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2.1 Introduction

Children are not spared from the horrific injuries inflicted by explosives. While
exposure can occur in civilian settings such as fireworks or industrial accidents, the
majority stem from conflict or terror-related attacks across the globe [1, 2]. Despite
increasing recognition of the complex and unique injury patterns sustained follow-
ing blast exposure in the adult population [3], the physical and psychological impact
on the pediatric population is less well understood.

For the purposes of this review, we define children as any person under the age
of 18 years (as specified by the United Nations Convention on the Rights of the
Child). The heterogeneity of this group is acknowledged, and most studies will
further subdivide this population. These classifications vary and are somewhat arbi-
trary but can be approximated by the following: infants (under 1 year old), young
children (1-8 years old), older children (9-15 years old), and adolescents
(16—18 years old).

It is essential to understand the epidemiology of blast injuries within this popula-
tion to demonstrate the effect of explosive weapons on children and the ensuing
burden on both domestic and global health systems. Furthermore, insight into the
mechanism of childhood blast insults will further efforts to prevent, mitigate, and
effectively treat these injuries [3, 4]. This chapter aims to provide an overview of the
fundamentals of blast physics and injuries and review how the injury patterns and
biomechanical features of explosive blasts may differ between pediatric and adult
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populations. This will aid in defining future research needs for protection, mitiga-
tion, acute medical treatment, and rehabilitation. This work is by definition interdis-
ciplinary and as such, covers material that relates to both the biomedical sciences
and engineering domains.

2.2 Explosive Blasts

An explosive is a material capable of producing an explosion using its own stored
energy [5]. To understand the impact of blast injury on the human body, an examina-
tion of these materials’ chemical and physical properties is necessary. The injury
potential of explosive munitions is dictated by its properties and the physical
changes the material and its surroundings undergo. Based on chemical composition
and properties, explosives are classified as high or low [6].

Low explosives undergo deflagration, which is the subsonic combustion of the
surface chemicals, comparable to a household fire [5]. This chemical phenomenon
is seen in gunpowder propellants, smokeless powder, and fireworks. However, these
materials may detonate when confined and used in conjunction with another more
powerful explosive [5]. Conversely, high explosives detonate without confinement
and are subject to a self-sustaining reaction [6] which is propagated by the high-
pressure shockwave traveling through the material. These include PETN, HMX,
RDX, and nitroglycerine. They have higher wounding potential due in part to the
powerful shock waves that can fracture bone and cause soft tissue trauma [6].
Trauma from low explosives is more commonly confined to soft tissues as these do
not produce shock waves [5].

When a high or low explosive detonates, it produces a rapid shift from potential
to kinetic energy in roughly 1/1000th of a second. This results in the release of a
significant amount of heat and gaseous products that are transmitted as a blast
(shock) wave. The shock wave propagates out from the center of the blast by the
expansion of gases generated by the reaction, with a pressure pulse a few millime-
ters thick traveling at supersonic speeds [7]. The spherical outer edge of this blast
wave yields a disruptive increase in pressure, density, and temperature, known as a
shock front, which exercises severe crushing, shattering, and shearing, as well as
partially elucidated effects on cells and various tissues, such as the brain, heart
muscle, and lungs [7]. As the superheated detonation products rapidly expand, sur-
rounding cool air is compressed (the blast wave) in front of the expanding gas vol-
ume, which contains most of the explosive’s energy. This leads to the formation of
a subatmospheric pressure phase that sucks in the air behind the blast wave. The
resulting turbulence aligns any debris into literal projectiles, whether particulate
matter from the explosive itself or matter picked up from the environment as the
wave progresses [5]. The air molecules are compressed to such a density that the
pressure wave itself (a thin layer of compressed air) acts like a solid object propa-
gating spherically in all directions from the explosion’s epicenter. This particularly
destructive layer of air is also known as the shock front and is capable of striking
soft tissues with enormous force [7].
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The variations in air pressure with time at a fixed point in space (the Friedlander
relationship) describe the physical properties of a blast wave [5, 8]. The blast shock
wave has three different physical properties that are responsible for the pathophysi-
ological effects on biological tissue. These are the amplitude of the peak pressure,
the impulse (defined as the time integral of pressure), and the duration of the posi-
tive phase overpressure. It has also been proposed that the dynamic overpressure of
the detonation products (blast wind) and thermal energy released in the explosion
contribute to blast injury.

The first event is the high positive pressure phase occurring immediately after the
blast, which is the longest portion of a shock wave and causes a rise in ambient air
pressure. It is followed by a negative (subatmospheric) pressure phase. This can be
represented graphically as an idealized curve (Fig. 2.1) representing the Friedlander
equation which is the variation in blast wave pressure with time, at a fixed point in
space (the Friedlander relationship) [5, 8]. The curve shows a rapid increase in
ambient air pressure following an explosive event over a short period of time. The
negative pressure phase is also visualized by the curve reaching a minimum point
that is below the ambient air temperature.

Accompanying the positive and negative pressure phases is the blast wind, a
mass movement of air caused by the explosion that lags behind the blast wave (a
combination of positive and negative phases of the explosion). The expansion of
gaseous byproducts of the explosion accelerates molecules of air into a high-speed
wind. This phenomenon is potentiated by a countermovement of ambient air filling
the vacuum created by the negative phase. This secondary wave is capable of pro-
pelling objects and can be as damaging as the original explosion. Once the blast
wind resolves, a return to ambient air pressure occurs. These three components
(positive and negative pressure phases followed by the blast wind), determined by
the physical properties of the explosive and the surrounding environment,

peak overpressure
e

positive phase overpressure
duration

atmospheric pressure

N

T
time

pressure

Fig. 2.1 Simplified Friedlander waveform showing pressure changes over time in a free field
explosion [5, 8]
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collectively form the basis of the injuring processes that act on the human body,
which is further explained when considering the human body’s response to these
rapid changes.

The injuries caused by explosions, whether incurred from blast waves or blast
winds, represent a variety of complex traumatic wounds. Various factors such as
proximity to the blast determine the complexity and intensity of sustained inju-
ries. The blast wave, for instance, dissipates energy inversely proportionate to the
third power of the distance from the detonation point. In CLOSE proximity, inju-
ries are caused directly by the displaced explosive material and its container,
rather than the blast wave itself, which is a more common cause of injury further
from the epicenter. Because the intensity of the blast (the peak overpressure)
decreases rapidly with distance from the detonation point, victims must be in
close proximity to sustain primary blast injuries [7]. Context is another important
consideration when analyzing trauma from blasts. Many factors need to be con-
sidered for a full skeletal assessment such as explosive type, differential survival
rates, improved protection (in combat situations), and confined vs. open
surroundings.

Blast waves occurring in enclosed spaces behave differently from their open-
space counterparts, as waves multiply when they bounce off solid objects such
as walls. This produces an erratic network of interfering waves and can intensify
the effects on biological systems, making injuries more severe. The medium
where the blast wave propagates also alters its effect. Immersion blasts, or shock
waves produced in water, create waves of higher intensity and longer duration
than atmospheric blasts. Intraabdominal injuries are prominent in such cases:
laparotomy findings include sub-serosal hemorrhage and tears in the bowel
wall [9].

In summary, shock waves have a number of properties that help explain their
effects on tissues [8]).

e They generate highly localized forces with small, but rapid distortions.
Pathophysiological effects are at the microvascular level; gross lacerations are
not typical.

e They affect organs with marked differences in physical properties (acoustic
impedance) particularly hollow gas-containing organs.

e Stress concentration: when a stress wave encounters an interface between two
media of different physical properties such as bowel wall tissues and gas-filled
lumens, a component of the compressive stress wave is reflected back at the
interface as a tension wave. Most materials are weaker under tension to compres-
sion, disruption at the interface (tissue damage) may result, and this phenomenon
can affect organs far from the site of impact. Stress waves through the thoracic
and abdominal walls are responsible for blast lung and primary blast injury of the
small bowel, respectively.

» Pressure differentials across delicate structures such as alveolar septa or bowels:
compression of a segment (implosion) and SDA subsequent expansion damages
the wall of the structure.
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2.3  BlastInjury Mechanisms

Blasts produce a unique spectrum of devastating injuries classically divided into
primary, secondary, tertiary, and quaternary blast injuries [10]. While this classifica-
tion is useful for its simplicity and mirrors the principal injury mechanisms, it is
based on Second World War data of open field bare explosives [11], a model that
does not account for modern variations, i.e., explosive types (Mine, IED, Suicide
vest) or environmental factors (open air, confined, buried). Furthermore, multiple
mechanisms often overlap, leading to complex injury types in the polytraumatized
child [12]. Nevertheless, it constitutes a widely accepted theoretical model for
understanding blast injuries [5, 13].

2.3.1 Primary Blast Injury

Primary blast damage is largely a function of the character, magnitude, and rate of
pressure fluctuations, and the duration of the pressure pulse [14]. Primary blast
injuries are caused by the interaction of the blast wave and its components with the
body and are therefore a type of non-penetrating trauma that is estimated to consti-
tute 86% of fatal blast injuries [6, 8].

The effect of blast waves is most profound at air and fluid-filled interfaces in the
body which are most sensitive to rapid pressure fluctuations as the blast wave propa-
gates [6]. The brain, ears, spinal cord, gastrointestinal tract, lungs, and cardiovascu-
lar system are especially susceptible to damage from the primary blast wave [15].

Damage to human tissues is incurred mainly by four mechanisms: spalling,
implosion, acceleration/deceleration, and pressure differentials [15].

1. Spalling occurs when particles from a denser fluid are forcibly pushed through a
less dense fluid at the interface of two different media.

2. Implosion implies a contraction of gas pockets that occurs as a blast wave propa-
gates through tissue. The expansion follows rapidly, causing injury from multi-
ple miniature internal disruptions.

3. Acceleration/deceleration injury occurs when the body or its internal organs are
accelerated in one direction from contact with the blast wave front, followed by
an abrupt change in momentum. This can occur when a reflected blast wave col-
lides with the body from a different direction or when meeting a solid object
or wall.

4. Pressure differentials between the outer surface of the body and the internal
organs during a blast wave can cause internal injury.

Some studies have shown that survivors of explosive blasts were found to have
elevations in plasma arachidonic acid metabolites, thromboxane A, prostacyclin,
and sulfidopeptide leukotrienes, suggesting that blast waves can cause extensive,
measurable pathophysiologic alterations. Traumatic limb amputation from primary
blast waves occurs at a blast wave-induced fracture site rather than joints. Other
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primary blast wave injuries include traumatic brain injury, tympanic membrane rup-
ture, perforation of the globe of the eye, abdominal hemorrhage, and pulmonary
barotraumas. Primary blast injuries in open air tend to be confined to victims in
close proximity to the epicenter and are less common than ballistic (secondary)
injuries [8]. A casualty close enough to an explosion to sustain serious primary
injuries will commonly have lethal secondary and tertiary injuries.

A higher incidence of serious primary blast injury can be observed in the follow-
ing circumstances:

e Enclosed spaces (vehicles or buildings) where the reflection of the blast wave
augments the total blast load.

e Close proximity to the explosion.

e In individuals wearing body armor which confers protection against projectiles
but not the blast wave.

e Large-scale explosions.

¢ Fuel-air explosives and other types of enhanced blast munitions.

2.3.2 Secondary Blast Injury

Secondary blast injury is the most common form encountered in blast-related inju-
ries and is a far greater contributor to mortality in blast victims that survive the
primary blast [6, 16]. The mechanism of secondary blast injury is tied to blast winds
which lag behind the negative pressure wave that follows the primary blast wave. As
the pressure drops below atmospheric levels, the vacuum generates winds that can
propel objects in the vicinity of the explosion with considerable destructive force,
on par with the blast wave of the initial explosion [15]. The musculoskeletal system
is most commonly involved in the form of severe tissue injuries and amputa-
tions [15].

Fragmentation is the most common mechanism of secondary blast injuries, capa-
ble of damage over large distances. Projectiles, i.e., materials that have been added
to the explosive device or built into it by design (fragmentation grenades), are pro-
pelled by the blast wave or blast winds [16]. They can travel with varying velocities
(up to 2700 feet per second) and emulate ballistic patterns, causing penetrating or
blunt ballistic trauma. In addition, blast fragments can carry environmental debris
into the wound, seeding wounds with pathogens and impeding proper wound heal-
ing [15]. Injury patterns created by penetrating fragments reflect their shape and
velocity and are categorized based on their resemblance to ballistic materials (i.e.,
ball bearings) or irregularly shaped projectiles [6]. The lethality of fragmentation
injuries is dependent on the degree of vital structures’ penetration. Fragmentation
dispersion is chaotic and indiscriminate; the likelihood of penetrating vital organs is
increased at shorter distances from the blast epicenter [17]. Small standing individu-
als such as children will have their vital regions (chest, head, and neck) closer to the
epicenter of a buried explosive (mine, IED), increasing their fragmentation
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exposure. This explains the increased incidence of thoracic, head, and neck injuries
in pediatric victims compared to adults [18], and the increased requirement for
operative procedures for these body zones [19]. The introduction of enhanced body
armor to adult combatants provides partial protection from direct fragmentation
strikes on the thorax, head, and neck [20, 21]. Unfortunately, children are unlikely
to benefit from this form of protection.

2.3.3 Tertiary Blast Injury

Tertiary blast injuries are defined as the spectrum of injuries sustained through
bodily displacement followed by rapid deceleration of the body or its parts, and
impact upon the ground, walls, or objects. Additionally, the damage incurred from
collapsing structures such as crush injuries is also considered part of this category.
Bodily displacement is caused by an acceleration induced by blast winds or expand-
ing gases in violent explosions. Fractures, crush injuries, traumatic limb amputa-
tions, severe soft tissue lacerations, and contusions can result [6, 8, 15]. Blunt head
injuries and fractures are the most common types sustained, similar to non-combat
or conflict-related trauma, although with greater severity [17]. In fact, head injuries
are the second most significant cause of mortality following blasts in the pediatric
population [12]. The relatively small body mass of pediatric patients increases their
predisposition to bodily displacement and resultant blunt traumatic injuries [3]. In
addition to differences in size and shape, pediatric tissues have different biophysical
properties than their adult counterparts; the biomechanical response to blast loading
and impact may differ. Pediatric bone has been shown to be less mineralized than
adult bone. Reduced bone ash content leads to a lower modulus of elasticity and
lower bending strength; a child’s bone will bend more easily when subjected to the
same force [24]. The tendency of pediatric bone to absorb energy, bend more, and
deform plastically leads to the phenomenon of “greenstick” fractures. These are
characterized by bending and unilateral fracture of the bone; this is in contrast to the
adult bone which fails and fractures completely when subjected to a lesser degree of
bending [25].

2.3.4 Quaternary Blast Injuries

Quaternary blast injuries encompass the wide spectrum of injuries not addressed by
the previous three classifications [17]. These include psychological trauma, burns,
asphyxia following inhalation of toxic fumes or burned materials, and mucosal
edema (oral, nasal, pharyngeal) from high temperatures generated by secondary
fires (flammable devices, structures, pavement, vehicles) [16]. Burns are the leading
cause of death in children under 15 years old, and alongside head trauma, are the
greatest predictor of death in all age groups [26, 27]. Psychological trauma is a
complex and underreported issue that often follows a pediatric blast injury.
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2.4  BlastInjury Characteristics in the Pediatric Population

While acknowledging that blasts produce a heterogeneous injury pattern within
both adult and pediatric populations, epidemiological studies demonstrate certain
injury patterns are more common in children. In pediatric populations, multiple
body regions are involved in 65-70% of cases [12, 28], with burns and penetrating
injuries to the extremities observed in 70-80% of blast victims [12, 18, 22, 27].
Penetrating injuries to the face, head, neck, upper limb, and trunk affects 80% of
pediatric patients, significantly higher than the 31% of adult victims [22, 23]
(Fig. 2.2). Children experience a high injury burden from blast trauma, as assessed
by the injury severity score (ISS—a widely used consensus-based measure of injury
severity) [29]. Around 20-36% experience “severe” injury (ISS > 15), while 8-18%
are considered “critically injured” (ISS > 25) [10, 18, 19, 30]. Older children have
a greater ISS and undergo a higher number of surgical interventions when compared
to younger children (<9 years old). Of these, wound debridement and closure are
most commonly performed [31], followed by vascular surgeries and exploratory
laparotomies. These statistics reflect the prevalence of penetrating trauma as a major
mechanism of injury [32].

Pediatric blast victims constitute a disproportionately large resource burden on
treatment facilities [32-38], with approximately 56% requiring surgery [19], or
twice the requirement of non-blast-related pediatric trauma [35]. Special structural

Fig. 2.2 Percentages of injuries by body region and context [22, 23]
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Table 2.1 Structural consideration in the pediatric population [39]

Skin Scalp The younger a child is, the thinner and the poorer its ability to
cushion against external forces
Epidermis/ Fragile and prone to blistering and tearing
Dermis
Subcutaneous  Easily retains water and microvascular breakdown causes a
fat layer subcutaneous hematoma
Galea Blood and exudate can accumulate beneath galea
aponeurotica
Periosteum Cephalic hematoma can be calcified rarely
Cranium Cranium The craniofacial ratio is at its greatest

Cranial sutures are loose and highly mobile

Calvarium is soft and rich in bone marrow, connected with a
periosteum, and strongly attached to the bone cortex. The
continuity of the skull tends to be well-maintained. Bone
fragments are less likely to occur

Brain and Nerve fibers In undeveloped myelin sheaths the water content per unit
nerve fibers volume of brain tissue is high. Fibers are pliable and less prone
to rupture
Brain/Cortical ~ Cerebral contusion by a direct external force is high because of
veins its softness. Easily extended with accelerated decelerated
motion and can cause subdural hematoma with disruption
Neck and Neck Undeveloped neck muscle and poor head support
cervical Vertebrae The fulcrum of the vertebral body is located in the upper
spine cervical spine

features predispose the pediatric population to sustain multiple injuries, suffer
higher ISS, and have a greater risk of death following blasts, as described in
Table 2.1.

2.5 Injury-Specific Considerations in Pediatrics

2.5.1 Thermal Burns

Thermal burns are a common injury following blasts, with a prevalence ranging
from 56 to 70% in pediatric patients of all ages [10, 40]. Thermal energy released
from blasts can result directly from the explosion, through superheated gas prod-
ucts, or by secondary fires igniting surrounding vehicles and buildings [41]. Burn
severity has been proposed as a prognostic marker for pediatric blast models [42],
and severe burns exceeding 30% of the body surface area are the principal cause of
death in children under 15 years old [10, 11, 33]. When a large detonation occurs
(hundreds to thousands of pounds of explosive materials), the resulting blast wave
is accompanied by a large fireball and surrounding flammable materials. The fire-
ball and other secondary fires consume a significant amount of oxygen from the air,
reducing its partial pressure to half the normal atmospheric value of 21% oxygen
(10-13%). The fireball that emanates from an explosion can reach temperatures of
several thousand degrees and lasts for approximately 500 milliseconds. The
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probability of significant secondary fires, particularly burning vehicles, can further
potentiate incendiary effects; the victims’ open wounds can be complicated by
burns and heavy smoke exposure. This compounding of factors complicates the
debridement, surgical management, and healing process of sustained blast wounds.
The burns typically encountered in explosion victims are flash and flame burns.

Flash burns are produced by the explosion’s radiant heat and sustained by vic-
tims in close proximity to the detonation. Due to the short exposure time, they are
more superficial than flame burns and are typically found on exposed body parts
such as the face (most common), neck, hands, and calves of female victims, indicat-
ing the protective value of clothing in blast situations. Flash burns are more exten-
sive and severe in victims of confined space blasts due to the containment of the
fireball for a longer time period. Interesting characteristics observed in this type of
injury are the charred singeing of scalp hair, eyelashes, and eyebrows. Eyelid burns
are the most common injury and account for 96% of all flash burns. Lip burns by
blast thermal effects on the mucosa present as singed lips, cyanosed, smoked black,
covered by a dry crust of blood, and dry when the oral mucosa’s minor salivary
glands are affected [9, 16].

Burns are multisystemic insults affecting the dermis as well as the pulmonary,
cardiovascular, inflammatory, and metabolic systems [2]. Insulin resistance,
increased fracture risk, hepatomegaly, cardiac dysfunction, reduced immune func-
tion, and hypermetabolic changes, commonly seen in burn patients, have been dem-
onstrated to persist for up to 3 years following burn exposure in adults [43]. Through
systemic alternations such as wound healing impairment, nutritional deficits, and
infection risk, burn victims carry an increased risk of hospitalization with higher
morbidity and mortality, long after the initial insult [30, 43-45].

Children are predisposed to increased burn severity [46]. Anatomical dispropor-
tionality increases the lethality of certain burn patterns: a burn to the face and scalp
of an adult comprises only 9% of the total body surface area (TBSA), not requiring
IV fluid therapy. Conversely, the same injury in a pediatric patient covers 19%
TBSA and requires fluid management [23]. Children under 2 years of age have
reduced subcutaneous layers and skin thickness compared to older children and
adults. Full-thickness burns, and the resulting rapid fluid, protein, and heat loss, can
occur at relatively lower thermal energy levels. Consequently, assessment of clinical
severity by burn depth has been shown to be less accurate in young children [29].
Subsequent dehydration, nutritional deficiencies, and hypothermia from full-
thickness burns increase morbidity significantly in pediatric victims [46].

Thermal inhalation injuries in pediatric victims are difficult to assess, and symp-
toms of inhalational injuries such as increased respiratory rate may be incorrectly
interpreted in the context of physiological age discrepancies. The pediatric subglot-
tis represents the narrowest section of the upper airway and is quickly affected by
burn-induced laryngeal edema, especially in the context of failed intubation attempts
[46]. Rapid desaturation occurs following upper airway obstruction due to increased
oxygen utilization combined with limited functional residual reserves [31].

Children rarely recover from severe burn injuries without functional sequelae,
with limited joint mobility and impaired tactile sensation presenting significant
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future challenges for rehabilitation [32, 33]. Prolonged rehabilitation and visible
aesthetic disfigurement can produce psychosocial morbidity long after the event [34].

Nosocomial infection of the burn eschar, in particular, from Pseudomonas aeru-
ginosa, can be prevented by an aggressive debridement and meticulous antimicro-
bial wound dressings [35]. However, sub-optimal care facilities, delays in wound
cleaning, and prolonged transfer times all increase burn infection incidence [36].

In conclusion, pediatric patients should be considered high-risk and require sus-
tained monitoring, optimal treatment, and rehabilitation. Long-term recovery with
adequate functional outcomes is achieved by an early return to pre-burn activities
and regular multidisciplinary follow-up [43, 45].

2,5.2 Extremity Injuries

Extremity injuries are one of the defining injury patterns observed in adult victims
of explosive devices [37]. In the pediatric population, the prevalence of extremity
injuries varies greatly from 11 to 85% [12, 38]. The literature establishes a clear age
dependence, with only 11% of infants and 20% of children under 7 years old expe-
riencing limb injuries, contrasted with over 50% of older children [38]. Younger
children are at increased risk of upper limb injuries, while adolescents predomi-
nantly suffer lower limb injuries, in line with data from adult populations [19].
Upper limb traumatic amputations (TA) are commonly associated with the upper
torso, neck, and head injuries, and are rarely seen in survivors [40]. Primary, sec-
ondary, and tertiary blast injuries result in a variety of extremity wounds, including
vascular injuries, long bone fractures, and traumatic amputations.

The long bones of the extremities undergo successive developmental stages
which make them more susceptible to trauma when compared to adult bones [41].
The impact tolerance of children’s bones is dependent on bone girth and relative
proportions of the marrow cavity and bony walls, as well as the relative proportions
of organic and inorganic materials that constitute bone tissue (the flexibility or tor-
sional strength of bone is determined by the organic component) [41]. During early
bone development, organic components (collagen) outweigh inorganic (minerals)
components [41]. The predominance of organic material is maintained through ado-
lescence and is followed by a gradual buildup of inorganic bone materials in early
adulthood, with maximal bone strength observed around age 20 years [41].
Children’s bones have a lower modulus of elasticity, lower bending strength, and
lower bone ash content. They also tend to deflect and absorb more energy, both
before and after a fracture starts taking place [42]. That composition may explain
the high prevalence of fractures in this demographic following explosive blasts.

Orthopedic trauma resulting from explosive detonations can occur in primary,
secondary, tertiary, or quaternary (miscellaneous) blast injuries, in isolation or in
combination. Traumatic amputations (TA), or the most severe form of orthopedic
trauma, may occur through two mechanisms. The first is diaphyseal stress leading
to fracture, flailing of the joint, and transosseous amputation. The second is intra/
periarticular stress leading to articular failure, flailing of the joint, and joint
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amputation [47]. In an explosion, changes in atmospheric pressure caused by the
blast wave can fracture bones, followed by limb avulsion at the fracture site by sec-
ondary waves (blast winds), resulting in flailing of the extremity [48]. Some studies
report that the most common site of amputation was not at the joint, but at different
positions along the long bones based on the blast circumstances. The most fre-
quently observed lower limb amputation site was the lower third of the femur and
the upper third of the tibia at the level of the tibial tuberosity. In the upper limb, the
distal arm was most commonly amputated. This pattern was explained by the shock
wave causing a stretch or bend in the mid diaphysis of long bones as it passes
through the victim’s body and a complete fracture from the following blast wind [48].

Primary blast waves transfer energy at interfaces between tissues with differing
acoustic impedance [5] leading to cellular disruption, soft tissue destruction, and
bone micro fractures as the stress wave propagates, prior to any displacement [3].
This builds up shearing and axial stress forces that eventually exceed the tensile
strength of bone causing fractures. It is suggested that these stress forces, occurring
at the site of blast wave-induced bone fracture, are the probable mechanism of trau-
matic amputation [3]. For example, the most commonly seen proximal tibia fracture
occurs when a blast wave penetrates a tibia from a lateral trajectory, and the bending
forces exerted interact with the geometry of the tibia, resulting in peak stress applied
to the proximal third [3, 5]. Once the bone is fractured by the blast wave, the detona-
tion products exert on the bone additional bending stress [3], clinically manifesting
as a traumatic amputation, with the proximal stump containing a short oblique or
transverse fracture morphology [3] (Table 2.2).

Secondary blast injury is characterized by penetrating trauma from bomb casing
fragments, materials implanted within the explosive (e.g., nails and screws), or
from local materials displaced by the energy of the explosion [3, 5]. The projectiles
rarely cause direct limb amputations [48], but they can cause fractures, directly or
indirectly [5]. Aerodynamic drag on irregularly shaped fragments results in rapid
deceleration outward from the point of detonation. Therefore, depending on the
distance from the blast, fragments can strike the body with varying velocity, con-
trary to the streamlining seen in bullets fired through a rifled barrel [48]. In addition
to their lack of streamlining, low-velocity fragments from explosive munitions

Table 2.2 Injury mechanisms from the explosion and its interaction with bone [49]

Explosion

type Pathophysiology Fracture characteristics

Primary Blast wave-mediated fracture Traumatic amputation, short
oblique/transverse fracture

Secondary Direct impact of fragment Highly comminuted multi-

fragmentary fractures
Primary and  Direct contact with the seat of the explosion,  Traumatic or subtotal

secondary resulting in blast wave and fragment injury amputation with significant soft
(e.g., antipersonnel landmine explosion) tissue injury and fragments

Tertiary Displacement of the causality or objects near  Axial loading, 3-point bending,
the causality spinal fracture

Reproduced with the permission of The Royal Society from Ramasamy A et al. (2011) [49]
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behave differently than low-velocity bullets. Upon striking tissue, even at low
velocity, these fragments may exhibit a tumbling or so-called shimmy effect that
can increase the amount of tissue damage [48]. Blast fragments often carry envi-
ronmental debris into the wound and can inflict more severe tissue injuries than
low-velocity bullets [48]. Furthermore, a large, slower projectile can crush a large
amount of tissue, and missile fragmentation that may occur within the body can
greatly increase temporary cavity effects [48]. A combination of the factors
described above most likely accounts for the qualitative differences in tissue dam-
age often seen with explosive fragments, compared to the damage caused by low-
velocity gunshot wounds [48]. The direct impacts of high-energy fragments
colliding with bone typically result in a highly comminuted fracture with extensive
periosteal stripping [5]. Experimental evidence has shown that these injuries result
in multiple bone fragments with no periosteal attachment and thus no blood supply
[3]. In addition, these direct high-transfer wounds produce significant contamina-
tion of the fracture site and the medullary canal, thereby increasing the risk of
developing long-term infective complications (osteomyelitis) [3]. As projectiles
pass through tissue, they impart radial velocity to the surrounding medium, thereby
creating large temporary cavities [3]. After penetrating the bone cortex, a projectile
encounters the marrow-filled cancellous bone and propels the marrow radially at
high velocity, fracturing the thin trabeculae. After penetrating the second bone cor-
tex, the exit hole is enlarged by cavitation in the cancellous bone [3]. Due to the
relatively inelastic nature of bone, the cavity formed in cancellous bone does not
collapse and becomes a permanent cavity [3]. With higher velocity impacts (more
than 500 m/s?), the cavitation phenomenon produces widespread destruction of
cancellous bone, with increased fragmentation of the cortical bone on the exit hole
[3]. Conversely, at slower velocities, full penetration of the bone does not occur
and only a single cortex is breached. In these cases, the classical “drill-hole” frac-
ture is produced [3]. Indirect fractures can be caused by high-energy fragments
passing in close proximity to bone. Such injuries are caused by the high pressures
exerted on the bone surface by the leading edge of a rapidly expanding temporary
cavity [3]. These fractures show no bone loss and the fragments retain periosteal
attachments and are likely to remain viable [3]. The configuration in these injuries
is usually simple (i.e., transverse or oblique) with little comminution, much like
primary blast injuries [3, 5] (Table 2.2).

Secondary soft tissue blast effects are due to a propelled fragment colliding with
the body that directly damages soft tissue in its path and, if sufficiently energized,
generates a high-radial pressure compression wave in the tissues, just as an explo-
sion does in the atmosphere [5]. The wave creates a temporary cavity of subatmo-
spheric pressure as the fragment traverses, which pulls in external debris, increasing
the risk of wound contamination [5]. The proportions of temporary and permanent
cavities are determined by the kinetic energy of the causative fragment and the
nature of the tissue affected. Areas of devitalized tissue can extend several centime-
ters and the zone of injury is often much greater than the remaining wound track [5].
The irregular morphology of shrapnel in comparison to a uniform bullet, increases
the transfer of kinetic energy to surrounding tissues, thereby dealing greater damage
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[5]. Consequently, simple surgical debridement of the wound track may not be suf-
ficient to remove all nonviable tissue [5].

Tertiary blast injuries are caused by blast winds that can accelerate bodies as
well as objects but do not reach as far as blast projectiles. The injuries sustained are
varying in severity and are largely dependent on the distance from the explosion.
Often, victims tumble along the ground, sustaining multiple injuries, or may be
hurled through the air and struck by objects or impaled by them. Fractures, crush
injuries, amputations, severe soft tissue lacerations, and contusions are all possible
[48]. Displacement of the victims with force and sudden deceleration against a
solid structure can result in significant tertiary orthopedic blast injuries [5]
(Table 2.2).

When bone is subjected to external loads, the pressure distributes unevenly due
in part to local osseous imperfections. This leads to nucleation, multiplication, and
growth of micro-cracks in the weakest areas, and finally to the formation of macro-
scopic fissures (fracture) as a result of the coalescence of localized micro-cracks in
the most densely damaged area [3]. The fracture pattern is a function of the direc-
tion and intensity of the load applied, the geometry of the bone involved, and its
specific material properties [3]. When pressure is perpendicular to the axis of the
bone, the most common fracture reported was a tension wedge, irrespective of the
direction of the impact [3]. Tensile wedge fractures originate at a location directly
opposite the point of impact, and the wedge segment radiates back through the bone
initially forming a 90-degree vertex angle. This suggests failure from direct stress,
i.e., axial loading of the bone in tension at the far cortex [3]. The level of comminu-
tion at the fracture site was related to higher impact speeds. Spiral fractures only
occur when the bones were subjected to additional torsional loads. Severe axial
loading of the lower limbs is common with underground explosions, or victims
landing on their feet after being thrown by blasts, with comminuted calcaneal (heel)
fractures being a prominent injury [3].

Quaternary (miscellaneous) orthopedic blast injuries are much less common than
secondary blast injuries and may include burns from the thermal effects of explo-
sions or from secondary fires [5, 48] (Table 2.2).

One of the important determinants of musculoskeletal injuries is the location of
the victim relative to the explosion site. For instance, in close proximity to the deto-
nation site, the effects of shock waves and detonation products occur almost instan-
taneously, leading to mixed primary and secondary blast injuries. This classically
occurs with the detonation of anti-personnel mines, which are designed to release
explosive energy at point-blank range, with the goal of maiming rather than killing
[3]. The mine’s blast wave is transmitted directly into the limb causing a brisance
(shattering) effect on bone, within 200 milliseconds of the detonation. 1-2 millisec-
onds post-detonation, the bomb casing, environmental fragments, and other detona-
tion products contact the limbs, causing destruction of traumatized soft tissue and
applying maximal stress on bones previously damaged by the blast wave [3]. The
end result is a total or sub-total limb amputation, with a zone of soft tissue injury
(and significant amounts of foreign debris and fragments) extending more proxi-
mally to the damaged bone [3].
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As with other types of blast injuries, orthopedic injuries are affected by environ-
mental factors, especially in enclosed vs. open spaces. When a detonation occurs
close to but outside of a structure, the resulting blast wave diffracts around and
reflects off the obstacle. It also transmits to the interior of the structure with signifi-
cantly reduced energy and pressure [49], effectively lowering the risk of blast wave-
related injuries substantially [49].

In contrast, blast fragments are more likely to result in fractures of victims caught
in the open [49]. Studies show that the lower limb is more frequently affected and
sustains more tertiary blast injuries from enclosed space detonations [49]. These
observations may be attributed to the momentum effects of the explosion that throw
victims into the air for long distances before landing on their feet, or secondary to
vertical acceleration and local floor pan deformation [49].

2.5.3 Torso Injuries

Chest and abdominal trauma are common following blasts, with an incidence vary-
ing between 32 and 50% and a peak in children aged 5-10 years [12, 38]. Primary,
secondary, and tertiary blast injuries may impact the abdominal or thoracic struc-
tures and viscera. A comparison with unarmored adults [28] suggests that the torso
is far more commonly injured in children following landmine and UXO (Unexploded
Explosive Ordnance) explosions [28]. This may be due to anatomical susceptibility
or unintentional high-risk behavior around explosives. Several structural consider-
ations in pediatric populations lead to distinct patterns of chest injuries [50].
Pediatric thoracic blast injuries usually affect the internal organs due to the lesser
protection provided by the developing rib cage [41]. In infants and young children,
the thoracic walls are thinner and the ribs are more elastic than their adult counter-
parts. This greater flexibility is due to incomplete bony ossification, more flexible
ligamentous attachments, and less developed supportive musculature, and makes it
possible for anterior ribs to be compressed all the way to meet posterior ribs [51].
The anatomical features of the young thorax increase the likelihood of suffering
severe parenchymal thoracic injuries such as heart contusion, dislocation, transec-
tion, or angulation of the great vessels, tracheal compression, and angulation,
esophageal rupture [52], as well as pulmonary contusions with minimal or no signs
on superficial examination or admission chest X-rays [41, 50, 51]. Over 80% of
children who sustain a thoracic aortic tear will have significant associated injuries
to the lung, heart, long bones, abdominal viscera, and central nervous system,
although only 50% will present with external evidence of thoracic injury. Rib frac-
tures are much more likely to occur from secondary or tertiary injuries [52]. Primary
blast waves powerful enough to fracture flexible ribs usually result in fatal pulmo-
nary trauma [52].

In addition to the structural and size differences, thoracic organs in children
exhibit different physiologic characteristics [51]. In early life, the trachea is narrow,
short, more compressible, and narrowest at the level of the cricoid cartilage.
Therefore, small changes in airway diameter, seemingly inconsequential wounds in
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the thoracic cage, or small foreign bodies may rapidly lead to respiratory distress
[51]. Children also have a lower functional residual capacity coupled with higher
oxygen consumption per unit of body mass and are therefore more susceptible to
rapid deterioration from hypoxemia [51]. Moreover, they are at particularly high
risk for airway obstruction [53] due to several oropharyngeal anatomic features:
their tongues are relatively large for their oral cavity, as are the soft palate, oropha-
ryngeal tissues, and the epiglottis, which are relatively longer and stiffer [53]. To
complicate matters further, their large heads and occiput relative to body size allow
their necks to flex easily when lying supine, exacerbating airway obstruction. These
factors make children more susceptible to airway irritation and asphyxiation from
the copious amounts of hot dust, sand, particles, debris, smoke, toxic fumes, and
gases produced by explosions [7]. Lower respiratory tract and lung burns are rare
but can be caused by superheated steam; signs include dyspnea, cough, and crackles
from pulmonary edema [7].

Primary blast lung injury (PBLI) is the most common fatal injury following
exposure to overpressure waves [2] and presents essentially as pulmonary contu-
sions [52]. The degree of pulmonary pathology is proportional to the velocity of
chest wall displacement [52]. A slow steadily applied force to the lungs allows com-
pressed air to vent out through the trachea [52], while the abrupt chest wall com-
pression induced by blast waves does not allow for this equilibration [52]. Pressures
within the lung parenchyma and air spaces can match or greatly exceed the blast
pressures because lung tissue compresses more slowly than the air in the respiratory
tract [52]. Air-tissue interfaces of the pulmonary system are vulnerable to spalling,
compression, and shear forces [17]. Barotrauma and volutrauma (overexpansion
damage) lead to alveolar hemorrhage, pulmonary contusions, widespread edema,
and pneumothoraxes [2, 21]. Depending on the blast load, this varies from scattered
petechiae to large confluent hemorrhages involving the entire lung. Pulmonary con-
tusions are more severe on the impact side of blast waves in the open air but tend to
be bilateral and diffuse in victims of confined space blasts [52]. Pleural and subpleu-
ral petechiae are the mildest pathologies described. Ecchymoses, often in parallel
bands corresponding to intercostal spaces, may be seen with larger blast loads [52].
Pneumothoraxes from blast injury are at increased risk of tensioning in infants due
to the inherent mobility of the pediatric mediastinum, causing additional mortal-
ity [31].

2.5.4 Head and Spinal Injuries

The reported prevalence of pediatric head injuries following blasts varies between
15% and 60% [18, 38]. Patients under 7 years old are almost twice as likely to pres-
ent with head injuries as older children (28% vs 15%) [18]. Blast-induced traumatic
brain injury (bTBI) is more common in victims under 10 years of age compared to
adolescents [38]. Head and cervical spine injury is the second most common cause
of death in all age groups [18], with one retrospective study conducted on post-
mortem data reporting skull fractures in 90% of pediatric casualties [54].
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Neurosurgical decompression is the most common surgical intervention for blast-
related head injuries in children under 3 years old [55].

Child cranial and spinal anatomy undergoes many changes, from the closure of
fontanels and cranial sutures to changes in the thickness and pliability of the cra-
nium, anatomy of the vertebra, and the maturity of cervical ligaments and muscles
[53]. These structural differences change the fundamental injury mechanism for an
infant compared to that of an older child or adult [56]. The child’s head and brain
are also fundamentally different from adults physiologically and anatomically [53].
Children have larger heads relative to body size, increasing the likelihood of head
injuries in pediatric victims [39, 53]. Furthermore, the head is relatively heavy com-
pared to the rest of the body and is supported by a weaker cervical musculature [57],
making the head more vulnerable to TBI and resulting in different dynamics of head
acceleration in response to external forces [39]. The ratio of head-to-body size grad-
ually declines with age [39].

As children grow and develop, facial development and expansion of the parana-
sal sinuses progressively provide protection from brain damage [39]: the sinuses
play a role as air-filled shock absorbers, partially absorbing energy directed at the
skull and brain [39]. At birth the facial portion of the head is smaller than the cra-
nium, with a face-to-cranium ratio of 1:8 (vs. adult ratio of 1:2.5). This pattern is
notable in children up to age 8 years [41]. Moreover, the newborn forehead is high
and bulged relative to the facial profile, due to the large size of the frontal lobe of
the brain [41]. Thus, in newborns and infants, the face is tucked below the larger
brain case, and their protruding forehead increases the probability that a force
directly impacts the frontal skull and underlying cerebral parenchyma [39].
Furthermore, they lack the protection of fully pneumatized sinus cavities.

The mechanical characteristics of infant and adult skulls are significantly differ-
ent. Anatomical immaturity in skull composition may increase the risk of bTBI
from primary blast waves. Infant and child skulls are considerably more pliable, due
to the segmental development and arrangement of skull bones, in addition to the
flexibility and thinness of individual bones, possibly leading to greater shear stress
and subsequent injury to the underlying brain structures [58]. Reduced calvarium
thickness is also likely to provide less protection from penetrating and blunt trau-
matic injury. Another material property of the calvarium is its elastic modulus: fiber
orientations parallel to the long axis have significantly higher elastic moduli than
those with fibers perpendicular to the long axis [59]. In adults, cranial bones and
sutures have similar properties and adult calvarias deform very little prior to fracture
[59]. In contrast, pediatric cranial bones are 35 times stiffer than their cranial sutures
and are able to deform 30 times more than older children’s cranial bones before
failure, and 243 times more than adult bones [59]. The large strains in pediatric
bones and sutures result in a skull case that can undergo dramatic shape changes
before fracture, potentially causing devastating damage to the brain [59]. In addi-
tion, fontanelles are extremely vulnerable to trauma. The skull develops as a loosely
joined system of bones formed in the soft tissue matrix surrounding the brain.
Interosseous junctions are relatively broad and large, leaving certain areas of the
brain covered by a thin fibrous sheath and somewhat exposed to the external
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environment. They are most obvious in the frontal and posterior skull regions and
make the head of the child less resistant to impact trauma [41].

Injury patterns are also determined by the mechanical properties of brain tissue,
which is stiffer in children [53]. Infant cerebral white matter contains little myelin,
and its distribution is very different compared with adults [39]. The neonatal brain
is watery and has a low density, while the fully myelinated adult brain has a much
higher density [39]. Different brain regions myelinate at different rates and the
resulting density variations can be pronounced at different developmental stages
[39]. The degree of myelination results in different absorptions of traumatic forces,
with increased susceptibility to TBI in unmyelinated areas [39]. When intracranial
volume increases rapidly, as, in blast trauma, the acute increase in ICP can be life
threatening. It may be more dangerous in young children than in older children and
adults because of the lower normal range of ICP in this age group [53]. Cerebral
compliance observed in young children as a result of open fontanelles and unfused
sutures can only provide protection to a certain extent [53]. It is also determined by
cerebral blood flow (CBF) and volume, and the ratio of cerebrospinal fluid (CSF)
volume to brain volume, all of which are age dependent [53]. The CSF-brain ratio
reflects the balance between brain tissue and CSF in the ventricles and subarachnoid
cisterns of the brain. Although this has not been formally quantified across the age
range, radiologists and pediatric specialists are aware of the differences between
very young children, older children, and adults with respect to the amount of intra-
cranial CSF that is expected, to reflect the growth of the brain from the neonatal
stage through childhood and the gradual atrophy with age [53]. Post-mortem patho-
anatomical data provides the majority of evidence for the pathophysiological effects
of blast, which include edema, contusions, vasospasm of the internal carotid and
anterior cerebral arteries, diffuse axonal injuries, and hematomas [60-64]. Following
the blast, cerebral concussion is common, with increasing evidence of association
with post-traumatic stress disorder (PTSD) [65-68].

The mechanism of bTBI following primary blast injuries remains incompletely
understood [69, 70]; most experimental data originate from laboratory or computer
models [66, 69, 71-73]. The overall hypothesis is that brain injuries can occur fol-
lowing overpressure oscillations from the primary blast, pressure on the cranium by
the secondary blast winds, and tertiary blast injuries in the form of blunt traumatic
or coup-countercoup injuries [74].

Blunt Traumatic brain injury (TBI) in children is caused by one of two mecha-
nisms [56]:

1. Impulsive loading, where the head moves as the result of motion imparted by
some other part of the body (e.g., “whiplash™).

2. Impact loading, where the head either strikes a stationary object or is struck by a
moving object.

These events are mechanically distinct and have very different clinical conse-
quences. Both cannot occur simultaneously, although they may happen sequentially.
Impulsive loading of an unsupported head will cause it to rotate around some point
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in the cervical spine, from the occipital condyles to C7/T1. With such a rotation, the
skull will receive the transmitted force faster than the brain, which lags behind
because the brain and skull are not rigidly linked [56]. This differential displace-
ment may result in tensile failure of the bridging veins, which can withstand a force
up to 30% stronger than their average baseline stretch [56]. It has also been sug-
gested that following brain trauma, pediatric patients are at greater risk of brain
injury from enhanced excitotoxicity and impaired cerebral blood flow. Excitotoxic
effects may lead to increased neuronal apoptosis [75]. Experimental data using
pediatric neurons subjected to non-blast TBI (nbTBI) demonstrated that extra-
synaptic N-methyl-D aspartate (NDMA) channels were excited, leading to increased
calcium channel influx [76, 77]. Calcium influx is associated with enhancing intra-
cellular cascades and promoting neuroapoptosis [78]. Furthermore, severe nbTBI in
children has been associated with impaired cerebral autoregulation and subsequent
poor outcomes [79, 80]. In a later study, those under 4 years old were found to be at
risk of impaired autoregulation, regardless of nbTBI severity, suggesting an
enhanced susceptibility in younger patients. This correlates with animal studies
demonstrating prolonged reductions in cerebral blood flow in newborn pigs com-
pared to juvenile pigs following diffuse nbTBI [81].

Significant cognitive, intellectual, and functional sequelae arising from pediatric
nbTBI have been described [82—87] and there is a clear need for specific studies on
the long-term prognosis of pediatric bTBI. Controversy exists as to whether mild
nbTBI is analogous to moderate bTBI in adults [88], and the paucity of pediatric
data makes this comparison difficult. Extrapolation of bTBI results from nbTBI data
is limited by variable follow-up times, more segmented age groups in pediatric pop-
ulations, developmental milestones which complicate assessment and differing TBI
mechanisms. Early nbTBI data suggest pediatric patients benefit from increased
neuroplasticity in the developing brain, allowing recovery of cognitive and intel-
lectual function [82]. However, conflicting studies demonstrated reduced educa-
tional performance, increased impulsivity, hyperactivity, and learning disabilities
after 2-5 years in children with brain injury [83-86]. A recent study by Shaklai
et al. [87] assessed 77 children of ages 2—17 over 10 years following moderate to
severe nbTBI and found that 69% were able to fully reintegrate back into regular
education following extended rehabilitation. The remaining 31% required addi-
tional help (19%) or special education (12%). Previous studies report reintegration
of 24-59% of cases [89, 90]. A Higher Glasgow Coma Scale at admission and
shorter loss of consciousness correlate with a positive outcome, which is consistent
with other reports [91-93].

Pediatric spine injuries affect a modest percentage of children following blast
injury (1-3%) [12, 27], with its presentation being almost ubiquitously associated
with concurrent head injuries [18]. No data exists for blast-specific pediatric spinal
injuries; the literature does, however, describe patterns for non-blast-related spinal
trauma: the cervical spine is affected in 60-80% of total pediatric spinal injuries
[94], while only in 15-45% of adult spinal injuries [95-97]. This pattern may be
explained by progressive changes at the level of the epiphyses which fuse progres-
sively at different times [53]. The biomechanical maturation of the spine only begins
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to resemble the adult spine after age 8-9[53]. Prior to the age of 10 years, the rela-
tively large head places the fulcrum of flexion and extension at the upper cervical
region, potentially increasing injuries [53]. Cervical spinal fractures are rare while
ligamental dislocations are much more common, due to underdeveloped neck mus-
culature, lax interspinous ligaments, and incomplete vertebral ossification. The
absence of fractures may partially explain the high rate of spinal cord injury without
radiographic abnormalities (SCIWORA) in infants (17%) compared to adolescents
(5%) [98]. Other factors also explain the weakness of pediatric cervical spines and
their tendency to deform: increased water content of intervertebral disks, unfused
epiphyses, shallow facet joints, anteriorly wedged vertebral bodies, and undevel-
oped uncinate processes [53]. All these contribute to a more malleable spine that
puts neural structures at risk, even without bony injury evident on radiographs [53].
Neurological sequelae are largely dependent on the degree of spinal cord injury
(SCI) sustained. A high degree of clinical suspicion is thus warranted for pediatric
blast victims.

2.5.5 Facial Injuries

Primary blast waves inflict different types of injuries on the maxillofacial region
that result from interactions of the blast shockwave with these tissues, resulting in
barotrauma [16]. The stress on impacted areas may be concentrated at certain loca-
tions called stress points; when tension exceeds their tensile strength, collagen
fibers will fracture, and tissues will tear [16]. Primary blast wave impact on the face
may result in transverse mandibular fractures, eye rupture, orbital fractures, tym-
panic membrane rupture, fracture of paranasal sinus walls, facial soft tissue injuries,
and scalping injuries. They are usually associated with injuries to the lung, brain,
and hollow organs; it is relatively uncommon to find isolated facial injuries in sur-
vivors [16]. Exposed wound surfaces are then hit by thermal gases (fireballs) and
suffer burns on top of trauma. Blast winds also carry sand and other particles into
the damaged soft tissues and exposed fractured bones [16].

When the wave impacts bony processes such as the zygomatic process or man-
dibular body and symphysis, the energy released can crush soft tissues between the
compressed air wave contacting the skin surface, and the internal bone surface,
causing skin and subcutaneous contusions. These wounds are characterized by
ragged, tattered, and ecchymosed edges [16]. Because facial skin has strong resis-
tance to primary blast waves, most injuries seen on the cheeks, eyelids, and lips are
due to the combination of primary and secondary biophysical effects [16]. The sus-
pended hot particles in the blast wave or winds impact a maximally stretched skin
at high velocity, resulting in traumatic and deep scratches [16]. These abrasions
facilitate the tearing of tightly stretched collagen fibers, resulting in shredding, lac-
eration, or multiple punctures of all layers of skin in the affected area [16]. Scalping
blast injuries occur when the blast wave strikes the front of the victim’s helmet or
scalp and the resultant maximal stretching exceeds the elastic limits of the skin at
weak points near the eyelids. This leads to the skin tearing along a line between the
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eyebrows and eyelashes consisting of the thinnest skin in the region. This can be
followed by a degloving of the full thickness of the scalp tissue with separation
occurring at another weak attachment at the pericranium and calvarias [16]. The
scalping in this case extends posterior to the coronal suture and usually indicates a
very powerful blast.

2.,5.6 Maxillary Sinus Fracture

Implosion of maxillary sinuses has been proposed as a mechanism of “crushed egg-
shell” fractures of the midface, but experimental evidence for primary blasts caus-
ing facial fractures directly is lacking. Whether caused by primary blasts or
secondary blunt trauma, these types of injuries do occur in victims close to explo-
sions [99]. Rapid external loading of pressure onto the sinus structures compresses
the sinus walls and causes them to splinter [6]. Once the high pressure has abated,
the air re-expands, effectively creating a miniature explosion within the sinuses [6].
This causes more damage to the delicate structures of the nasal area, and this type
of injury occurs when shock waves hit the midface area directly [6]. Alternatively,
when a lateral wave impacts the skeletal structures of the cranium, the lateral por-
tion of the maxillary sinuses is less affected due to the thicker zygomatic buttresses
deflecting the shock wave more effectively than the thinner maxillary bone with a
perpendicular force directly to the front of the face [6].

2.5.7 Mandibular Fracture

The pathophysiology of shock wave impacts at the lateral surface of the body of the
mandible is different from non-blast-related trauma and results in a new type of
fracture seen only in mandibular blast injuries [100]. Most civilian mandibular frac-
tures are vertical to the longitudinal axis of the mandible, as seen in the body, angle,
symphysis, ramus, condyle, and coronoid processes. These fractures are produced
by high tensile strain caused by a traumatic impact, which leads to vertically orien-
tated deformation patterns at points of weakness, causing tensile failure [100]. In
the case of a transverse impact from a blast, wave-particle displacement is perpen-
dicular to the direction of propagation of the wave, and they oscillate up and down
around their individual axis. When the wave encounters the transverse middle part
of the body of the mandible, part of it is reflected at the rigid boundaries (upper and
lower borders) and the other part is transmitted across a less rigid middle part. A
structural difference exists between the different mandibular sections because of
solid cortical bone and the alveolar region, which is reinforced by cylindrical sock-
ets and the strength of dental roots [100]. This causes a shearing fragmentation of
the mandible at the mylohyoid ridge, a weak area in the mandible and attachment
point of the mylohyoid muscle, with separation of muscle and bone [6]. The cancel-
lous and cortical bone at this weaker point split transversely due to the differing
shock absorbing properties of the impacted bone structures, provided the blast wave
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is powerful enough [6]. Because of the factors explained above, blast mandibular
fractures are a unique type of transverse split fracture occurring at the angle of the
mandible [100]. They can manifest as a single line or multiple, almost parallel
shearing lines, in the same region where fragmentation occurs [100].

Teeth are designed to withstand vertical forces; the impact of the blast, however,
strikes the lateral surfaces uniformly, and much of the energy is reflected because of
the convexity of the buccal surface and the hardness of tooth enamel [100]. The root
is protected by the cortical bone of the alveolar socket and by its cylindrical shape
which can deflect some of the energy. A powerful enough blast wave can lead to
flexural failure and shearing (direct or punching shear) at the cementoenamel junc-
tion, resulting in sharp transections at the gingival margins. This type of tooth frac-
ture parallels the displacement of the transverse mandibular fracture segments
[100]. The effects of the blast and the tooth’s structural response depend mainly on
the pressure loading rate, the incoming angle of the blast, and the condition of the
bony structures [100].

2,5.8 AcousticInjury

Hearing loss following blast exposure is the most prevalent primary blast injury
[101, 102] persisting well after the initial insult [103]. Blast pressures exceeding
104 kPa, approximately 1/5th the pressure required for a lethal injury, damage the
tympanic membrane (TM) at the air—tissue interface with a 50% chance of rupture,
in addition to middle ear ossicular damage and subsequent conductive hearing loss
[104, 105]. The pars tensa is the TM area most frequently injured. Although much
less common, dislocation of the incudomalleal or incudostapedial joints can occur,
with or without fractures of the individual ossicles. Orientation of the head relative
to the blast wave could possibly alter the severity for smaller blast loads that cause
isolated auditory injury. Disruption of the ossicular chain may also protect the inner
ear from permanent damage by absorbing the bulk of the pressure wave. In most
cases, inner ear injury is reversible or treatable; temporary hearing loss and tinnitus
are quite common, the severity of which typically decreases at farther distances
from the blast. However, severe cochlear damage may occur: sensorineural hearing
loss is usually permanent in these cases and occurs following excessive pressure
mechanotransduction to the sensitive cochlear hair cells, or through bTBI damaging
the auditory cortex [105].

2,59 Eyelnjury

Despite representing only 0.3% of the anterior body surface area, eyes are often
injured following blasts, with as many as 60% of blast victims undergoing minor
clearance operations [27, 54, 106]. Eye injuries, including globe perforation, are
commonly caused by secondary projectiles after explosions of all sizes.
Interestingly, only one case of ocular primary blast injury (causing hyphemia) has
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been reported in the literature, likely because of the eye’s nearly homogenous den-
sity. Damage to the eye can result from overpressure waves reflecting off the bony
orbit, causing optic nerve and anterior/posterior segment disruption, from second-
ary injuries caused by bone fragmentation, tertiary facial trauma, and chemical or
thermal burns [107, 108]. Mine blasts are thought to cause a high incidence of eye
injuries due to high concentrations of explosive particles, especially affecting chil-
dren whose eyes are closer to the detonation point [7, 106, 109]. As it was described
for the torso and upper limb injuries, the curiosity of children and high-risk behav-
ior in the vicinity of explosives may predispose them to facial and ocular injuries.
Vision loss confers significant long-term morbidity in children. In infants, visual
processing plasticity and binocular vision develop in the first year of life. Monocular
visual impairment can lead to further morbidity through amblyopia and visual
defects [110, 111]. Without adequate social support, these victims are likely to suf-
fer from developmental and educational deficiencies. This happens because 75%
of early learning occurs through vision, and visual impairment at this age translates
into future social and economic challenges to both the individual and the society
[110, 112].

References

1. National Consortium for the Study of Terrorism and Responses to Terrorism (START). GTD
global terrorism database. Start. 2015;63.

2. Wolf SJ, Bebarta VS, Bonnett CJ, Pons PT, Cantrill SV. Blast injuries. Lancet.
2009;374(9687):405-15.

3. Champion HR, Holcomb JB, Young LA. Injuries from explosions: physics, biophysics,
pathology, and required research focus. J Trauma. 2009;66(May):1468—77.

4. Boffard KD, MacFarlane C. Urban bomb blast injuries: patterns of injury and treatment. Surg
Annu. 1993;25(Pt 1(part 1)):29-47.

5. Ramasamy, Cooper GA, Sargeant ID, Evriviades D, Porter K, Kendrew JM. (i) An over-
view of the pathophysiology of blast injury with management guidelines. Orthop Trauma.
2013;27(1):1-8. ISSN 1877-1327.

6. Dussault MC, Smith M, Osselton D. Blast injury and the human skeleton: an important
emerging aspect of conflict-related trauma. J Forensic Sci. 2014;59(3):606—12.

7. Shuker ST. Facial skin-mucosal biodynamic blast injuries and management. J Oral Maxillofac
Surg. 2010;68(8):1818-25.

8. Horrocks CL. Blast injuries: biophysics, pathophysiology and management principles. J R
Army Med Corps. 2001;147(1):28-40.

9. Knapp JF, Sharp RJ, Beatty R, Medina F. Blast trauma in a child. Pediatr Emerg Care.
1990;6(2):122-6.

10. DePalma RG, Burris DG, Champion HR, Hodgson MIJ. Blast injuries. N Engl J Med.
2005;352(13):1335-42.

11. Zuckerman S. Discussion on the problem of blast injuries. Proc R Soc Med. 1941;34:171-88.

12. Waisman Y, Aharonson-Daniel L, Mor M, Amir L, Peleg K. The impact of terrorism on chil-
dren: a two-year experience. Prehosp Disaster Med. 2003;18(3):242-8.

13. The impact of blast injury on children Hargrave, Lt J] F S Millwood 2018.

14. Physical and pathophysiological effects of blast. J Trauma. 1996;40(3 Suppl):S206-11.
https://doi.org/10.1097/00005373-199603001-00045.

15. Mechanisms of injury in wartime. J Trauma. 2008;65(3):604—15. https://doi.org/10.1097/
TA.0b013e3181454ab4.


https://doi.org/10.1097/00005373-199603001-00045
https://doi.org/10.1097/TA.0b013e3181454ab4
https://doi.org/10.1097/TA.0b013e3181454ab4

40

S.Emseih and G. S. Abu-Sittah

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Facial skin-mucosal biodynamic blast injuries and management. Acta Biomater.
2011;7(1):83-95. https://doi.org/10.1016/j.actbio.2010.06.035. Epub 2010 Aug 21

Edwards D., Clasper J. Blast injury mechanism. In: Blast injury science and engineering: a
guide for clinicians and researchers. Springer International Publishing Switzerland; 2016.
p. 89-103.

Edwards MJ, Lustik M, Eichelberger MR, Elster E, Azarow K, Coppola C. Blast injury in
children: an analysis from Afghanistan and Iraq, 2002-2010. J Trauma Acute Care Surg.
2012;73(5):1278-83.

Bendinelli C. Effects of land mines and unexploded ordnance on the pediatric population and
comparison with adults in rural Cambodia. World J Surg. 2009;33(5):1070-4.

Breeze J, Lewis EA, Fryer R, Hepper AE, Mahoney PF, Clasper JC. Defining the essential
anatomical coverage provided by military body armour against high energy projectiles. ] R
Army Med Corps. 2016;162(4):284-90.

Yeh DD, Schecter WP. Primary blast injuries—an updated concise review. World J Surg.
2012:36(5):966-72.

Shi CX. Pediatric wartime injuries in Afghanistan and Iraq : what have we learned ?
2016, (September).

Allison K, Porter K. Consensus on the pre-hospital approach to burns patient management.
Injury. 2004:734-8.

Currey JD, Butler G. The mechanical properties of bone tissue in children. J Bone Jt Surg.
1975;57-A:810-4.

Mabrey JD, Fitch RD. Plastic deformation in pediatric fractures: mechanism and treatment.
J Pediatr Orthop. 1989;9(3):310-4.

Edwards MJ, Lustik M, Eichelberger MR, Elster E, Azarow K, Coppola C. Blast injury in
children: an analysis from Afghanistan and Iraq, 2002-2010. J Trauma Acute Care Surg.
2012;73(5):1278-83. https://doi.org/10.1097/TA.0b013e318270d3ee. Erratum in: J Trauma
Acute Care Surg. 2014;77(2):389.

Creamer KM, Edwards MJ, Shields CH, Thompson MW, Yu CE, Adelman W. Pediatric war-
time admissions to US military combat support hospitals in Afghanistan and Iraq: learning
from the first 2,000 admissions. Trauma. 2009;67(4):762-9.

Matos RI, Holcomb JB, Callahan C, Spinella PC. Increased mortality rates of young chil-
dren with traumatic injuries at a US Army combat support hospital in Baghdad, Iraq, 2004.
Pediatrics. 2008;122(5):€959-66.

Wang XQ, Mill J, Kravchuk O, Kimble RM. Ultrasound assessed thickness of burn scars
in association with laser Doppler imaging determined depth of burns in paediatric patients.
Burns. 2010;36(8):1254-62.

Gore DC, Chinkes D, Heggers J, Herndon DN, Wolf SE, Desai M. Association of hypergly-
cemia with increased mortality after severe burn injury. J Trauma. 2001;51(3):540-4.
Eichelberger MR. Pediatric surgery and medicine for hostile environments. J Pediatr Surg.
2011;46:1683.

Sheridan RL, Hinson MI, Liang MH, Nackel AF, Schoenfeld DA, Ryan CM, et al. Long-
term outcome of children surviving massive burns. JAMA. 2000;283(1):69-73.

Zeitlin REK, Jarnberg J, Somppi EJ, Sundell B. Long-term functional sequelae after paediat-
ric burns. Burns. 1998;24(1):3-6.

de Sousa A. Psychological aspects of paediatric burns (a clinical review). Ann Burns Fire
Disasters. 2010;23:155-9.

Peck MD, Weber J, McManus A, Sheridan R, Heimbach D. Surveillance of burn wound
infections: a proposal for definitions. J Burn Care Rehabil. 1998;19(5):386-9.

Silla RC, Fong J, Wright J, Wood F. Infection in acute burn wounds following the Bali bomb-
ings: a comparative prospective audit. Burns. 2006;32(2):139-44.

Owens BD, Kragh JF, Wenke JC, Macaitis J, Wade CE, Holcomb JB. Combat
wounds in operation Iraqi Freedom and operation enduring freedom. J Trauma. 2008;64(2):
295-9.

Jaffe DH, Peleg K. Terror Explosive Injuries. Ann Surg. 2010;251(1):138—43.


https://doi.org/10.1016/j.actbio.2010.06.035
https://doi.org/10.1097/TA.0b013e318270d3ee

2

Biodynamics of Blast Injury 41

39

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

. Araki T, Yokota H, Morita A. Pediatric traumatic brain injury: characteristic features, diagno-
sis, and management. Neurol Med Chir (Tokyo). 2017;57(2):82-93.

Patel HDL, Dryden S, Gupta A, Ang SC. Pattern and mechanism of traumatic limb ampu-
tations after explosive blast: experience from the 07/07/05 London terrorist bombings. J
Trauma Acute Care Surg. 2012;73(1):276-81.

Burdi AR, et al. Infants and children in the adult world of automobile safety design: pediatric
and anatomical considerations for design of child restraints. J Biomech. 1969;2(3):267-80.
Currey JD, Butler G. The mechanical properties of bone tissue in children. J Bone Joint Surg
Am. 1975;57(6):810-4.

Jeschke MG, Gauglitz GG, Kulp GA, Finnerty CC, Williams FN, Kraft R, et al. Long-term
persistence of the pathophysiologic response to severe burn injury. PLoS One. 2011;6:7.
Garcia-Avello A, Lorente JA, Cesar-Perez J, Garcia-Frade LJ, Alvarado R, Arévalo JM, et al.
Degree of hypercoagulability and hyperfibrinolysis is related to organ failure and prognosis
after burn trauma. Thromb Res. 1998;89(2):59-64.

Duke JM, Randall SM, Fear MW, Boyd JH, Rea S, Wood FM. Long-term effects of pediatric
burns on the circulatory system. Pediatrics. 2015;136(5):e1323-30.

Sharma RK, Parashar A. Special considerations in paediatric burn patients. Indian J Plast
Surg. 2010;43:543-50.

Singleton JAG. Traumatic amputation. In: Blast injury science and engineering: a guide for
clinicians and researchers. 2016. p. 243-8.

Covey DC, Born CT. Blast injuries: mechanics and wounding patterns. J Surg Orthop Adv.
2010;19(1):8-12.

Ramasamy A, et al. Blast-related fracture patterns: a forensic biomechanical approach. J R
Soc Interface. 2011;8(58):689-98.

Jakob H, et al. Pediatric Polytrauma Management. Eur J Trauma Emerg Surg.
2010;36(4):325-38.

Bliss D, Silen M. Pediatric thoracic trauma. Crit Care Med. 2002;30(11 Suppl):S409-15.
Omid R, et al. Gunshot wounds to the upper extremity. J Am Acad Orthop Surg.
2019;27(7):e301-10.

Figaji AA. Anatomical and physiological differences between children and adults relevant to
traumatic brain injury and the implications for clinical assessment and care. Front Neurol.
2017;8:685.

Quintana DA, Jordan FB, Tuggle DW, Mantor PC, Tunell WP. The spectrum of pediatric
injuries after a bomb blast. J Pediatr Surg. 1997;32(2):307-11.

Edwards MJ, Lustik M, Carlson T, Tabak B, Farmer D, Edwards K, et al. Surgical interven-
tions for pediatric blast injury: an analysis from Afghanistan and Iraq 2002 to 2010. J Trauma
Acute Care Surg. 2014;76(3):854-8.

Goldsmith W, Plunkett J. A biomechanical analysis of the causes of traumatic brain injury in
infants and children. Am J Forensic Med Pathol. 2004;25(2):89-100.

Jakob H, Lustenberger T, Schneidmiiller D, Sander AL, Walcher F, Marzi . Pediatric poly-
trauma management. Eur J Trauma Emerg Surg. 2010;36(4):325-38.

Chafi MS, Karami G, Ziejewski M. Biomechanical assessment of brain dynamic responses
due to blast pressure waves. Ann Biomed Eng. 2010;38(2):490-504.

Coats B, Margulies SS. Material properties of human infant skull and suture at high rates. J
Neurotrauma. 2006;23(8):1222-32.

Levi L, Borovich B, Guilburd JN, Grushkiewicz I, Lemberger A, Linn S, et al. Wartime neu-
rosurgical experience in Lebanon, 1982-85. II: closed craniocerebral injuries. Isr J Med Sci.
1990;26(10):555-8.

Schwartz I, Tuchner M, Tsenter J, Shochina M, Shoshan Y, Katz-Leurer M, et al. Cognitive
and functional outcomes of terror victims who suffered from traumatic brain injury. Brain
Inj. 2008;22(3):255-63.

Svetlov SI, Prima V, Kirk DR, Gutierrez H, Curley KC, Hayes RL, et al. Morphologic and
biochemical characterization of brain injury in a model of controlled blast overpressure expo-
sure. J Trauma. 2010;69(4):795-804.



42

S.Emseih and G. S. Abu-Sittah

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

. Armonda RA, Bell RS, Vo AH, Ling G, DeGraba TJ, Crandall B, et al. Wartime traumatic
cerebral vasospasm: recent review of combat casualties. Neurosurgery. 2006;59(6):1215-25.
Bell RS, Vo AH, Neal CJ, Tigno J, Roberts R, Mossop C, et al. Military traumatic brain and
spinal column injury: a 5-year study of the impact blast and other military grade weaponry
on the central nervous system. J Trauma. 2009;66(4 Suppl):S104-11.

Okie S. Traumatic brain injury in the war zone. N Engl J Med. 2005;352(20):2043-7.
Cernak I, Merkle AC, Koliatsos VE, Bilik JM, Luong QT, Mahota TM, et al. The pathobiol-
ogy of blast injuries and blast-induced neurotrauma as identified using a new experimental
model of injury in mice. Neurobiol Dis. 2011;41(2):538-51.

Stein MB, McAllister TW. Exploring the convergence of posttraumatic stress disorder and
mild traumatic brain injury. Am J Psychiatry. 2009;166(7):768-76.

Taber KH, Warden DL, Hurley RA. Blast-related traumatic brain injury: what is known? J
Neuropsychiatry Clin Neurosci. 2006;18(2):141-5.

Chen YC, Smith DH, Meaney DF. In-vitro approaches for studying blast-induced.
2009;876(June):861-76.

Cernak I. Animal models of head trauma. NeuroRx. 2005;2(3):410-22.

Park E, Eisen R, Kinio A, Baker AJ. Electrophysiological white matter dysfunction and asso-
ciation with neurobehavioral deficits following low-level primary blast trauma. Neurobiol
Dis. 2013;52:150-9.

Park E, Gottlieb JJ, Cheung B, Shek PN, Baker AJ. A model of low-level primary blast brain
trauma results in cytoskeletal proteolysis and chronic functional impairment in the absence
of lung barotrauma. J Neurotrauma. 2011;28(3):343-57.

Pun PBL, Kan EM, Salim A, Li Z, Ng KC, Moochhala SM, et al. Low level primary blast
injury in rodent brain. Front Neurol. 2011; APR

Wightman JM, Gladish SL. Explosions and blast injuries. Ann Emerg Med.
2001;37(6):664-78.

Choi DW. Ionic dependence of glutamate neurotoxicity. J Neurosci. 1987;7(2):369-79.
Giza CC, Maria NSS, Hovda DA. N -methyl- D -aspartate receptor subunit changes after
traumatic injury to the developing brain. J Neurotrauma. 2006;23(6):950-61.

McDonald JW, Silverstein FS, Johnston MV. Neurotoxicity of N-methyl-d-aspartate is mark-
edly enhanced in developing rat central nervous system. Brain Res. 1988;459(1):200-3.
Rink A, Fung KM, Trojanowski JQ, Lee VM, Neugebauer E, McIntosh TK. Evidence
of apoptotic cell death after experimental traumatic brain injury in the rat. Am J Pathol.
1995;147(6):1575-83.

Vavilala MS, Muangman S, Tontisirin N, Fisk D, Roscigno C, Mitchell P, et al. Impaired
cerebral autoregulation and 6-month outcome in children with severe traumatic brain injury:
preliminary findings. Dev Neurosci. 2006;28(4-5):348-53.

Vavilala MS, Muangman S, Waitayawinyu P, Roscigno C, Jaffe K, Mitchell P, et al.
Neurointensive care; impaired cerebral autoregulation in infants and young children early
after inflicted traumatic brain injury: a preliminary report. J Neurotrauma. 2007;24(1):87-96.
Armstead WM, Kurth CD. Different cerebral hemodynamic responses following fluid per-
cussion brain injury in the newborn and juvenile pig. J] Neurotrauma. 1994;11(5):487-97.
Tompkins CA, Holland AL, Ratcliff G, Costello A, Leahy LF, Cowell V. Predicting cognitive
recovery from closed head-injury in children and adolescents. Brain Cogn. 1990;13(1):86-97.
Wertheimer JC, Hanks RA, Hasenau DL. Comparing functional status and community
integration in severe penetrating and motor vehicle-related brain injuries. Arch Phys Med
Rehabil. 2008;89(10):1983-90.

Perrott SB, Taylor HG, Montes JL. Neuropsychological sequelae, familial stress, and envi-
ronmental adaptation following pediatric head injury. Dev Neuropsychol. 1991;7(1):69-86.
Klonoft H, Low MD, Clark C. Head injuries in children: a prospective five year follow- up. J
Neurol Neurosurg Psychiatry. 1977;40(12):1211-9.

Chadwick O, Rutter M, Shaffer D, Shrout PE. A prospective study of children with head
injuries: IV. Specific cognitive deficits. J Clin Neuropsychol. 1981;3(2):101-20.

Shaklai S, Peretz R, Spasser R, Simantov M, Groswasser Z. Long-term functional outcome
after moderate-to-severe paediatric traumatic brain injury. Brain Inj. 2014;28(7):915-21.



2

Biodynamics of Blast Injury 43

88

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

. Rosenfeld JV, Ford NL. Bomb blast, mild traumatic brain injury and psychiatric morbidity: a
review. Injury. 2010;41:437-43.

Koskiniemi M, Kyykké T, Nybo T, Jarho L. Long-term outcome after severe brain injury in
preschoolers is worse than expected. Arch Pediatr Adolesc Med. 1995;149(3):249-54.
Brink JD, Imbus C, Woo-Sam J. Physical recovery after severe closed head trauma in children
and adolescents. J Pediatr. 1980;97(5):721-7.

Catroppa C, Anderson V. Traumatic brain injury in childhood: rehabilitation considerations.
Dev Neurorehabil. 2009;12(1):53-61.

Avesani R, Salvi L, Rigoli G, Gambini MG. Reintegration after severe brain injury: a retro-
spective study. Brain Inj. 2005;19(11):933-9.

Zuccarello M, Facco E, Zampieri P, Zanardi L, Andrioli GC. Severe head injury in children:
early prognosis and outcome. Childs Nerv Syst. 1985;1(3):158-62.

Kokoska ER, Keller MS, Rallo MC, Weber TR. Characteristics of pediatric cervical spine
injuries. J Pediatr Surg. 2001:100-5.

Hasler RM, Exadaktylos AK, Bouamra O, Benneker LM, Clancy M, Sieber R, et al.
Epidemiology and predictors of spinal injury in adult major trauma patients: European cohort
study. Eur Spine J. 2011;20(12):2174-80.

Munera F, Rivas LA, Nunez DB, Quencer RM. Imaging evaluation of adult spinal injuries:
emphasis on multidetector CT in cervical spine trauma. Radiology. 2012;263(3):645-60.
Stephan K, Huber S, Héberle S, Kanz K-G, Biihren V, van Griensven M, et al. Spinal cord
injury—incidence, prognosis, and outcome: an analysis of the TraumaRegister DGU. Spine
J.2015;15(9):1994-2001.

Shin JI, Lee NJ, Cho SK. Pediatric cervical spine and spinal cord injury: a national database
study. Spine (Phila Pa 1976). 2016;41(4):283-92.

Omid R, Stone MA, Zalavras CG, Marecek GS. Gunshot wounds to the upper extremity. J
Am Acad Orthop Surg. 2019;27(7):e301-10.

Shuker ST. The effect of a blast on the mandible and teeth: transverse fractures and their
management. Br J Oral Maxillofac Surg. 2008;46(7):547-51.

Fausti SA, Wilmington DJ, Gallun FJ, Myers PJ, Henry JA. Auditory and vestibu-
lar dysfunction associated with blast-related traumatic brain injury. J Rehabil Res Dev.
2009;46(6):797-810.

August P, Coffey MRA, Force O, Gondusky JS, Reiter MP, Infantry M, et al. Protecting mili-
tary convoys in Iraq : an examination of Battle injuries sustained by a mechanized battalion
during operation Iraqi freedom II. Distribution. 2005;38(6):2001.

Catchpole MA, Morgan O. Physical health of members of the public who experienced terror-
ist bombings in London on 07 july 2005. Prehosp Disaster Med. 2010;25(2):139-44.

Garner MJ, Brett SJ. Mechanisms of injury by explosive devices. Anesthesiol Clin.
2007;25:147-60.

11 CS, Gao SS, Xia A, Wang R, Salles FT, Raphael PD, et al. Mechanisms of hearing loss after
blast injury to the ear. PLoS One. 2013;8:7.

Muzaffar W, Khan MD, Akbar MK, Malik AM, Durrani OM. Mine blast injuries: ocular and
social aspects. Br J Ophthalmol. 2000;84(6):626-30.

Alam M, Igbal M, Khan A, Khan SA. Ocular injuries in blast victims. J Pak Med Assoc.
2012;62(2):138-42.

Ari AB. Eye injuries on the battlefields of Iraq and Afghanistan: public health implications.
Optometry. 2006;77(7):329-39.

Trimble K, Adams S, Adams M. (iv) Anti-personnel mine injuries. Curr Orthop.
2006;20(5):354-60.

Gogate P, Gilbert C, Zin A. Severe visual impairment and blindness in infants: causes and
opportunities for control. Middle East Afr J Ophthalmol. 2011;18(2):109-14.

Kozma P, Kovacs I, Benedek G. Normal and abnormal development of visual functions in
children. Acta Biol Szeged Acta Biol Szeged. 2001;45(4):23-4223.

Dale N, Salt A. Early support developmental journal for children with visual impairment:
the case for a new developmental framework for early intervention. Child Care Health Dev.
2007;33(6):684-90.



	2: Biodynamics of Blast Injury
	2.1	 Introduction
	2.2	 Explosive Blasts
	2.3	 Blast Injury Mechanisms
	2.3.1	 Primary Blast Injury
	2.3.2	 Secondary Blast Injury
	2.3.3	 Tertiary Blast Injury
	2.3.4	 Quaternary Blast Injuries

	2.4	 Blast Injury Characteristics in the Pediatric Population
	2.5	 Injury-Specific Considerations in Pediatrics
	2.5.1	 Thermal Burns
	2.5.2	 Extremity Injuries
	2.5.3	 Torso Injuries
	2.5.4	 Head and Spinal Injuries
	2.5.5	 Facial Injuries
	2.5.6	 Maxillary Sinus Fracture
	2.5.7	 Mandibular Fracture
	2.5.8	 Acoustic Injury
	2.5.9	 Eye Injury

	References


