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13.1 Introduction

Over the years, several in-vivo injury models
have been developed to study the effects of blast
injuries to experimental animals, in order to iden-
tify the injury mechanisms involved in the patho-
biology of blast injury. This review provides an
overview of the most commonly used blast injury
models and the local and systemic changes
induced in a wide range of tissues following blast.

13.2 Injury Models of Blast

13.2.1 Shock Tube

The Shock tube is a device able to generate
pressure waves of varying intensity and duration.
Because of its ability to produce repeatable blast
waveforms that resemble the shock waves seen
in free field blasts (Friedlander curve) as
described in Chap. 1, it is by far the most com-
mon experimental design employed in studies
involving in-vivo models, in order to study the
effects of primary blast waves [1-6]. A shock
tube is usually comprised of two chambers
separated by one, two or multiple diaphragms.
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Compressed gas (air or helium) is loaded into the
first chamber (often referred to as the overpressure
chamber or the driver section), causing the dia-
phragm to deform plastically and fail [1, 2, 7]. This
sudden rupture of the diaphragm releases the
pressure into the low-pressure section forming a
shock wave that travels along the tube [1]. Recently,
more complex shock tubes have been designed,
capable of reproducing complex shockwave
signatures [8]. By a careful change of the volume
and the pressure on the driver section, the output
pulse of the system can be changed to vary from the
ideal ‘Friedlander’ curve to a flat, long-duration
pressure pulse corresponding to that seen inside
vehicles subjected to an external blast (Fig. 13.1).

Animals in in-vivo studies are placed either
within the main section [2, 4, 6, 10] or across the
outlet of the shock tube [3, 5, 11]. In both set ups
animals can be in either a supine or prone posi-
tion [2] facing away, towards or on the side of the
pressure wave. However, in all cases the animals
are fixed in custom made holders or platforms,
that prevent any potential movement of their
bodies during blast, in order to minimise any
tertiary blast effects [12].

13.2.2 Blast Tubes
A blast tube is a device that produces shock waves
with a short duration of the primary peak [8]. Blast

tubes were originally designed to study how
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Fig. 13.1 Simplified schematic of a shock tube. Differ-
ent designs exist in the literature. The length of the driver
section can vary significantly, with values ranging from
0.76 m [3] to 1.22 m [1] reported in the literature. The two
sections can be separated from each other by either one
[2], two [1] or multiple diaphragms [9]. The driven
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Fig. 13.2 Simplified schematic of a blast tube. Usually
1-2 g of pentaerythritol tetranitrate (PETN) explosive are
used [16]. Saljo et al. and Risling et al. used a 1.54 m long
blast tube with a 40 cm diameter [16, 17]. Bauman
et al. used a much larger blast tube. The dimensions of

construction parts withstand shock waves of vary-
ing intensities [8]. However, during the 1950s
these were modified by Clemedson and Jonsson
to investigate vascular, respiratory and nervous
effects of blast waves in rabbits [8, 13, 14].

A blast tube commonly comprises three
chambers. The first chamber consists of a
heavy-walled driver chamber in which
explosives are placed [15]. The middle segment
is called the expansion section and is connected
to the third chamber called the test section where
the animal is placed. An increase in the charge
has been found to lead to a proportional increase
in the peak pressure, but to have a small effect in
the duration of the wave [8]. Similar to the shock
tube, animals need to be restrained inside the
blast tube to minimise any secondary or tertiary
blast effects. Even though, blast tubes can pro-
duce repeatable and controlled waves, the smoke
and gas emissions from the detonation of the
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section has also been seen to vary in length from 2.45 m
[1] to 6.225 m [9]. In addition, a shock tube can have
either a circular cross section (varying from 5.9 cm [1] to
30.5 cm [3] in diameter) or a square cross section
(of 23 x 23 cm for instance [9])
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-+
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the driven section were 2.44 m in length and 60.96 cm in
diameter. The expansion section was about 3.05 m in
length whilst the test section was 15.24 m long and
180.34 cm in diameter [15]

explosives can lead to the development of qua-
ternary blast effects, thus limiting their use in
in-vivo studies [8] (Fig. 13.2).

13.2.3 Open/Free Field Blasts

In open/free field blast tests, shock waves
are generated using explosives in an open field
or concrete pad [18]. Very few studies have
used chemical explosives to recreate battlefield
injuries in a controlled environment to study their
effects on animals. Most of these experiments
were carried out primarily to determine
thresholds for mortality and severity of injury
[8]. More recently, Cheng et al. used an electric
detonator with the equivalent of 400 mg TNT to
develop a rat model to simulate blast injuries that
occur in the battlefield [19] whilst, Rubovitch
et al. used 500 g TNT, elevated 1 m above
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ground, to replicate a low-level blast trauma
using a murine model [20]. Open field blasts
allow for more realistic experiments and for the
investigation of the poly-traumatic nature of
blast injuries, however, outdoor conditions in
combination with the large number of animals
needed are often too expensive. This, in addition
to some lack of control variables, renders their
use limited [8]. Similarly to the blast tubes,
smoke/gas emissions from the explosives can
cause quaternary blast effects (see Chap. 6,
Sect. 6.2.4) whilst, isolating the blast effects
into a particular organ/tissue is challenging.

13.2.4 Cranium Only Blast Injury
Apparatus (COBIA)

The Cranium Only Blast Injury Apparatus
(COBIA) was employed by Kuehn et al. in
order to isolate the effect of direct cranial blast
injury (dcBI) from the indirect blast injury to
the brain mediated by thoracic transmission
of the blast wave which can affect all the
previous in-vivo models [21]. The experimental
set up delivers blast overpressures generated by
detonating cartridges of smokeless powder
[21]. The peak pressure from the blast wave can
reach up to 1000 kPa and the pressure traces
show a large brief transient overpressure,
followed by smaller slower transient under and
overpressures, fully damped within 2 s [21]. This
model could potentially be useful in isolating
direct from indirect effects of blast. However, at
this stage further validation is required to ensure
that the pressure waves produced are related to
the ones seen by conventional blast waves.

13.2.5 Laser-Induced Stress
Waves (LISWs)

Laser-induced stress waves (LISWs) can be
generated through the irradiation of a laser target
with a laser source [22]. With respect to blast,
LISWs have been used to investigate traumatic
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brain injury and pulmonary blast injury in rodent
models. In both models the experimental animal
is anaesthetised and fixed on a plate whilst, the
region of interest is positioned in the focal area of
a LISW and exposed to the stress waves which
are described in detail in Chap. 1. In order to
match the peak pressures seen in blast conditions,
Hatano et al. and Satoh et al. used a natural black
rubber disk covered and bonded with a transpar-
ent polyethylene terephthalate (PET) sheet as
their laser target to generate waves with peak
overpressures up to 604 MPa [23, 24] .
Laser-induced stress waveforms are dominated
by a positive stress component that lasts for
about 1 microsecond (ps) [22]. This duration is
significantly shorter than that of a blast wave
from a conventional weapon, which usually ranges
between 2 and 6 millisecond (ms) [25]. Even
though LISWs can reproduce some characteristics
of shock waves and isolate effectively blast effects
onto a particular tissue/organ, further investigation
is needed to compare injuries induced by LISWs to
the ones induced by conventional blast waves [23].

13.2.6 Secondary Blast Injury Models

Many explosive devices contain metallic and
other fragments that along with the disintegrated
munition casing can cause penetrating wounds
[26]. Penetrating injuries can result either from
fragments that are part of the device (primary
fragments) or from the explosion (secondary
fragments) [26] as previously discussed in
Chap. 6. Few studies have addressed high-speed
penetrating objects that produce shockwaves
such as missiles and cause injury in large animal
models for example in primates [27], sheep [28],
pigs [29], cats [30] and dogs [31]. More recently,
Plantman et al. (2009) recreated a penetrating
traumatic brain injury to a rat model in the labo-
ratory, using a modified air rifle that initially
accelerated lead pellets that then impact a small
probe that penetrated the surface of the brain
with a speed ranging between 1 and 100 m/s
[32]. Animals used in this work need to be
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anaesthetised and fixed in a frame so as to avoid
any acceleration injuries [16].

13.2.7 Tertiary Blast Injury Models

Proctor et al. used a rat model to investigate the
effect of blast-induced acceleration on the brains
of laboratory animals, in the absence of exposure
to blast waves and of secondary impacts. In this
model anaesthetised animals are secured to a
metal platform and wrapped in a thick cotton
“blanket” to minimise secondary movement.
This platform is then accelerated vertically at
either 20 or 50 G. What causes the acceleration
is the detonation of pentaerythritol tetranitrate
(PETN) placed in the water precisely under the
centre of the plate [33]. This is the only study
so far to have developed an underbody blast
induced hyper-acceleration trauma model on the
brains of laboratory animals [33]. However, to
this point only two maximal G forces have been
used, much lower than the survivable G forces
experienced by service personnel within
vehicles [33].

Another model developed to look at the effects
of acceleration — deceleration due to blast, has
been described by Risling et al. (2011). In this
model the skull of an anaesthetised rat is tightly
secured to a bar. An air rifle is used to accelerate a
striker that is then used to impact the bar causing
the head to rotate rearward [16]. By changing the
air pressure in the rifle acceleration ranging
between 0.3 and 2.1 Mrad/s> can be achieved.
Following impact, the acceleration phase lasts
0.4 ms and then the head rotates at a constant
speed and finally decelerates.

13.2.8 Underwater Blast Models

When an explosive is detonated under water, it
produces a large volume of gaseous by-products
in the form of an underwater bubble. The denser
water spalls into the less dense air, causing frag-
mentation [34]. Underwater explosions are gen-
erally characterised by a much higher shock
speed and a greater range of various effects than
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air blasts with primary blast injury and mortality
rate being greater when the blast is under water
[35]. However, Philips and Richmond submerged
dogs in water and exposed them to underwater
blast showing that the animals experienced inter-
nal injuries pathologically identical to that of air
blast [36]. In the majority of these models,
anaesthetised animals are submerged in water
and exposed to under water blast [17, 36, 37].
One different approach, is the blast-amputation
model developed by Tannous et al., whereby the
animals were not submerged in water but secured
on an aluminium platform with a hole, elevated
above the surface a water-filled steel tank. Under
water detonation of PETN led a column of water
to rise at a maximum speed of 534 m/s through
the hole in the platform [38].

13.3 In-Vivo Models

13.3.1 Traumatic Brain Injury

Blast waves generated by conventional and
improvised explosive devices (IEDs) cause
traumatic brain injury (TBI) in military personnel
and civilians. Blast TBI is generally characterised
by a primary injury that occurs at the time of
exposure due to the immediate mechanical disrup-
tion of brain tissue followed by a secondary injury
that develops hours to months after the initial
trauma. Traumatic brain injury specific to blast is
classified into three types:

» mild, whereby loss of consciousness for less
than 1 h and posttraumatic amnesia for less
than 24 h are noted,

» moderate, whereby loss of consciousness is
less than 24 h and posttraumatic amnesia
lasts anywhere up to 7 days, and

» severe, where patients exhibit loss of con-
sciousness for time periods longer than 24 h
and amnesia persistent for longer than 7 days
[39, 40].

In-vivo animal models have been used to sim-
ulate blast conditions in an attempt to identify the
mechanisms of TBI in a controlled environment
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and to develop injury thresholds and therapeutic
interventions. Primary blast-induced brain injury
in rodents classified as mild usually shows
no signs of structural damage at gross pathologi-
cal examination [2], however, several authors
have reported signs of limited neuronal/axonal
injury in the cortex, corpus callosum, and
periventricular areas [41-43]. Cernak et al.
found that a single, mild blast in exposed
mice induced glial activation, whilst Goldstein
et al. showed that their histopathology 2 weeks
after the blast event was similar to chronic
traumatic encephalopathy (CTE), exhibiting
signs of phosphorylated tauopathy, myelinated
axonopathy, microvasculopathy, chronic neuro-
inflammation, and neuro-degeneration [2, 4].

Behavioural and functional changes associated
with mild blast TBI (bTBI) often include weight
loss, motor deficits, memory decline and impaired
spatial learning [2, 15, 17, 41]. Cernak
et al. (2011) showed that even though most of
these symptoms were normalised 1 month after
the exposure, some behaviour characteristics
remained changed. Goldstein et al. showed that
immobilisation of the head during the blast
prevented associated learning and memory
deficits [4], suggesting that head acceleration and
subsequent deceleration may be critical factors
in the development of bTBI [4, 44].

Fewer studies have focused on the effects of
moderate and severe blasts on in-vivo models.
Cernak et al. (2011) showed that moderate
levels of blasts caused memory deficits and
increased stress/anxiety in mice, whilst Svetlov
et al. (2009) showed that head acceleration and
deformation after severe blast trauma to the head
of rats, was accompanied by typical focal and
massive intracranial hematomas and brain
swelling [5]. Changes on p-amyloid (AP) pep-
tide that have been reported to occur rapidly
after acute TBI in humans, as early as 2 h after
a severe TBI [45, 46], have been seen to
decrease acutely following injury in rodent
models [47]. In addition, some authors have
reported levels of the amyloid precursor protein
(APP) to be increased following blast exposure
[21, 47] whilst others [7, 42, 48], noted no APP
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accumulation in axons of rats exposed to over
pressure waves ranging from 130 to 260 kPa.
In-vivo animal models of primary blast-induced
brain injury (bTBI) will be reviewed further in
Chap. 14, Sect. 14.4, focusing on the effects of
repetitive blast-induced TBI and acceleration —
deceleration injury on animal models.

A large number of models also exist that
describe the effect of penetrating traumatic
injury, although very few of them are clinically
relevant to blast conditions. Most notably,
Plantman et al. (2009) recreated a penetrating
traumatic brain injury to a rat model that caused
tissue destruction such as white matter degenera-
tion, haemorrhage, oedema, and gliosis
accompanied by impairment of reference mem-
ory function. Long et al. (2009) [3] compared
neuro-pathological changes evoked by blast to
those described following controlled cortical con-
tusion or fluid percussion injuries [49, 50] finding
significant differences between the models and
showing that exposure to airblast elicits fibre
degeneration without being associated with obvi-
ous cell loss or injury. Similarly, Singleton
et al. found that fluid percussion injury caused
traumatic axotomy which also did not result in
neuronal cell death [51, 52].

In summary, the existing literature on the
pathobiology of blast-induced TBI presented is
contradictory [12] and only partially imitates real
life conditions. These variations in the models
reported are often due to the broad range of
experimental animals and blast injury models
being used [12]. The shape and size of different
brain structures can also influence the response
under blast loading. Another severe limitation in
developing animal models of TBI is that the
classification of human blast TBI is based on
the behavioural symptoms of injury [39]. Animal
welfare regulations require that animals are
anaesthetised when subjected to procedures that
can potentially cause stress or pain thus, render-
ing diagnosis a challenging task [12]. Finally, the
position and orientation of the experimental ani-
mal within the injury model and the presence or
absence of noise stressors also play a crucial role
in the biomechanical loading on the animal, the
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type of injury that it sustains as well as the
severity [12].

13.3.2 Blast Lung

Exposure to blast overpressures has been found to
result in contusion or barotrauma-like injury mainly
to air-filled organs such as lungs [53]. Indeed, expo-
sure to blast pressure waves can result in cardio-
vascular and respiratory impairment because of
the disruption of the alveolar septa and pulmo-
nary capillaries, resulting in acute pulmonary
haemorrhage [6]. In-vivo studies of blast TBI
have identified that significant damage is
observed in the lungs regardless of the body
position of the experimental animal [2, 3, 54,
55]. In fact it has been suggested that there is
an indirect thoracic mechanism of mild traumatic
brain injury due to blast pressure waves [35, 54,
56, 57]. In addition, it has also been suggested
that blast injury to the lower extremities may lead
to systemic inflammatory changes affecting the
limbs in addition to distal sites such as the lungs
[58, 59].

Delius et al. implanted pressure probes into
dogs to determine the conditions leading to lung
damage. They found that shock wave pressures
over 10 MPa caused bleeding [60] and attributed
this to vessel rupture. Chavko et al. (2006) placed
anaesthetised rats into a shock tube and exposed
them to blast waves of a mean peak overpressure
of 140 kPa. Characteristic landmarks of lung
contusion such as intra-alveolar and subpleural
haemorrhage, massive infiltration of neutrophils,
and activation of macrophages in the lung
parenchyma were noted [6, 24, 61]. More inter-
estingly, administration of the antioxidant
NACA prior to blast was seen to facilitate
lung recovery from inflammatory damage
[6]. Skotak et al. defined a lower peak overpres-
sure of 100 kPa as the threshold for ‘blast
lung’ injury that is characterised by pulmonary
haemorrhage, vascular damage, direct alveolar
injury, and oedema [10, 62]. In addition, exten-
sive release of cytokines IL-1, IL-6, MCP-1,
and MIP-2 have been observed in the
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Bronchoalveolar Lavage (BAL) fluid and blood
plasma [63].

Rafaels et al. and Bass et al. developed curves
for the assessment of the risk of fatality from
primary pulmonary injury for long-duration
(>10 ms positive overpressure phase) and
short-duration blast waves respectively. They
outlined the differences in the injury mechanisms
from the two types of blast stating that for long
durations the injury risk had little dependence on
the duration parameter [64, 65].

Chai et al. investigated lung injury induced
by a combined burn-blast trauma. They showed
that rats with burn-blast combined injury had
more severe lung injuries and abnormal coagula-
tion and fibrinolytic function than those induced
by either a blast or a burn only injury [66, 67]. Elsayed
et al. (1997) investigated the effects of multiple
low level shock waves (62 + 2 kPa) in the
lungs of rats and showed that repeating blasts
did not significantly add to the effect of the first
one [68].

13.3.3 Heterotopic Ossification

It has often been hypothesised that Heterotopic
Ossification (HO) is caused by a combination of
systemic and wound specific responses to trauma
[69]. Whilst, there are several in-vivo models that
reproduce HO in a laboratory environment,
[70-72] the majority of these models use
injections of bone morphogenetic proteins
BMPs to induce HO, thus not replicating the
conditions under which HO is formed in blast
injuries. Nevertheless, through these studies a
significant correlation between injury to the
peripheral nervous system (PNS) and HO forma-
tion has been made attributed to the decreased
expression of substance P (SP) and calcitonin
gene-related peptide (CGRP) [69, 70]. Tannous
et al. used a blast-amputation model to produce
HO in rat residual limbs. Heterotopic bone was
then radiographically classified as periosteal
growth (Type A) or noncontiguous growth
(Type B) in the rats. Whilst this is a very
promising technique, relevant to blast scenarios,



13 In-Vivo Models of Blast Injury

limitations such as the high mortality rates and
the variations in the blast overpressure delivered
to the animals still need to be addressed [38, 69].

More recently, Polfer et al. established a rat
HO model consisting of full body blast exposure,
controlled femur fracture, crush injury and trans-
femoral amputation through the zone of injury
[73]. In detail, they divided rats into three
groups: animals exposed to a full body blast
overpressure (120 &= 7 kPa), animals that
sustained only a crush injury and femoral frac-
ture followed by amputation through the zone
of injury and animals exposed all insults. HO
developed in all the rats in the third group and
in about 65 % of the animals in the second group.
Exposure to blast waves was seen to increase the
prevalence of HO in this model [73] and the
genes that regulate this early chondrogenic and
osteogenic signalling and bone development
(COLlal, RUNX-2, OCN, PHEX, and
POUSF1) were found to be induced early during
the tissue reparative/healing phase [74]. This model
simulates quite closely a combat-related extremity
injury and can be used to further investigate the
effects of different blast pressures and durations
and provide an insight into the cellular and molecu-
lar pathways that lead to HO development [73, 74].

13.3.4 Hearing Loss

Blast overpressure can produce injury to the ears
resulting in rupture of the tympanic membrane,
dislocation or fracture of the ossicular chain,
and damage to the sensory structures on the
basilar membrane [75]. Animal studies have
demonstrated that trauma to the auditory system
induces hyperactivity in the inferior colliculus
which may occur immediately after noise expo-
sure and last for up to 3 months following expo-
sure or cochlear ablation [76]. Mao et al. (2012)
exposed rats to a single 10 ms blast at 14 psi and
with a sound pressure level of 194 dB. Blast
exposure induced early onset of tinnitus and cen-
tral hearing impairment due to significant dam-
age to certain auditory brain regions, in particular
the inferior colliculus and medial geniculate
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body [77]. Absence of microstructural changes
in the corpus callosum, led the authors to suggest
that primary blast mainly exerts effects through
the auditory pathways [77].

Kurioka et al. used LISW generated over-
pressures up to 400 MPa, applied to the cochlea
of rats through bone conduction that revealed
that the presence of an inner ear dysfunction is
proportional to the peak overpressure [78]. In
addition, severe oxidative damage accompanied
by a lower survival rate of hair cells and spiral
ganglion neurons were observed in the inner ear.
Newman et al. also reported extensive loss of
cochlear hair cells and a reduced cochlear outer
hair cell function of rats exposed to three low
level blast waves (of a 50.4 kPa peak pressure
and a sound pressure level of 188 dB) separated
by approximately 5 min using a blast tube [79].

Wu et al. used a D-86 spark pulse generator
that caused deafness to rats when exposed to a
172 dB sound pressure level for 30 times with 2 s
intervals and 0.5 ms pulse width [80]. The study
then showed that adenovirus-mediated human
B-nerve growth factor has a protective effect on
rat cochlear spiral ganglion cells after blast
exposure.

13.3.5 Skeletal Blast Trauma & Nerve
Injuries

Blast injuries as a result of conventional and
improvised explosive devices (IEDs) account
for 75 % of modern war injuries. Over 70 % of
these injuries involve the limb [81] (see
Chap. 21, Sect. 21.1). However, very few animal
models have been developed to look at the
effects of blast injuries to the skeletal
and peripheral nervous system. Christensen
et al. exposed cadaveric pigs to semi-controlled
free field blast events of varying explosive type
charge size, and distance, including some cases
with shrapnel. They found extensive skeletal
trauma and amputation of the limbs and cranium.
Usually, long bone shafts were the most severely
fracture, whilst transverse and oblique fractures
were commonly noted in the head, neck, and
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shaft of numerous ribs. What is of interest is that
specimens exposed to blasts that included shrap-
nel displayed even greater fracture severity, with
extreme bone fragmentation of the long bones
[82]. This study showed that primary
and secondary blast mechanisms can produce
traumatic amputations and skeletal fractures,
although it is fairly limited in scope. One of its
limitations is the fact that only small blast
distances and open-air settings were studied.
Data from blasts occurring in a confined space
would add significant information to this work.
An interesting poly-traumatised model was
developed by Claes et al. to investigate the effect
of a thoracic trauma and an additional soft-tissue
trauma on fracture healing in a rat tibia model.
The tibial fracture was created using a 3-point
bending guillotine device and a drop tower was
used to create additional soft tissue-trauma.
Finally, the thoracic trauma was induced by a
single blast wave centered on the thorax with a
modified blast wave generator. Results con-
firmed that fracture healing was increasingly
impaired with increasing severity of trauma,
especially when a soft tissue trauma was applied
in addition to the thoracic trauma [83]. The
authors explained this effect reporting that in
the poly-traumatised animals there was reduced
callus formation in comparison to animals with
isolated fractures. Although only the thoracic
trauma was created using a primary blast set up,
such models could be further improved and
become very useful in understanding the nature
of human polytrauma from blast injuries.
Contrary to central nervous injury that has
been extensively studied in blast conditions,
peripheral nerve injury has not been addressed
despite the significant burden of peripheral
nerve damage seen following exposure to blast
[84]. Suneson and Seeman used a high-energy
missile that impacted to the left thigh of a large
animal creating a short lasting shockwave. This
shockwave caused immediate contralateral sci-
atic nerve dysfunction, as revealed by the
decreased number of microtubules and the
Schwann cells exhibiting signs of damage and
swelling, despite demonstrating no haemorrhage
or major tissue deformation [85]. In addition,
similar changes were noticed in the phrenic
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nerves as well as in unmyelinated axons in both
sciatic and phrenic nerves.

13.4 Summary

Based on the work presented in this chapter it can
be seen that in-vivo models are widely used to
study several aspects of the blast injuries, espe-
cially blast traumatic brain injury and blast lung.
However, one fundamental question that arises is
how can we compare the existing models, the
findings from which are often contradictory?
When looking into the effects of primary blast
for instance, there is significant variability
among researchers in the peak overpressures
and the duration of the waves used. The majority
of the existing models are often vague about the
characteristics of the shockwaves produced, in
some cases reporting only the peak overpressure
and thus limiting comparability between studies
[2]. Furthermore, there is also significant
variability in the position and orientation of the
experimental animal during blast which has an
important role in the biomechanical loading on
the animal, the injury sustained and its severity
[4, 12].

Another significant limitation is associated
with the species of the experimental animals
used in these studies. Existing large animal
models require large scale settings and are often
too expensive, thus their use is limited. Large
animal models also can have difference ethical
considerations associated with their use. More
often rodent models, rats and mice in particular,
are used. However, even in these cases it has
been argued that different strains may exhibit
different inflammatory responses to blast [86].
In addition, researchers have also suggested that
the rodent’s lissencephalic cortex makes them
inappropriate for modelling changes in cognition
and behaviour after bTBI [12].

A second key question is how do we validate
these in-vivo models? Due to differences in
properties, size and mass between humans and
animals, scaling has been proposed and used in
several studies. Panzer et al. (2014) recently
reviewed a number of different approaches to
scaling the dose and response of animal models
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to humans. In the majority of the existing scaling
techniques the animal’s blast duration is scaled to
the equivalent human duration while the ampli-
tude of the overpressure remains unchanged
[87]. During IED explosion shockwaves with
peak pressures from 50 to 1000 kPa and 2-6 ms
duration have been measured, whereas most of
the experimental models involve blast waves
with durations between 4 and 8 ms [2, 4, 17]
and some with durations longer than 10 ms
[25]. Without considering scaling, the shock
wave characteristics of most of the animal
models developed are comparable to what has
been reported during actual blast conditions.
However, when scaling is considered, then
these scaled durations are much longer than
the ones reported during real blast events
[25]. Researchers still debate as to whether
scaling methods should be used and if so which
are appropriate. To this end more data from
real blast events are needed. Finally, the majority
of in-vivo models tend to replicate only
single factors involved in pathology of specific
tissue/organs, simplifying the clinical problem.
Despite these limitations, animal models have
contributed substantially in the interpretation of
some of the key injury mechanisms involved in
blast injuries. However, more complex models
are needed to gain a better understanding of the
highly heterogeneous nature of blast injuries.
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