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Abstract

Explosions remain the leading cause of death and injury to combatants in conflict. The current ‘Global
War on Terror’ has resulted in a shift of explosive-related injuries from the battlefield into civilian centres.
Despite musculoskeletal injuries being the most common injury witnessed in blast, there remains little
research into the effects of blast on this system. In order to develop new treatment regimens and
mitigation systems, there is a requirement to have a better understanding of skeletal trauma in this
unique environment. The aim of this review article is to deconstruct the complex injury mechanisms

witnessed in blast and relate them to its effects on the musculoskeletal system.
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Introduction

In the past 100 years, explosive weapons have
resulted in over 70% of all deaths and injuries
to combatants in conflict (Boyd, 1975; Melsom
et al., 1975; Palinkas and Cohen, 1985;
Ramasamy et al., 2009b). Within this same
period, a number of medical and logistical
advances have resulted in an unprecedented rise
in the survivability of battlefield injuries from
70% in World War II to 89% in Iraq
(Mazurek and Ficke, 2006). These advances
include improved body armour, enhanced pre-
hospital care and timely aeromedical evacuation
to surgical facilities capable of delivering opti-
mised damage control resuscitative and surgical
interventions. As a result, there has been an
increased incidence of severely injured casualties
surviving with multiple extremity injuries. In the

current operational theatres of Iraq and
Afghanistan, extremity injuries account for
almost 70% of all combat wounds, of which
approximately one third are fractures (Owens
et al., 2007; Ramasamy et al., 2009a). However,
these injury patterns are no longer restricted to
the battlefield. The current ‘Global War on
Terror’ has meant that the injuries once found
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exclusively in warfare can present in any major
civilian centre. Frykberg and Tepas (1988)
reported that 85% of terrorist bombing victims
in Israel requiring surgery had soft tissue extrem-
ity injuries, with or without fractures.

Despite musculoskeletal trauma being the
most common injury in military conflict and
civilian terrorist activity, the study of blast
pathophysiology has rarely focused on the mus-
culoskeletal system and has concentrated on pri-
mary blast injuries of the pulmonary or central
nervous systems (Bowen et al., 1968; Cooper
et al., 1991; Hayda et al., 2004; Zuckerman,
1952), resulting in the development of improved
protective measures and medical interventions.
As a consequence, there exists a paucity of
scientific investigation into the blast pathophysi-
ology of the musculoskeletal system, fundamen-
tally distinct from that described in blunt
trauma research (Champion et al.,, 2009;
Ramasamy et al., 2011). In order to drive the
development of novel treatment and mitigation
processes, it is incumbent upon clinicians, scien-
tists and engineers to have a better understand-
ing of the underlying injury mechanisms of
extremity trauma. Therefore, the aim of this
paper is to deconstruct the complex explosive
injury process into its component parts and
determine how they interact and disrupt the
musculoskeletal system.

The physics of blast

When an explosive detonates, a shock wave is
propagated through the explosive, causing an
instantaneous (<1 ps) chemical reaction. In the
wake of this shock wave, the explosive is con-
verted into a hot, high-pressure gas called the
detonation products. Local pressures can
exceed 35 x 10° psi (pounds per square inch),
whilst temperatures range from 2000 to 6000°C
(Baker, 1983). As the detonation products
expand, forcing out the volume it occupies, a
layer of compressed air (blast wave) forms in
front of this gas volume. In an open-field explo-
sive detonation, it is the blast wave that contains
most of the energy released by the explosion.

There is an almost instantaneous rise in the
pressure within the air surrounding the explo-
sion, rapidly attaining its peak overpressure.
As the blast wave travels through the air, the
pressure wave dissipates in inverse proportion
to the third power of the distance from the det-
onation point (Dewey, 1964). The detonation
products then over-expand, leading to the devel-
opment of a sub-atmospheric pressure phase. In
this phase, a partial vacuum is created and air is
sucked in. Turbulent movement of air following
the blast wave cause debris to be thrown long
distances away from the explosive source. The
classical waveform (Friedlander wave) describes
pressure changes at a fixed location relative to
the explosive event in free field conditions
(Friedlander, 1946).

The components of the blast wave that are
responsible for the pathophysiological effects
are the amplitude of the peak pressure, the
impulse (the time integral of pressure) and the
duration of the positive phase overpressure
(Clemedson, 1956). Wakeley (1945) commented
that a ‘high peak overpressure is of little use if
not sustained sufficiently long to distort the
structure beyond its power of elastic recovery,
and a large impulse is of little value if the pres-
sure is less than the structure is able to with-
stand.” It has also been proposed that the
dynamic overpressure of the detonation prod-
ucts (blast wind) and thermal energy released
in the explosion contribute to blast injury
(Cullis, 2001; Horrocks, 2001). Traditionally,
blast injuries are classified according to the
mechanism by which they are produced and
these are summarised below (Zuckerman, 1952)
(Table 1).

Primary orthopaedic blast injury

Primary orthopaedic blast injury is attributed
to the effect of the blast-wave on skeletal struc-
tures. Blast waves, interacting with the body,
will transfer energy at interfaces between tissues
of differing acoustic impedance. This results in
soft tissue injury and bone micro-fractures.
Hull (1995) demonstrated that a goat limb,
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Table I. Blast injury classification and clinical manifestations in the musculoskeletal system. (Ramasamy et al., 2010)

Blast Injury Mechanism of Injury

Clinical manifestations

Primary blast effects Blast shockwave

Secondary blast effects

Combined primary and
secondary blast effects

Fragments from explosive device
and energised debris

Combination of primary and
secondary injuries when

Primary blast lung, gastrointestinal
injury, soft tissue deformation and
traumatic amputation.

Penetrating wounds to the extremities
resulting in significant soft tissue
injuries and fractures.

Massive soft tissue injury and sub-total /
traumatic amputation of the limb.

victim is near the seat of the

explosion.

Tertiary blast effects

ties.
Crush phenomenon.

Quaternary blast effects

Acceleration and deceleration
injuries to spine and extremi-

Thermal injuries and others

Fractures from impact with solid
objects. Soft tissue injuries from
crush leading to compartment syn-
drome, nerve injury and crush
injuries.

Burns

shielded from the effects of the detonation
products and fragments, could be fractured by
the blast wave alone when placed in close prox-
imity to the seat of the explosion. Using a finite
element modelling technique, he predicted that
the blast wave will have reached the limb prior
to any displacement of the limb from the det-
onation products. If the blast wave entered the
tibia from the side, the bending forces exerted
by the blast wave combined with the geometry
of the tibia and the differential movement
afforded by the knee and ankle joints result in
the peak stresses being situated within the
upper third of the tibia. The resulting axial
and shear forces exceed the failure stress of
bone, leading to fracture (Figure 2). This is
echoed in clinical experience, where the prox-
imal third of the tibia is the most common site
for traumatic amputation in these circum-
stances (Hull and Cooper, 1996).

Once the bone has fractured, the detonation
products expose the bone to significant bending
stresses. Hull (1992) suggested that these stres-
ses, occurring at the site of the blast-wave-
induced fracture, is the likely mechanism of
traumatic amputation. Clinically this manifests

as a traumatic amputation, with the proximal
stump containing short oblique or transverse
fracture morphology (Figure 2(b)).

Primary blast effects on soft tissues

Little is known about how the cellular and
molecular properties of skeletal tissue are altered
in response to shock waves at magnitudes that
correspond to conditions that would result in a
blast injury. However, there is a considerable
body of literature on the use of low energy
shock waves in extracorporeal shock wave ther-
apy (ESWT) in orthopaedic applications (sce
reviews by McClure et al., 2004; Zelle et al.,
2010), but the magnitude of therapeutic shock
waves is reduced by approximately six orders of
magnitude (Ogden et al., 2001). A range of bio-
logical changes have been observed at a molecu-
lar level using animal models and cells that
indicate a key effect of ESWT is to stimulate
osteogenesis through signalling processes and/
or growth factor production (Zelle et al.,
2010). For example, studies of human osteo-
blasts stimulated with therapeutic-level shock
waves demonstrated alterations in the regulation
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of genes involved in cellular proliferation and
differentiation  (Hofmann et al., 2008).
Increasing the energy above treatment thresh-
olds, but still many orders of magnitude below

H,_...Peak overpressure

Positive phase overpressure
duration

Atmospheric pressure

pressure

Sub-atmospheric
pressure phase

time

Figure 1. Blast overpressure plot depicting an idealized
free field explosion; adapted from Friedlander (1946).

blast conditions, can result in bone fractures
with accompanying damage to periosteal soft
tissue and the bone marrow cavity (Maier
et al., 2002; Valchanou and Michailov, 1991).
Damage to vascular and nerve tissues are
amongst the known complications associated
with ESWT (McClure et al., 2004). The molecu-
lar basis for this damage, however, remains lar-
gely uncharacterised.

Secondary orthopaedic blast injury

Secondary blast injury is caused by penetrating
trauma from bomb casing fragments, materials
implanted within the explosive, or from debris
energised by proximity to the explosion. These
fragments can cause bone fracture either directly
or indirectly. Direct impact of a high-energy
fragment into bone typically results in a highly
comminuted fracture. Often these bone frag-
ments have no periosteal attachment and thus
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Figure 2. (a) The blast wave interacts with the tibia causing micro-fracture within the bone. Due to the bone

geometry and the differential movement allowed by the knee and ankle joint, the bending forces exerted on the tibia
by the blast wave, results in an area of stress concentration. The peak hoop and axial stresses within this area exceeds
the tensile failure stress of bone, resulting in fracture; adapted from Hull (1995). (b) A traumatic amputation of the
femur. Note the absence of significant soft tissue disruption or fragments and the short oblique fracture pattern of the

stump.
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no blood supply. Additionally, these high-
energy transfer wounds produce significant con-
tamination of the fracture site and the medullary
canal. Both of these effects increase the risk of
developing long-term infective complications.
This has been reflected in military studies,
where Brown et al. (2010) reported a 24% infec-
tion rate in a review of 85 long bone fractures
caused by ballistic trauma.

If the fragment is travelling at a slower vel-
ocity, full penetration of the bone does not
occur and only a single cortex is breached. In
these cases, the classical ‘drill-hole’ fracture is
produced. Clinically, these injuries have a good
clinical prognosis and do not require operative

fracture stabilisation. Rose et al. (1988)
reported 12 cases of drill hole fractures of the
femur treated conservatively with no
complications.

Indirect fractures can be caused by a high-
energy fragment passing in close proximity to
bone (Callender and French, 1935). Such inju-
ries are caused by the high pressures exerted on
the bone surface by the leading edge of the rap-
idly expanding temporary cavity (McMillen,
1945). The fractures show no bone loss and the
fragments retain periosteal attachments and are
therefore likely to remain viable. The fracture
configurations in these injuries are usually
simple (i.e. transverse or oblique) with little
comminution.

Secondary blast effects on soft tissues

As the fragment passes through soft tissue,
damage is caused directly to those tissues in
the direct path of that fragment. In addition, a
high-pressure compression wave is generated
radially, creating a temporary cavity. This rap-
idly expanding cavity forms a subatmospheric
pressure, which draws in external debris from
both the entry and exit wounds, increasing the
risk of wound contamination from foreign
bodies. The temporary cavity oscillates, leaving
behind a smaller permanent cavity formed by
the fragment’s trajectory through the tissue
(Figure 3).

Fragment

Permanent cavity
(wound track)

Figure 3. As the fragment passes through the soft
tissue, a permanent cavity is formed by direct damage to
the tissues that lay in its path. In the wake of the frag-
ment, a rapidly expanding radial compressive wave
results in a sub-atmospheric temporary cavity that not
only forms a zone of injury but also sucks in foreign
debris through the entry and exit wounds. Hence, the
zone of injured, contaminated tissue may be far greater
than the permanent wound track formed by the pro-
jectile itself.

The sizes of the temporary and permanent
cavities are determined by the kinetic energy,
size and shape of the causative fragment and
the nature of the tissue through which it passes
(Clasper, 2001). Blast fragments travelling with
high velocity and kinetic energy lead to a large
temporary cavity and the area of devitalised
tissue around the permanent cavity/fragment
trajectory can extend up to several centimetres.
The zone of soft tissue injury is subsequently
much greater than the remaining wound tract.
Additionally, the irregular nature of the pene-
trating surface of shrapnel in comparison with
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a stable bullet will lead to a greater transfer of
kinetic energy to the surrounding tissues along
its course, thereby causing greater damage (Liu
et al., 1988). Muscle and skin have high elastic
potentials and can therefore tolerate higher kin-
etic forces than less elastic tissues such as the
liver (Ryan et al., 1997). As a consequence,
simple surgical debridement of the wound
track may not be sufficient to remove non-
viable tissue that may have been injured when
the temporary cavity was formed. Hence, it is
essential that the operating surgeon is aware
for the potential of a large zone of injury adja-
cent to the tract formed by a particular
fragment.

Blast injuries invariably do not involve one
single fragment and with multiple high energy
penetrating injuries, multiple cavities form and
there will be a large degree of soft tissue damage.
It is therefore not surprising that soft tissue inju-
ries form the greatest proportion of serious
battle wounds (Bellamy and Vayer, 1988).

Peripheral nerves, in close proximity to the
trajectory of fragments, are remarkably resistant
to injury (Stapley and Cannon, 2006). Due to
the highly elastic properties of nervous tissue,
nerves that lie within the temporary cavity
formed by the passing fragment are able to with-
stand the transfer of kinetic energy, and thus are
rarely entirely disrupted (Mitchiner, 1939).
Contusion or neuropraxia can result, which is
demonstrated clinically with partial or complete
conduction block at the lesion; this has a good
outcome as it is a transient paralysis (Campbell,
2008). However, if the nerve falls directly in the
trajectory of the passing fragment, complete dis-
ruption is then possible. This is referred to as
neurotmesis (literally meaning ‘cutting of the
nerve’) (Seddon, 1942). Rather than the two
ends of the nerve appearing cleanly divided,
they are often ragged and bruised. Neurotmesis
has a poor outcome as there is complete paraly-
sis of the nerve and the previously innervated
muscles atrophy.

Whilst the macroscopic neurotmesis lesions
are rare, the kinetic energy transferred from
the passing fragment does have a detrimental

effect on the nerves on an intra- and inter-
cellular level. Sunesan et al. (1987) demonstrated
that when pigs were shot with a high-energy mis-
sile in the hindlimb, damage to the blood-brain
and blood-nerve barriers occurred far distant
from the site of impact. It was even found that
there was a decrease in the number of micro-
tubules and damage to the myelin sheaths of
the sciatic nerve of the leg on the contralateral
side to that which had been injured (Sunesan
et al., 1990).

Mixed primary and secondary
orthopaedic blast injury

If the victim is situated close to the seat of the
explosion, the effects of the blast wave and det-
onation products occurs almost instantaneously.
This effect is classically noted following the det-
onation of an anti-personnel mine. Upon deton-
ation, the blast wave is transmitted directly into
the limb, resulting in a brisance effect on bone.
One or two milliseconds post-detonation, the
detonation products and casing/environmental
fragments contact the limb causing destruction
of traumatised soft tissue and applying maximal
stresses on bone previously damaged by the
blast wave (Nechaev et al., 1994; Trimble and
Clasper, 2001). The net result is either a total
or sub-total amputation of the limb, with the
zone of soft tissue injury (including significant
amounts of foreign debris and fragments)
extending more proximally than the damaged
bone.

Mixed primary and secondary effects on
soft tissues

Based on histological studies of combat casual-
ties during the Soviet occupation of Afghanistan
and animal models, Nechaev et al. (1994)
described 3 major zones of injury following a
mine blast (Figure 4).

Zone I represented the area closest to the seat
of the explosion. It was characterised by trau-
matic amputation of the limb, with widespread
damage and anatomical destruction at different
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Zone |ll — Soft tissue
contusion

Zone |l — Critical zone
of tissue injury.

Zone | = Traumatic
Amputation

Figure 4. The zones of injury following a mine
explosion.

levels of the skin, tendons, muscles, bones and
neurovascular structures. In all cases, the soft
tissue injuries within this zone are associated
with significant contamination from soil and
energised explosive fragments. A particular fea-
ture of these injuries included disruption of tis-
sues along fascial sheaths with the high-pressure
detonation gases driving soil proximal to the
level of bone traumatic amputation. Based on
the level of local soft tissue injury, surgical
amputations performed through Zone I was
considered non-viable.

Within Zone II of the injured limb, there are
focal areas of micro-laceration of the muscle fas-
cicles with associated lacerations of small and
large blood vessels, giving rise to focal areas of
haemorrhage. From arteriograms performed in
animal studies, it was determined that there
remained a persistent impairment of blood
flow in this zone, with segmental vasospasm
and dilatation of arterioles and venules a con-
sistent feature. In addition, endoneural and epi-
neural haemorrhage was witnessed within the
peripheral nerves with associated oedema of
the nerve. The level of injury diminished with
increasing distance from the Zone I boundary,

with areas of tissue completely undamaged. Of
note, the focal areas of injuries appeared to be
localised near the neurovascular bundles and the
osteofascial planes, suggestive of transmission of
the blast wave through these structures.

The main features of injuries in Zone III are
avulsion of small arterioles from main vessels,
impaired venous return and reactive changes in
the axons of peripheral nerves. In a review of 19
casualties who underwent serial biopsies follow-
ing surgical amputation in Zone IIT and made an
uncomplicated recovery from their injuries, it
was noted that in the first 5 days, there remained
extensive tissue oedema with pronounced mar-
ginal necrosis of the muscle boundary. This was
associated with demyelination of the peripheral
nerves. From days 6 to 14, it was noted that
vessels in the amputation stump showed signs
of panvasculitis with further necrosis of muscle
fibres. In addition, biopsy of the peripheral
nerves revealed hyperplasia of the Schwann
cells and the formation of traumatic neuromas
and neurofibromas.

Based on these findings, Nechaev et al. (1994)
recommended that the optimal level for surgical
amputation should be at the border of Zones I1
and III. Clinically this manifests as the ability
for muscle fibres to contract and minimal soft
tissue oedema.

Tertiary blast injury

Tertiary orthopaedic blast injuries occur as a
result of bodily displacement of the casualty or
impact against solid structures (Bowen et al.,
1961). As such the injuries witnessed bear similar
characteristics to those seen in civilian blunt
trauma. When bone is subjected to external
loads, local instabilities arise from osseous
imperfections. This results in the nucleation,
multiplication and growth of micro-cracks,
their localization in certain areas and finally
the formation of a macroscopic fissure (fracture)
due to the coalescence of localised micro-cracks
in the most densely damaged area (Zioupos
et al., 2008). The pattern of the resulting fracture
is a function of the direction and intensity of the
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Figure 5. The influence of load application on fracture
pattern. A direct force applied perpendicular to the long
axis of the tibia results most commonly in a tension
wedge fracture with the apex formed at the opposite
cortex to force application. In order to produce a spiral
fracture, a torsional load must be applied to the bone.

load applied, the geometry of the bone injured
and the subject- and location-specific material
properties.

Kress et al. (1995) reported the results of long
bone fractures induced by impacting whole
limbs using a pneumatically driven impactor.
They reported that with loads applied perpen-
dicular to the axis of the bone, the most
common fracture reported was a tension wedge
(Figure 5) and that this did not change with the
direction of the impact. 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°
vertex angle. This suggest failure due to direct
stress, i.e. axial loading of the bone in tension at
the far cortex (Benham and Crawford, 1987).
They also noted that the level of comminution
at the fracture site was related to increasing
speed of impact. Spiral fractures only appeared
when the bones were subjected to additional tor-
sional loads and that these fractures occurred
100% of the time when a pure torsional load
was applied (Figure 5), implying that failure
was due to shear stress.

Figure 6. A CT reconstruction of a comminuted cal-
caneal fracture sustained from an underground
explosion.

Severe axial loading of the lower limbs can
occur if the casualties land on their feet after
being thrown by the explosion or as a direct
result of the upwards blast of an explosive
device. The usual injury pattern being the com-
minuted distal tibial ‘Pilon’ type fracture with an
ipsilateral, open, comminuted intra-articular
calcaneal fracture; a pattern of injury similar
to civilian injuries sustained by falls from signifi-
cant heights (Galloway and Zephro, 2007,
Scalea et al., 1986) (Figure 6).

Tertiary blast effects on soft tissues

The sudden displacement of casualties by the
blast wind can result in severe soft tissue injury
from both crush injuries by impacting solid
objects and also significant injury secondary to
fractures. One of its most significant effects is the
development of compartment syndrome.
Compartment syndrome is a limb-threatening
condition observed when perfusion pressure
falls below intracompartmental pressure in a
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closed osteofascial space. Bleeding, oedema or
inflammation may increase the pressure within
one of the osteofascial compartments. This leads
to decreased capillary flow, which results in
ischaemia, oedema and further increase in the
pressure of the compartment. A vicious cycle
occurs that ultimately leads to the necrosis of
the nerves and muscles within the compartment
within 12h (Holden, 1979). Once infarcted, the
muscles are replaced by inelastic fibrous tissue
(Volkmann’s ischaemic contracture), leading to
significant morbidity.

Explosions can cause fracture, tissue loss
and vascular injury, all of which place the
extremities at risk of developing compartment
syndrome. A number of factors may prevent
prompt diagnosis of the condition; namely,
multiple casualties from a single explosive
event may reduce the opportunity for serial
examinations, casualties suffering multiple dis-
tracting injuries, analgesics, sedation, oedema
formation or delayed bleeding into compart-
ments following adequate resuscitation, and
application of constrictive splints.

This has been demonstrated in a study of fas-
ciotomies performed in US combat casualties.
Ritenour et al. noted that out of 332 patients
undergoing fasciotomies, 17% required a revi-
sion procedure, resulting in higher rates of
muscle excision (35% vs 9%) and mortality
(20% vs 6%). Those casualties who received fas-
ciotomies after evacuation, amputation rates
were twice those who had fasciotomies in theatre
(31% vs 15%). The most commonly unopened
compartments were the anterior and deep pos-
terior compartment of the lower leg (Ritenour
et al., 2008). The authors concluded that there
was a need for increased vigilance for compart-
ment syndrome in severely injured patients and
they urged the early use of complete fascio-
tomies and prophylactic fasciotomies in high-
risk patients.

If the casualty is driven against a solid object
or is trapped under falling debris, crush injuries
can occur. The extent of the muscle injury
depends both on the magnitude of the force
and the length of time the force is applied.

Prolonged crush injuries results in muscle ischae-
mia, with muscle death occurring after 6 h. If the
crushing force is applied for less than 6h, the
damage is a direct result of the mechanical crush-
ing force (Reis and Michaelson, 1986). On a cel-
lular level, increased stress on the sarcolemma
membrane results in leakage, leading to ingress
of Sodium and Calcium into the sarcoplasm.
This then traps extracellular fluid inside the myo-
cytes. Simultanecously, Potassium, Phosphate,
Myoglobin and Urate leak from the myocytes
with potentially toxic systemic effects (Greaves
et al., 2004; Jagodzinski et al., 2010). This may
then progress to crush syndrome, a reperfusion
injury as a result of traumatic rhabdomyolysis,
which can, in extreme circumstances, lead to
renal failure and the need for dialysis. Bywaters
and Beall’s (1941) description of rhabdomyolysis
during World War II provided the first causal
relationship between acute renal failure and
rhabdomyolysis.

In addition to muscle injury, nerve injury
can also occur as a result of tertiary blast
effects. Within the spectrum of crush injuries,
persistent compression of nerves can lead to a
mini-compartment syndrome within the endo-
neurium, causing nerve ischaemia and irrevers-
ible nerve injury (Lundborg et al., 1983). Nerve
injury may also occur as a result of stretching
following fracture. Wall et al. (1991) demon-
strated that if nerves are subjected to strain
rates exceeding 12%, irreversible nerve injury
occurred.

Conclusions

Explosions are a complex physical phenomenon
that interact and cause physiological dysfunc-
tion of the skeletal system through a number
of different mechanisms. Deconstructing this
phenomenon into its component pathways is
fundamental to understanding the effect of
blast on the musculoskeletal system. The devel-
opment of future mitigation and novel thera-
peutic interventions will require a multi-scalar
approach in understanding these effects on a cel-
lular, tissue and organ level.
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