunshot victims as C-A-B (Circulation, Airway, Breathing) [75,104-106]. This paradigm
shift reflects the priority currently given to the early control of catastrophic hemorrhage in
exsanguinating penetrating trauma [107,108], along with attempts to restore impaired or failing vital
functions [41]. The priority placed on hemorrhage control applies both in the prehospital setting and
in the Emergency Department (ED), despite the potentially different techniques employed in each
case [109]. For severe bleeding involving the limbs, prehospital proper application of arterial
tourniquet is recommended [75,105,106]. Subsequently, hemodynamically stable patients may
proceed with diagnostic imaging for triage of the severity of gunshot injuries whereas hypotensive
patients require immediate surgical intervention [55,110,111].

Gunshot wounds to the head carry a high mortality rate and their treatment requires
consultation with a neurosurgeon following stabilization of the patient [41,77]. These injuries are
characterized by additional damage due to bone fragments in-driven from the entry site. Low-
velocity bullets penetrating the head occasionally ricochet intracranially [112,113], whereas rifle
bullets cause extensive brain injury to the brain because of the large amount of energy transferred via
cavitation [112,114,115], which may also affect the cerebral vasculature [116].

In chest injuries, consultation with a trauma surgeon is required and tube thoracostomy should
be instituted with a low diagnostic threshold [41,77]. Triage of life-threatening chest injuries should
prioritize patients with airway compromise, pericardial tamponade, tension pneumothorax, and
massive hemothorax, all of which can be rapidly fatal thus necessitating immediate action without
delay for confirmatory investigations [52,117]. Based on autopsy reports, tension pneumothorax
appears to be a common cause of potentially preventable death among fatalities in mass shooting
incidents [118]. Therefore, both emergency physicians and EMS pesronnel should quickly assess
gunshot victims for possible pneumothorax, which is amenable to pleural decompression through
needle or tube thoracostomy [75,105].

Abdominal gunshot wounds usually require exploratory laparotomy, even when the wounded
presents with stable vital signs, because of the possibility of extensive intra-abdominal damage
secondary to cavitation [75,77,119,120]. Early recognition of vascular injury is crucial, greatly
facilitated by the increasing use of computed tomographic angiography (CTA) [121]. Thoracic
wounds, particularly those below the fourth rib, or abdominal wounds, especially by high-velocity
projectiles, should raise suspicion of thoracoabdominal injury traversing the diaphragm
[50,75,122,123].

Gunshot wounds to the extremities, in addition to fracture of long bones, may cause
neurovascular injury [13,75,77,103]. Simple gunshot fractures can be treated conservatively, whereas
those involving high energy transfer need operational management with external fixation for fracture
stabilization, especially in lower extremity fractures [124,125]. Antibiotics are generally
recommended despite lack of evidence supporting their routine administration for gunshot fractures
[7,103,125,126].
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3.2. Trajectory Analysis and Imaging

As with all types of penetrating trauma, identification of internal organs at risk from the course
of the penetrating projectile is imperative in order to avoid missing injury to a critical structure that
may lead to rapid decompensation of the patient [127]. Radiographic assessment is essential for
determining the bullet path and the organs and anatomic formations affected, and for locating any
retained bullet or fragments [87]. Trajectory delineation can be accomplished using radiopaque
pointers of skin wounds, such as paperclips or BBs (these can cause confusion in cases with shotgun
pellet injuries) before obtaining a plain X-ray or a computed tomography (CT) scan. The line
connecting markers of paired (entry-exit) wounds or the marker of a penetrating (entry) wound with
aretained bullet (in the case of an uneven number of markers), indicates the anatomic structures lying
in the bullet path that should be assumed to be injured [5,119,127]. While correct matching of entry
and exit wounds is obviously important, as is description and documentation of each one in detail,
speculation about which is which based on inspection should be avoided [75,77] unless there is
unequivocal evidence from gunpowder deposits or muzzle imprint indicating the entrance side
[22,128] (Figure 6a).

Plain radiographs are usually the initial or sole imaging study used for the assessment of
gunshot wounds [5]. Localization of a retained bullet should be made by obtaining two orthogonal
views [5,27,129] a principle established during the Greco-Turkish war of 1897 [130], when
radiographic investigation of bullet wounds was employed for the first time near the frontline [131].
CT is useful for detection and localization of bullets, especially the scout CT images which provide a
better overview of the wounded part [5]. When radiographic trajectory analysis cannot locate a bullet
within the estimated area of wounding and there is no exit wound, migration of the bullet should be
considered and additional radiographs are required [27]. Ultrasound or fluoroscopy can be used to
detect the current location of such a bullet, a necessary precaution when surgical removal is planned
[7].

Bullet migration occurs either by gravity or by embolization through the venous or arterial
bloodstream. Bullets within serous cavities, such as the pleural and peritoneal cavities, or in the
subarachnoid space can move to a dependent location because of gravity [7,27,132]. Anecdotal cases
of bullet fragments in the head migrating as early as 36 hours post-injury have been attributed to the
difference between the respective specific gravities of metal and brain facilitated by the presence of
damaged cerebral tissue in proximity to the bullet [133]. Bullet migration by the force of gravity
through uninjured brain tissue has also been reported [134].

The bullet path may not be straight with projectiles travelling at lower velocities, which are more
likely to be deflected off bony surfaces or strong facial layers [5,22,27]. The wound trajectory is
primarily influenced by the posture of the victim and an an unusual bodily position at the moment
of shooting can result in a strange or “inexplicable” erratic projectile path [28,38]. In mass shootings
and terrorist attacks, there is penetration of multiple targets by single projectiles, with ricochet and
bullet disintegration [44].

There are three clinical scenarios in which accurate delineation of the bullet trajectory is of critical
importance. In head injuries, while the level of consciousness, estimated by the Glascow Coma Scale
(GCS) score on admission, clinically remains a reliable predictor of long-term outcome, the wound
trajectory, demonstrated in head CT scan, is the strongest prognostic factor of survival [114,135].
Deep bihemispheric and transventricular trajectories as well as those demonstrating multilobar or
posterior fossa involvement are associated with high mortality rates [115,136-138].

Assessment of bullet trajectory is also important in neck wounds, because of the associated risk
of vascular, neurologic and upper aerodigestive tract injury [38,127,139,140], with additional damage
potentially caused by cavitation [141]. Traditionally, anatomical division of the neck into three zones
(-1, from the chest up) has been used to determine the decision for surgical exploration in
hemodynamically stable patients based on the level of the entry wound and the estimated possibility
of involvement of deeper structures [142]. However, bullet trajectories are difficult to assess clinically,
even within the limited anatomical boundaries of the neck, whereas nearly half of gunshot wounds
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to the neck extend to multiple zones [143]. Currently, the availability of CTA has allowed a more
selective approach to these patients, in the absence of hard signs of vascular trauma, such as
expanding hematoma, absent carotid pulse and carotid bruit, which mandate exploration regardless
of the zone of injury [140]. Other indications for surgery (with immediate airway control) include
signs of obvious or imminent airway compromise (e.g., stridor), massive subcutaneous emphysema,
as well as positive diagnostic studies for laryngotracheal or esophageal injury [140,141,144].

The third clinical situation necessitating determination of the wound trajectory is a possible
transmediastinal chest wound. A trajectory through the mediastinum should be suspected when
there is an exit wound in the thoracic cavity opposite to the entry wound, when the bullet is found
located in the thorax on the opposite side from its point of entry or in close proximity to the
mediastinal space, or when the patient has sustained multiple gunshot wounds to the chest [145]. The
possibility of cardiac injury should also be considered in cases with precordial or epigastric entry
wounds [38]. Patients with such injuries who arrive at the emergency department (ED) pulseless or
progress to cardiac arrest are candidates for resuscitative ED thoracotomy [52,145-147].
Hemodynamically stable patients require evaluation of the vital structures contained in the
mediastinum (heart, aorta, trachea as well as esophagus) [77] and CTA of the chest is the imaging
study of choice for the diagnosis of a transmediastinal bullet wound in these patients [145].

Shotgun wounds do not contain a single wound track that can be visualized on CT scans and
surgically explored. Thus, they represent especially challenging situations during the initial
management [36]. Because of the presence of multiple pellets in the wound, they are often
complicated with numerous potential sites of vascular injury, which requires CTA for proper
diagnosis. Embolization of small pellets through venous channels to the heart or causing occlusion
of an artery is a serious complication that may occur as a delayed effect of these injuries [148].

3.3. Vascular Injury of the Extremities

Investigation of suspected vascular trauma is an integral part of the management of gunshot
wounds in the extremities since vascular injuries often pose life- or limb-threatening conditions
[13,149]. “Hard signs” providing strong evidence of vascular injury which necessitates immediate
surgical exploration include active hemorrhage, expanding or pulsating hematoma, loss of distal
pulses, and palpable thrill or audible bruit [103,144,150-153]. However, in patients with multilevel
trauma to an extremity, e.g., from multiple gunshot wounds or shotgun injury, making uncertain the
exact location of the vascular damage, diagnostic imaging may be required prior to surgery [151,152].

In the absence of hard signs, a history of significant hemorrhage, proximity of the injury site to
major vessels, bruising or small stable hematoma, diminished distal pulses, and the presence of
neurologic deficit (from injury to an anatomical related nerve) represent soft signs of possible
vascular injury [103,151]. These prompt vascular workup, usually by means of arterial pressure
indices (API)—with the exception of hemodynamically unstable patients who should also be
transported to the operating room [151,153]. CTA, which is currently the gold standard for imaging
of extremity vascular injury [148,152,154], can usually be reserved for patients with a pathologic API
measurement (<0.9) [151,153,155,156]. When no other signs of vascular injury are detected, a history
of high energy trauma represents an independent indication for investigation [151].

An updated approach [157] suggested clinical evaluation of extremity vascular injury on the
basis of hemorrhagic and ischemic presenting signs. Hemorrhagic signs (active/history of significant
hemorrhage, systemic hypotension, pulsatile mass/palpable thrill in proximity to the injury site,
expanding hematoma) usually predominate in penetrating trauma and their presence may indicate
a potentially life-threatening hemorrhage; ischemic signs (diminished pulse, abnormal API, cool
limb, pallor or impaired motor or sensory nerve function distal to the injury site) more likely appear
from blunt trauma suggesting more extensive vascular pathology [157,158]. Vascular injury
presenting with ischemic signs may be the result of cavitation. Patients with ischemic signs can also
benefit from CTA, as it is critical for preoperative planning [159].
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3.4. Debridement of Soft Tissue Gunshot Wounds

Soft tissue gunshot wounds produced by conventional low-velocity bullets and those from high-
velocity ones limited to the narrow channel may be considered “low energy” injuries and treated
conservatively as they are amenable to simple wound excision and irrigation [147,160,161]. These
wounds are characterized by entry and exit holes smaller than 1 cm, connected by a short, narrow
channel-type wound track, without any appreciable internal cavity or evidence of bullet
fragmentation [160]. In the absence of fracture, the risk of wound infection appears to be low in these
injuries [147], although administration of prophylactic antibiotics is generally recommended [161].
Tetanus prophylaxis is given as indicated [147].

High energy injuries require debridement and antibiotic coverage because of the extensive
contamination along the wound track and the subsequent necrosis. In view of this necrotic tendency,
surgical exploration and debridement may be planned as a serial procedure repeated every 24-48
hours until the wound bed appears healthy [161,162] or performed in one stage with the aim to
remove all necrotic and ischemic non-viable muscle tissue at once sparing operating time and
resources when these are limited [163]. Traditionally, intraoperative estimation of muscle tissue
viability is empirically based on the “4 C’s” classic criteria of color, consistency, contractility, and
capillary bleeding [124,160]. These indicators used by inexperienced clinicians may lead to
unnecessary excision of potentially survivable tissue as they have been reported to correlate poorly
with the microscopic appearance of excised muscle [164]. It should be noted, however, that necrotic
muscle fibers my appear “normal” by light microscopy several days post-injury due to the delayed
phagocytic response as a result of devascularization [165].

3.5. Remouval of Retained Projectiles

Removal of asymptomatic retained bullets should not be attempted routinely, except in cases of
direct accessibility, because wound exploration may cause further injury and result in significant
blood loss. It is indicated when the bullet is located within or near a joint [5,7,124,147], or when there
is concern about migration and damage to a nearby neurovascular structure [147]. Although the risk
of lead poisoning is generally low, rarely this condition may result in chronic symptoms from various
systems, such as anemia and neuropathy [5]. Bullets within a fracture site should preferably be
removed as lead projectiles have been shown to inhibit ossification and their presence may result in
nonunion [103].

4. Conclusions

A knowledge of wound ballistics provides a platform for understanding of the unique
wounding mechanisms of penetrating projectiles, particularly the high-velocity ones. These are
important considerations during interpretation of imaging data with clinical findings, since the
presentation and the initial appearance of the wound usually do not reveal the full extent of the
damage in deep structures. Identification of high energy gunshot injuries should also be supported
by a background in ballistic characteristics of these wounds and their destructive potential, with
clinical implications in cases involving vital organs or the vasculature. Recognition of the energy
transfer effects in soft tissue wounds allows stratification of patients regarding the need for wound
exploration and possibly more extensive or repeated debridement, and also the inherent risk for
infectious complications. Wound ballistics, however, do not substitute for sound clinical judgement
about cases that may be treated non-surgically or as outpatients on a selective basis and more serious
injuries requiring life-preserving operations and extensive orthopedic procedures.
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