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Abstract

While protective measures have been taken to mitigate injury to the thorax during a blast
exposure, primary blast lung injury (PBLI) is still evident in mounted/in vehicle cases during
military conflicts. Moreover, civilians, who are unprotected from blast exposure, can be severely
harmed by terrorist attacks that use improvised explosive devices (IEDs). Since the lungs are the
most susceptible organ due to their air-filled nature, PBLI is one of the most serious injuries seen
in civilian blast cases.

Determining lethality threshold for rodent studies is crucial to guide experimental designs centered
on therapies for survival after PBLI or mechanistic understanding of the injury itself. Using an
Advanced Blast Simulator, unprotected rats were exposed to a whole body blast to induce PBLI.
The one-hour survival rate was assessed to determine operating conditions for a 50% lethality rate.
Macroscopic and histological analysis of lung was conducted using hematoxylin and eosin
staining. Results demonstrated lethality risk trends based on static blast overpressure (BOP) for
rodent models, which may help standardized animal studies and contribute to scaling to the human
level.

The need for a standardized method of producing PBLI is pressing and establishing standard
curves, such as a lethality risk curve for lung blasts, is crucial for this condensing of BOP
methods.
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INTRODUCTION

Significance of Lung Injury in Blast Settings

Primary blast lung injury (PBLI) is a major cause of immediate mortality following IED
strikes [1]. PBLI is particularly more frequent when exposure occurs in enclosed spaces.
Fatal injury percentage is significantly increased when soldiers were exposed to the blast

wave in vehicle compared to on foot, in terms of PBLI [2]. In recent Israeli conflicts, half of
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all civilians injured in terrorist bombings suffered acute lung injury, which required
immediate treatment. It is also known that currently used treatments for lung and brain
injury following blast overpressure (BOP) exposure can often contradict each other, so
finding new treatments for lung injury is necessary for improving clinical interventions in
cases of blast polytrauma [3]. From 2003 to 2009 for U.K. soldiers involved in military
conflicts, less than 50% of patients that exhibited evidence of blast lung injury survived to
reach a medical facility. Out of those that did survive, 80% required immediate ventilation
support. The need for a first responding treatment is vital in order to increase the chance
patients with PBLI can survive to receive the needed intervention. The incidence of blast
lung injuries seen in theatre increased from the Iragi conflict to the war in Afghanistan for
these U.K. troops, demonstrating a growing clinical burden [4]. In clinical treatment,
physicians have the resources to adequately treat blast lung trauma, so having immediate
acute treatment to prolong survival would allow patients the opportunity for full recovery
through long-term hospital care [5]. Lung hemorrhage is a common clinical outcome,
independent of blast exposure, so an animal model of induced lung hemorrhage could have
broad impacts on mechanistic and pharmacological research.

Summary of Experimental Work in Blast Lung Injury

PBLI has been previously studied in animal models in order to analyze inflammatory, anti-
oxidant, and other physiological characteristics of this injury [6-8]. Limited PBLI research
has been conducted with pharmaceutical studies geared towards mitigating this injury [9].
Previous researchers induced PBLI in order to examine the effects of varied overpressures
and lung recovery post-blast; however, methodologies have not been standardized [10, 11].
Recent efforts have also looked at the combined effects of blast and burn exposure on
lethality and inflammatory cytokines [12, 13].

Determining the 50% Lethality Threshold

A thorough literature review was conducted in order to identify overpressure ranges
previously used for rat experimentation. Surprisingly, published reports using rat models to
investigate PBLI are few in number compared to other injury modalities [6-18, 20-23].
Moreover, the experimental set-up greatly varies between research groups, which leads to
conflicting results. Collectively, overpressures ranging from 62 — 136 kPa have been
investigated in a PBLI rat model with variable time points for survival [14-16]. However,
there are reported results of exposing rats to extremely high overpressures in the range of
550 — 827 kPa [17, 18]. A general consensus is that between 60—-100 kPa peak overpressure
produces low level blast injury, while overpressures ranging between 100-140 kPa produces
moderate level blast injury and overpressures >180 kPa produces severe blast injury. To
further the confusion, there is a lack of adequate evidence documenting the exact pressure
wave pulse across the entire range of published results. This is a critical element because the
time duration of exposure is a well-known characteristic of most other injury phenomena
and likely plays a role in tissue damage. In conclusion, there is not an established lung injury
threshold for transitioning between the overpressure levels.
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METHODS

Animals and Blast Overpressure (BOP) Exposure

The Virginia Tech Institutional Animal Care and Use Committee approved experimental
protocols described herein. Prior to all experiments, male Sprague Dawley rats (~325 g,
Harlan Labs, San Diego) were acclimated to a 12 hour light/dark cycle with food and water
provided ad lib. Animals (n=26) were exposed to a single incident pressure profile
resembling a ‘free-field’ blast exposure within the 130 to 190 kPa range.

Prior to blast exposure, rats are anesthetized with a ketamine/xylazine solution, in
accordance with the rodent weight, to have sedation over the entire procedure (one hour).
The shock front and blast overpressure were generated by a custom-built Advanced Blast
Simulator (ABS) with an end wave eliminator (ORA Inc. Fredericksburg, VA) located at the
Center for Injury Biomechanics at Virginia Polytechnic Institute and State University [19].
A peak static overpressure was produced with compressed helium and calibrated acetate
sheets (Grafix Plastics, Cleveland, OH) that were varied to produce a range of BOP.
Pressure measurements were collected at 250 kHz using a Dash 8HF data acquisition system
(Astro-Med, Inc, West Warwick, RI) and shockwave profiles were verified to maintain
consistent exposure pressures between subjects. Peak overpressures were calculated by
determining wave speed (m/s) at specimen position. A mesh sling was used to hold the
animal during the exposure that allowed for minimal hindrance of the wave through the tube
in addition to holding the animal in a prone position with the right side of the thorax facing
the shock wave driver. Peak overpressure is followed by an exponential decay (2.5 ms
positive duration) and a short negative phase.

After the blast exposure, animals were removed, returned to a warm pad and injected with
sterile phosphate buffered saline (500 pls) via tail vein injection, crucial for simulating any
post-exposure injection. All large organs were immediately collected in animals that did not
survive the blast exposure. Animals that survived the one-hour time assessment, which
included monitoring the physiology of the rat, were sacrificed by transcardial perfusion with
ice-cold phosphate buffered saline (PBS) and 4% paraformaldehyde.

Lung Injury Severity
Imaging of the lungs occurred immediately after removal from the specimen. Macroscopic
damage and gross characteristics were noted to determine any landmarks associated with
increased peak overpressure and to investigate if specific injury patterns could be
determined.

Lung Histology

After collection, lungs were stored in a 4% paraformaldehyde fixative solution. After 48
hours in fixative, the lungs were placed in 30% sucrose solution for tissue sectioning
preparation. Lungs were separated into cassettes with each lobe isolated for analysis.
Samples were then cut (8 um) and stained with hematoxylin and eosin (H&E) to predict
injury extent. Images were taken of three regions of interest (ROI) in each lung tissue
section at 10X magnification (Zeiss AxioCam ICc 1). These three images were converted to
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black and white and optical density readings were collected in order to determine the level
of hemorrhaging in the lung tissue using Image J software (NIH, Bethesda, MD).

Statistical Analysis

A one-variable linear logistic regression was performed on the experimental data obtained in
this study in terms of static overpressure (SOP). The model in equation form is:

_1
A= / (1+exp(Bo+51 * SOP))

where A is the probability of lethality, SOP is the static overpressure, and parameters g and
1 are calculated and optimized. Logistic regression was completed using Matlab (\Version
R2012a, MathWorks, Natick, MA).

The model was assessed using the C-statistic or the area under the receiver operating
characteristic (ROC) curve (AUC), which compares sensitivity to (1-specificity) of the data
obtained. Analysis was done similarly to other computations on lethality risk [25]. Statistical
analysis of the coefficients was also performed in Matlab examining contribution to the
model. Microsoft Excel was used to calculate a linear fit (R2) of the histological results.

RESULTS

Literature Studies Included for Lethality Risk Analysis

Choosing appropriate studies for comparison of lethality must be methodical and precisely
done to construct an appropriate threshold. The different modes of injury procurement vary
widely and the injury model intended is important for consideration. Many methods have
been utilized to create blast-induced lung injury, including percussive nail guns, high-energy
explosives, and compressed-air driven shock tubes [10, 12, 20]. Since the shock tube method
has the most consistency and is most similar to the method used in the experimental study at
hand, only reports using shock tubes and blast wave generators were included in analyzing
lethality risk. Only blast-induced lung models were considered, since blast-induced brain
injury models often utilize drastically different settings. Furthermore, the recorded values of
overpressure needed to be static overpressure since that is the load bearing parameter
commonly used in reporting of blast magnitude. All studies that utilized pharmacological
interventions or other protective measures, such as vests covering the thorax, were excluded.
Overall, thirteen additional studies that used around 330 rats were included in lethality risk
comparison to the current experimental work [6, 7, 9-11, 13-16, 21-24]. All studies either
used compressed air or helium to drive a shock tube for BOP administration.

Lung Injury Severity
Examining macroscopic images of the lungs after blast gave insight into mechanism of lung
contusion after sustaining blast exposure to the thorax. It was observed that the median lobe
in all animals (even noticeable macroscopic hemorrhaging. With increased overpressure
magnitude, there was an increase in the number of lung lobes that were affected and
appeared hemorrhaged. Figure 2 provides examples of macroscopic lung images.
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Results are consistent with other studies testing effects of blast peak pressure on lung injury
severity. [9]

Lung Histology

Animals given varied degrees of BOP were analyzed and grouped according to outcome
(survival and non-survival). The bronchiole shown in image 2 of Figure 3A was filled with
blood indicated severe hemorrhaging and possible hemothorax.

Lethality Risk for Blast Lung Injury

Even though it has been suggested that a non-linear form is needed for short-duration blasts,
using unscaled rodent tests and a consistent method of BOP stimulus (shock tube) provides
for linear analysis [25]. The value for the parameters was: B = —29.82 and $; = 0.178 and
the p-value to determine the contribution of each parameter was 0.018 and 0.0178,
respectively. The value for AUC was 0.951 for the experimental data, which is considered a
strong representation, and was 0.95 for the literature data.

DISCUSSION

Examining the mechanism of lung injury during the blast is useful in determining causes of
mortality, namely hypoxia. Inability to prevent hemorrhaging in the lungs can cause
mortality after the blast. Injury can often be caused by blunt impact with the rib cage or
rapid compression/decompression of lung tissue [26, 27]. It is speculated that orientation of
the body to the blast wave played a significant role in this injury progression, and BOP
exposure directed towards the sternum of the rat would have a different cascade of
macroscopic trauma. Examining macroscopic lung trauma showed that the median lobe was
progressively injured as peak BOP was increased, while other lobes, such as the upper right
lobe and the left lobe, sustain external trauma as peak BOP reaches higher levels.
Continuing with the observation that the middle lobe on the right side was increasingly
affected by overpressure, it was also observed that histological analysis of this median lobe
showed a linear increase of hemorrhaging compared to peak BOP. Even though the
correlation in Figure 3B had a low R? value, this preliminary result coincides with
macroscopic observations, while also providing a basis for further detailed studies on
microscopic injury progression. Macroscopic and histological findings in this study
resembled clinical symptoms seen in the human PBLI, such as hemothorax, pulmonary
contusion, and interstitial emphysema. [28]

Injury severity can be portrayed in a variety of ways, one being lethality prevalence.
According to previous studies, the span of 140 kPa to 180 kPa side exposure in rats marks
the transition from moderate to severe PBLI, which corresponds to the entire range of
lethality probability in the risk curve (Figure 4). The fifty percent lethality point is 168 kPa
according to the developed risk curve with the ten percent lethality point at 155 kPa and the
ninety percent lethality point at 180 kPa, so there is an operating range of 25 kPa between
these marks. Orientation to the shock front of the blast wave is crucial in examining the
mechanism of injury to the lungs. In Figure 4, there are some discrepancies in the threshold
for injury in comparison to other researchers. This was to be expected since a variety of
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methods are used. In this study, the duration of the blast wave had a linear correlation with
peak overpressure. With a standard primary blast wave that has consistency and obeys the
general tendencies of a Friedlander waveform, duration is a function of the peak
overpressure. Since these go hand-in-hand, there was not any examination of lethality risk
based on duration and/or impulse. When creating a threshold for blast injuries, it is
important to know the parameters that are crucial for creating the injury. In all studies
concerning this injury mode, peak overpressure had the strongest correlation with the
survival outcome.

CONCLUSIONS

Lethality risk curves can serve to give guidance for further lung injury treatment studies.
Scaling these results to the human body can establish new thresholds for clinical outcomes
according to blast severity or can validate previous models. Also, observations on the
development of gross trauma to lungs as corresponding to peak BOP could have
implications to the response of larger specimens. Even though many experiments have
pinpointed several markers associated with PBLI, there is a vast amount of effort that is
needed to fully characterize the injury, as well as to develop therapeutics to combat
sustained symptoms after initial trauma. Having a standard lethality risk curve is crucial for
constancy among blast research and will be beneficial to all mechanistic or treatment-
oriented blast-induced lung injury studies.
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Figure 1.
ABS at Virginia Tech with a representative figure used for peak overpressure calculation.
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Mldian Lobe

Figure 2.
Macroscopic images of lungs after extraction. The following images correspond to

increasing level of BOP: A -156 kPa, B — 162 kPa, C — 180 kPa, and D -182 kPa.
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Figure3.
(A) HE staining of median lobe of animals exposed to blast. Images 1 and 3 are taken from

an animal in a lower pressure group that remained alive following the blast. Images 2 and 4
are from an animal in a higher pressure group which died within one hour following blast.
(B) Graph depicts the Integrated Intensity/Area vs. Peak BOP for animals which survived
one hour. Integrated intensity normalized to the area of the image was used to characterize
the amount of bleeding within the median lobe.
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Figure4.
(A) Probability of Lethality versus Peak BOP for the experimental results obtained in this

study. (B) The results from literature are included for comparison of the risk curve [6, 7, 9-
11, 13-16, 21-24].
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