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This study focuses on microstructural changes that occur within the mammalian lung 

when subject to blast and how these changes influence strain distributions within the 

tissue. Shock tube experiments were performed to generate the blast injured speci-

mens (cadaveric Sprague-Dawley rats). Blast overpressures of 100 and 180 kPa were 

studied. Synchrotron tomography imaging was used to capture volumetric image data 

of lungs. Specimens were ventilated using a custom-built system to study multiple 

inflation pressures during each tomography scan. These data enabled the first digital 

volume correlation (DVC) measurements in lung tissue to be performed. Quantitative 

analysis was performed to describe the damaged architecture of the lung. No clear 

changes in the microstructure of the tissue morphology were observed due to con-

trolled low- to moderate-level blast exposure. However, significant focal sites of injury 

were observed using DVC, which allowed the detection of bias and concentration in 

the patterns of strain level. Morphological analysis corroborated the findings, illustrating 

that the focal damage caused by a blast can give rise to diffuse influence across the 

tissue. It is important to characterize the non-instantly fatal doses of blast, given the 

transient nature of blast lung in the clinical setting. This research has highlighted the 

need for better understanding of focal injury and its zone of influence (alveolar interde-

pendency and neighboring tissue burden as a result of focal injury). DVC techniques 

show great promise as a tool to advance this endeavor, providing a new perspective on 

lung mechanics after blast.

Keywords: digital volume correlation, blast lung injury, synchrotron tomography, lung microstructure, shock tube, 

lung biomechanics

INTRODUCTION

Trauma research is a vast and rapidly growing �eld and blast injuries represent the most extreme 
level of trauma. Nowadays, blast injuries present a concern, not only for military personnel in 
the context of combat but also civilians. �is is due to a host of explosive threats that injure 
unprotected civilians in everyday life, such as industrial accidents, legacies from war (landmines), 
and terrorism. �e importance of blast injury research is further heightened by the fact that blast 
injuries are far more complex and severe than conventional civilian trauma, such as road tra�c 
accidents. �e nature of the blast threat (blast loading) is constantly evolving, meaning the nature 



FIGURE 1 | Experimental summary indicating the order of each experimental step: ventilation, blast loading, and tomographic imaging.
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and mechanisms of the injuries will di�er, depending on a range 
of variables associated with the explosive event. �e chasm in 
knowledge surrounding blast injuries is created by the sheer 
number of variables present in a blast event (weight/type/shape 
of explosive, the position relative to the victim, the surrounding 
environment, etc.). Hence, new approaches are required to iden-
tify the underlying mechanism and e�ects of injury associated 
with blast lung trauma.

Clinical and postmortem data collected during the recent 
con�ict in Afghanistan revealed that blast lung injury (BLI) was 
found in 6–11% of survivors, increasing to 80% in non-survivors 
(17% dying from BLI alone) (Scott, 2016). BLI incidence 
increases to more than 90% in terrorist attacks occurring in 
enclosed spaces such as trains. However, BLI is not thoroughly 
understood with some casualties being undiagnosed, lead-
ing to complications with treatment or even, preventable and 
avoidable, death. Models exist in the literature, with many more 
being proposed each year to tackle or address new aspects of 
the pathology (CR Bass et al., 2008; Garner et al., 2010; Kohsuke 
et al., 2016). One study presents 2,550 large animal (sheep, pig, 
monkey, goat, dog, and burro) experiments on blast lethality 
(CR Bass et al., 2008). �is collection of work is not the norm 
in terms of experimental numbers, which typically range from 
20 to 200 per study; animal models range from pigs (large) 
(Garner et al., 2010) down to mice (small) (Kohsuke et al., 2016). 
While much research focuses on global e�ects of trauma, which 
contributes signi�cantly to knowledge of patient outcome, lung 
injuries actually range from di�use and sparse regions of visible 
tissue damage to non-detectable damage (by conventional imag-
ing techniques) (Scott et al., 2017).

�e lung is a dynamic, hierarchical organ with strain- and 
strain-rate-sensitive mechanical properties. �e microarchitec-
ture resembles that of foam, built from constituents, including 
collagen, elastin, extracellular matrix, and endothelial and 
epithelial cells, in varying proportions throughout the lung and 
across species (Hoppin et al., 1975; Matsuda et al., 1987; Mercer 
et al., 1994; Yuan et al., 1997; Black et al., 2005; Suki et al., 2005; 
Andrikakou et al., 2016). Alveoli form tightly packed networks 
that expand and contract during respiration, in�uencing each 
other while stretching, compressing and straining with their 

neighbors. Tethering stresses that exist between neighboring 
groups of alveoli promote non-uniformity in deformation dur-
ing respiration (Sera et  al., 2004; Denny and Schroter, 2006). 
�is study uses high-resolution synchrotron imaging to facili-
tate improved understanding of micro-scale lung mechanics in 
trauma.

Digital volume correlation (DVC) is a powerful technique 
used to explore true three-dimensional strain �elds within 
a given deforming object. It is achieved in conjunction with 
various powerful volumetric imaging techniques and obeys 
the principles of all image correlation or tracking methods 
(Schreier et al., 2009). DVC has been performed in structural 
biomaterials such as bone (Bay et  al., 1999; Gillard et  al., 
2014; Roberts et al., 2014; Palanca et al., 2015), characterizing 
microstructural mechanics and the accuracy of the technique 
itself. �is study aims to explore microstructural deformation 
in lung tissue using DVC, speci�cally showing how di�ering 
levels of blast loading can a�ect the behavior of lung tissue 
during respiration. �is is to determine whether the observed 
loss of lung function is a time-related mechanical e�ect, e.g., 
plasticity causing abnormal wall characteristics, leading to 
possible fatigue in the long term.

�e interdependency of healthy tissue on neighboring dam-
aged tissue units is also considered in this study. Local defects 
can develop into larger injury sites over a period of time. Scans 
were performed for di�erent volumetric pre-strain (i.e., levels of 
in�ation) to calculate wall strain during respiration. Damaged 
and injured lung tissue mechanics are characterized in a greater 
depth than previously reported.

MATERIALS AND METHODS

An overview of the experiment is given in Figure  1, showing 
the three key elements of this study. �e specimen is ventilated, 
subject to blast, and then excised and prepared for imaging. 
Airway pressure is set to 10 cmH2O prior to the �rst scan and 
then increased to 20 cmH2O for the second scan. Based on the 
local deformations between the two pressure states, strains can 
be resolved using DVC algorithms. Details of these procedures 
are provided in the following sections.
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Sample Preparation and Handling
Female cadaveric Sprague-Dawley rats (200–280  g), purchased 
from Charles River, Kent, UK, were delivered within 4–6 hours of 
sacri�ce during this study. No live animals or human subjects were 
tested in this study. Cadaveric tissue was obtained from animals 
from a registered animal supplier. Procedures were approved by 
the Imperial College London ethical review process and strictly 
conformed to the Animals (Scienti�c Procedures) Act 1986 UK 
Home O�ce guidelines, which also ful�ll the US NIH Guide 
for the Care and Use of Laboratory Animals. Previous research 
within the group established the in  vivo model (Barnett-Vanes 
et al., 2016) and found it exhibited comparable physical behavior 
to freshly harvested tissue. �erefore, it was deemed appropriate 
to proceed with cadaveric tissue for the experimental program 
to establish the feasibility of this strain measurement technique.

Specimens were weighed before and a�er each procedure to 
monitor super�cially any major water loss during the experiment. 
Pre-experimentation, a tracheostomy was performed to enable 
the lungs to be ventilated. A series of ventilation cycles were 
performed to minimize airway closure and degradation, which is 
commonly reported to occur rapidly a�er death in unventilated 
lungs. A Harvard PHD Ultra syringe pump was used to deliver a 
controlled volume of air, while tracheal pressure was monitored 
via a sensor (Omegadyne PX309) mounted in the circuit (between 
pump and lung). Compliance of the air in the ventilation system 
was corrected for to enable representative pressure-volume char-
acteristics of the lung to be captured. �e setup was controlled 
using LabVIEW, and pressure-volume data were visualized and 
monitored during each experiment. Ventilation was performed 
under pressure control (0–20  cmH2O) to ensure open airways 
were not overpressurized, while promoting airway reopening of 
any collapsed airways via cyclic loading. Once the monitored 
pressure-volume loops of the lungs stabilized, i.e., no further 
progressive volume changes recorded, the samples were ready for 
blast experimentation.

Samples were held at a predetermined lung volume, equating 
to the peak pressure 20 cmH2O, prior to single blast wave load-
ing. Relaxation from this initial set-point condition was expected, 
monitored, and accounted for during the timings of each test. 
�ere was typically a 10% dri� in reduced pressure during the 
relaxation phase. All other organs were shielded from the blast 
(head, abdomen and limbs). �e e�ciency of blast wave isolation 
to a target region of the specimen has been established previously 
(E�axiopoulou et al., 2015; Barnett-Vanes et al., 2016). �e high 
lung volume was used to replicate the pre-tension of breathing 
lung tissue during a blast event. Controls did not receive a blast 
wave but were otherwise treated identically, undergoing all 
procedures including being mounted on the shock tube for the 
equivalent period of time.

A�er the procedure, rats were re-mounted on the ventilation 
system for the assessment of injury and to restore any collapsed 
airways. Once stabilized, the thorax of the specimen was dissected 
and the lung was isolated, while lung volume was maintained 
by the ventilator. �e lung was then mounted within a sealable 
polymer tube, which contained ballast for stability during imag-
ing and phosphate bu�er solution to maintain surface moisture 
of the specimen.

Specimen Loading Device: Shock Tube
A shock tube was employed to generate blast wave pressure 
pulses of controlled intensity and duration. �is shock tube is 
formed of sections of stainless steel tube (3.8  m total length), 
with an internal diameter of 59 ± 1 mm. Compressed air is used 
to pressurize the driver section. �e driven section remains 
at atmospheric pressure. For this study, the minimum driver 
volume was used, equivalent to 2.2 × 10−4 m3 of air per test shot. 
�e system was operated in a single-diaphragm con�guration, 
using thin �lm polymer (Mylar) diaphragms of varying thick-
ness (50–100 µm). Blast waves with magnitudes up to 180 kPa 
were produced during this study. �e setup used here promoted 
the formation of blast waves that approximate the Friedlander 
waveform due to the small driver volumes and open-loading 
con�guration.

�ree pressure gauges were mounted along the shock tube 
and around the test specimen to monitor the loading experienced 
by the specimen during each blast test. Sensor 1 was mounted 
radially at the shock tube outlet to ensure that the incident wave 
produced is repeatable and consistent in single-diaphragm �r-
ing mode. Two further sensors were attached to the specimen 
mount. �e specimen mount was designed to allow for near 
consistent loading conditions to be achieved for each specimen. 
�e opening for the specimen is adaptable to account for the 
small variations in size from animal to animal. �e blast wave 
is isolated to the thorax alone and shielded distal to the thorax, 
leading to a repeatable loading conditions (Barnett-Vanes et al., 
2016). Sensors 2 and 3 were installed on the loading platform 
above and below the incident blast pressure loading site of the 
specimen. �ese sensors recorded the transient pressure state 
in front of the thorax. A combination of incident and re�ected 
overpressure was recorded, due to the proximity of the sensors to 
the thorax. High-speed photography was employed to ensure the 
setup and desired loading condition was maintained throughout 
the duration of each test. A Phantom V210 camera (208 × 128 
pixels at 53,000 fps) was used, positioned square-on to the sample 
and loading direction.

Two blast conditions were studied alongside the control 
case: (1) low-intensity blast (peak overpressure 100  kPa) and 
(2) a moderate-intensity blast (peak overpressure 180 kPa). �is 
moderate case is known to approach the upper bound of surviv-
ability in live animals (Barnett-Vanes et al., 2016). �erefore, this 
case was included in this cadaveric study to highlight any tissue 
changes that may have occurred (tissue sti�ness), which are not 
visibly shown to be damaging, i.e., no hemorrhage, but may cause 
structural changes potentially visible in the strain �elds.

Tomographic Image Acquisition
Synchrotron X-ray microtomography experiments were con-
ducted at the Diamond-Manchester Imaging Branchline I13-2 
of Diamond Light Source (DLS), UK. Synchrotron light sources 
enable tomographic data sets to be collected with higher signal-
to-noise ratio and higher spatial and temporal resolution more 
quickly than micro-focus tube sources (“laboratory CT”) 
and also provide phase contrast more readily. In�ated lungs 
are very prone to tissue creep, and the high �ux of X-rays at 
I13-2 enabled data of good signal-to-noise ratio to be collected 



FIGURE 2 | Schematic of the volume correlation process, including details of the input volume size versus the result file size.
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quickly enough for creep to be kept acceptably low. Total scan 
time to collect all projections was 30  s. A partially coherent, 
polychromatic “pink” beam (photon energy range: 5–35 keV) 
of parallel geometry was generated by an undulator from 
electrons in a storage ring of 3.0 GeV current. �e undulator 
gap was set to 5 mm for data collection and, to limit sample 
damage, 11  mm for alignment. �e beam was re�ected from 
the Pt stripe of a grazing-incidence focusing mirror and, to 
limit sample damage, high-pass �ltered with 1.3 mm pyrolytic 
graphite and 3.11  mm aluminum. Images were acquired at 
equally spaced angles over 180° of continuous rotation (“�y 
scan”) by a ZnWO4 scintillator-coupled pco.edge 5.5 (PCO 
AG, Germany) detector, with a sCMOS sensor of 2,560 × 2,160 
pixels. With 2.5× total magni�cation, this gave a �eld of view 
of 6.7  mm  ×  5.6  mm and an e�ective pixel size of 2.6  µm. 
Various propagation distances were studied to determine the 
optimal inline phase contrast, and 150 mm was chosen. Images 
recorded at 180° were compared to those recorded at 0° to 
check for (potentially subtle) experimental problems including 
sample deformation and damage (Atwood et al., 2015). To bal-
ance the signal-to-noise ratio and angular sampling with tissue 
damage and deformation via tissue creep, various exposure 
times and numbers of projections were trialed; data sets were 
then collected with 1,801 projection images of 30 ms exposure 
time. Prior to reconstruction via �ltered back projection with 
DAWN 1.7 (Basham et  al., 2015), projection images were 
�at- and dark-�eld corrected, and ring artifact suppression was 
performed (Titarenko, 2016).

Samples were scanned and then cycled again on the ventilator, 
prior to being scanned a second time. �e pilot study (MT10583-
1) concluded that to avoid excessive tissue dehydration, which 
could augment the tissue mechanics, samples should be kept in a 
fully humidi�ed chamber. �e lung was imaged intact to allow a 
�xed volume of air to be kept within the tissue during each scan. 
Imaging parameters were further optimized for the whole intact 
set of lungs. Lungs were subject to ventilation, and prior to each 
scan, they were stopped at mid- and low-lung volumes. Imaging 
biopsies would not allow for airway control in this manner. Care 
was taken to ensure minimal movement of the lung between 

original and second mounting position. �e relatively large �eld 
of view meant correlation between sub-volumes in each scan 
was possible. An overview of the full experimental procedure is 
provided in Figure 1.

Image Processing
Image stacks were imported into the DaVis software for DVC 
to be performed. Rigid body translations were expected given 
the sample had been removed from the imaging platform 
between scans (to ventilate and set to the second lung pres-
sure/volume). Rigid body motion was removed from the 
strain computation via a transformation matrix computed 
within the DaVis software. The DVC process is mapped out 
schematically in Figure 2, illustrating the use of sub-volume 
tracking of regions to compute the strain vector between 
neighbors. The computed strain result was produced by a 
final correlation sub-volume size pass of 32 × 32 × 32 voxels. 
The DVC software employs piecewise linear shape functions 
when matching sub-volume deformation between the refer-
ence and the deformed image. The number of “pieces” in that 
piecewise linear shape function is determined by the overlap 
percentage. Therefore, a higher overlap (75%) results in more 
(linear) pieces to describe the sub-volume deformation; the 
higher the percentage overlap, the closer the shape function 
gets to a second order approximation (compared to purely 
first order for zero overlap). With more overlap, the ability 
to detect discontinuities is enhanced, and the algorithm can 
more accurately describe the high-gradient displacement 
changes expected in lung tissue.

�e correlation was performed between an image stack 
acquired at one pressure state and another image stack acquired 
at the second pressure state. �is creates one set of strain data 
representing the deformation between the two pressure states. 
Maximum three-dimensional strain (maximum principal) was 
exported for further analysis in MATLAB. Analysis was per-
formed on each result �le to compare blast conditions in terms 
of visual di�erences and spatial variation. Subregions within 
each specimen were studied in relation to the global volume 
characteristics.



FIGURE 3 | Transient pressure measured during the moderate and low-intensity blasts: (A) at outlet of the shock tube (solid line) and (B) at the top (dashed line) and 

bottom (dotted line) regions in front of the thorax.

FIGURE 4 | Volume correlation process applied to a control sample. Images show the steps from a raw volume image to the extracted maximum three-dimensional 

strain field.
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RESULTS AND ANALYSIS

Sample blast wave pro�les from the two blast conditions are 
shown in Figure 3. Peak blast wave pressures of 100 kPa for the 
low-level blast and 180  kPa for the moderate-level blast were 
measured at the outlet of the shock tube. Figure 3 illustrates the 
near instantaneous rise time and characteristic decay associated 
with a blast wave. When monitoring the local pressure history 
in front of the thorax of the specimen, local lateral pressures 
initially peaked at 50 and 100  kPa for the two test cases. To 
extend the analysis of the loading conditions on each specimen, 
studies have correlated lateral and head-on (re�ected) pressures 
for this shock tube under both the open- and closed-tube con-
�guration (Nguyen et al., 2014; Nguyen, 2016).1 �e closed-tube 
con�guration can approximate the maximum pressure that the 
test specimens would observe. �erefore, in the case for a lateral 
pressure recorded at the outlet of 100 kPa, this results in a peak 
re�ected pressure of 320 kPa. For an open-tube con�guration, 
this peak re�ected pressure reduction to 265 kPa. Similarly, for 
the moderate blast loading, the closed- and open-tube con-
�gurations would deliver peak re�ected pressures of 575 and 

1 Nguyen, T.-T. N., Brown, K. A., and Proud, W. G. (in preparation). Part I: a highly 

versatile shock tube system for cell, tissue and whole animal models of damage and 

blast injury. Appl. Phys. Lett. Bioeng. 

480 kPa respectively. In reality, the peak loading on the sample 
lies within this range as the specimen is positioned at the outlet. 
�ere are local variations in the pressures measured at the top of 
the thorax compared to the base, due to di�erences in structural 
compliance along from the apex to the base of the thorax. �is 
structural compliance of the system will result in a di�ering 
decay characteristic in the loading and therefore comments on 
the peak are presented here with reference to the open- and 
closed-tube con�gurations (Nguyen et al., 2014; Nguyen, 2016; 
see text footnote  1). �e pressure values lie within the range 
of the commonly reported threshold for lung injury (CR Bass 
et al., 2008).

An example of the process to convert the tomography image 
to the computed strain �eld is shown for a control (un-blasted) 
sample in Figure 4. Here, a sub-volume of the acquired image 
stack and the resultant extracted strain contours is shown. �is 
highlights the nature of strain banding aligned to the stretched 
alveolar walls. Although the strain overlay plots help to visual-
ize how the lung volume has deformed, for interpretation of 
the strain �elds, speci�c strain vectors were extracted for direct 
analysis seen in Figure  4. Color and gray plots are included 
to show the origins of the strain plots, analyzed later in the  
article.

To characterize the healthy lung, the entire volume of the 
control specimen was computed. Figure  5 presents the central 



FIGURE 5 | Spatial analysis of strain field in the control: (top) maximum three-dimensional strain and (bottom) maximum three-dimensional shear strain. Sub-

volumes (0.26-mm radius) within the control specimen were analyzed to highlight uniform low-level strains in alveolar regions (green) and a dense network of higher 

strains in connective tissue between lobular regions of alveoli (red). The median for each distribution is also plotted.
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plane of the three-dimensional strain contour plot for maximum 
three-dimensional strain, the maximum three-dimensional shear 
strain, and the probability distribution functions relating to these 
two contour plots.

Maximum three-dimensional strain here equates to the maxi-
mum principal (normal) three-dimensional strain. Principal/
normal strain are the Eigenvalues of the Matrix:

 

Exx Exy Exz

Eyx Eyy Eyz

Ezx Ezy Ezz
 

To get the derivative Ezz you need a multi plane vector �eld 
(more than one z-planes). �e Eigenvectors ex, ey, and ez of that 
Matrix de�ne the coordinate system where no shear is present, 
and the deformation can be described by using only strain along 
ex, ey, and ez. �e biggest Eigenvalue is called maximum (normal) 
three-dimensional strain. Maximum 3D shear strain is de�ned 
as the maximum Eigenvalue minus the minimum Eigenvalue of 
the strain tensor.

Subsections of the contour plots were analyzed in Figure  5 
for di�erences between alveolar and connective regions of the 
control lung. �e probability distribution functions present a 

fair means of normalizing the distribution of strain components 
found within equivalent sized regions of the global volume. �ese 
distributions show how the volume is behaving, supporting the 
visual two-dimensional slice contour map, which was taken at 
the central plane of the three-dimensional data. Medians of their 
distributions are presented to highlight regional variation.

Figure  5 reveals local regions of strain uniformity within 
the alveolar-dense regions (airspaces) of ~2–5% in magnitude. 
However, there are also connective regions between lobular sec-
tions of airspace networks, which exhibit higher strains (~10%). 
Since regions (lobes) of the parenchyma are in�ating next to each 
other, this causes relative movement between neighboring lobes. 
�e ventilation of each region and the asymmetries present in 
the structure of these lobes will cause these lobular regions of 
airspaces to move relative to each other, i.e., not cohesively as one 
global unit, leading to higher strains between these independent 
clusters of alveoli (airspaces). �e strains were discretized into 
component of normal and shear. �e relative movement of the 
lobes within the parenchyma causes strain bands (white regions) 
within the tissue to be composed primarily of shear strains 
(~20%) within the connective tissue regions.

A Mann–Whitney U-test was performed on the distributions 
in the article. All alveolar regions were statistically signi�cantly 



FIGURE 6 | Digital volume correlation results displaying the maximum three-dimensional strain at a given plane within the lung volume for each loading case: 

control, low-level blast and moderate-level blast. T1 and T2 denote repeat experiments. In addition, one blast specimen was scanned twice with a time delay 

between scans to highlight the maximum level of tissue creep during the imaging process as a proxy measure of noise and error in strain measurement. Scale  

bar indicates 200 µm.
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di�erent when compared to the connective regions for both the 
maximum three-dimensional shear and normal strain distribu-
tions (p < 0.001). �e di�erences from the alveolar regions are 
indicated by the major shi�s in the medians (~10% for maxi-
mum 3D strain and ~15% in maximum 3D shear) and spread of 
the distributions for the connective regions plotted in Figure 5.

Blast loaded specimens were then analyzed—a sample planar 
(or slice) view of the three-dimensional strain �eld is presented 
for each case in Figure  6. Comparing the control (un-blasted) 
specimen to the blast cases, there is a clear di�erence in global 
strain magnitude and the localization of high strain regions.

Both low- and moderate-blast cases observed in peak strains 
of ~100%. �is localization of high strain indicates regions of 
overstrain, overdistension, during the ventilation procedure. 
To ensure the strains observed were independent of imaging 
artifact, one sample was imaged repeatedly on the beam line 
with a delay between scans greater than the length of a given 
experiment (5  min) to assess the maximum level of tissue 

creep that might be observed during imaging process. �e 
lungs are viscoelastic in nature and therefore are susceptible to 
relaxation. �is tissue creep assessment shows that, even a�er 
a 5-min delay between scans, strains barely peak over a few 
percent. Imaging for all specimens was conducted within a 30-s 
period to mitigate creep e�ects, keeping most likely well below 
the creep strain levels recorded during this exaggerated creep 
assessment. �e color maps highlight the general network of 
strains seen in the tissue providing an overview of the entire 
sample and how it deforms. Strain localization occurred in 
regions inset from the boundary and along branch-way con-
nections within the moderate-blast specimens. To obtain an 
improved perspective on the nature of tissue strain in health 
and injury, further analysis was performed on the distributions 
of strains.

Figure  7 analyzes the entire lung volumes and shows the 
probability distribution function for the strain content within 
each of the specimens shown in Figure 6. �ere are signi�cant 



FIGURE 7 | Probability distributions for the strain content of each test case 

to show the global trends between each lung volume in terms of maximum 

three-dimensional strains. The median for each distribution is also plotted.
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di�erences in the distributions from the control to the blast 
injured specimens, as expected from the visual strain maps 
presented in Figure 6 (p < 0.001). A shi� of ~10% was observed 
in the median for all blast samples compared to the control. �e 
spread of the distribution was seen to increase as well for each 
blast case, indicating that sites of higher tensile strain induce an 
e�ect on surrounding regions. �ere were no discernible di�er-
ences overall between the two blast cases in terms of the global 
distribution, averaged over the whole specimen volume.

It is interesting to note the greater presence of negative strains 
in the blast cases. �is is due to the net balance in strain within 
a given volume of tissue. Sites of damage may augment local 
mechanics. �is can lead to some regions, healthy or injured, 
observing extra tension (overdistension), which may compress 
neighboring regions, which may also be damaged or occluded 
upstream and not ventilating well, causing a local compression. 
�is is unlike healthy lungs, where alveoli are seen to expand  
more uniformly, stretching together, leading to small but generally 
tensile strains. To study these strain �elds in detail, sub-volumes 
were explored within the global (entire) scan.

Figure 8 presents the same probability distribution analysis, 
this time applied to sub-volumes (zones) within the full volume 
image. Regions of high strain localization were targeted for the 
smallest sub-volume (Zone 1), which is a 0.26-mm radius sphere 
of the specimen/data. Larger shells surrounding Zone 1 and the 
focal strain site of interest were also computed. Distributions cor-
responding to those measured within Zone 1 (0–0.26 mm), Zone 
2 (0.26–0.44 mm), Zone 3 (0.44–0.61 mm), and the full volume 
were processed and are presented in Figure 8.

Zones 1, 2, and 3 in each region studied in Figure 8 exhibit 
signi�cant di�erences in distributions compared to the full 
volume, or global behavior (p < 0.001). �is supports the visual 
interpretation from Figure 8 that these sites of observed di�erent 
mechanical behavior are focal. �ere is an observable o�set in 
the median in Zone 1 compared to the full volume across the 
three regions (~10–15%). However, there are no statistical dif-
ferences among Zones 1, 2, and 3 in each image, implying that 

these regions are behaving in a similar fashion to each other (still 
di�erent to the global behavior, i.e., full volume). �is analysis 
enforces that these focal zones are composed of higher than usual 
strains in parts and are behaving di�erently to the global volume 
within that 0.61-mm radius zone.

In each region of focus, the observable in�uence of the central 
defect region (Zone 1) begins to diminish, shown by the progres-
sive shi� of the median toward the control value for Zones 2 and 
3. Where the defect is having an in�uence, Zones 2 and 3 have the 
tail of their distributions shi�ed away from the global. Figure 8 
and the zonal analysis indicate that the tissue is not uniformly 
damaged.

When studying the moderate-blast level, the sub-volumes 
showed similar deviation from the global average. A signi�cant 
shi� in the distributions was observed in Zones 1–3 in each 
region of focus in Figure 9 (p < 0.001). However, the magnitude 
of in�uence on the surrounding tissue that each focal defect 
showed was in one case di�erent to the rest (see the �rst region 
analyzed in Figure 9). Comparing Zones 1 and 3 (p < 0.01) and 
Zones 1 and 2 (p  <  0.05) indicates local di�erences between 
Zone 1 and its immediate surroundings. �is particular defect is 
perhaps more focal in nature to the others studied. �ere is not 
just a shi� in the distribution, given the �nal region analyzed in 
Figure 9 exhibits the largest di�erence in the medians (~25%). 
However, the tail was broadly composed of higher strained 
regions implying some subtle di�erences in strain or damage 
intensity. �is zonal analysis is one way in which these regional 
e�ects on tissue mechanics can be quanti�ed and analyzed.

�is set of analysis implies no di�use injury is present, but a 
localized event with a mild but signi�cant e�ect on the neighbor-
ing tissue. Here, a focal zone (Zone 1 ~ 0.26-mm radius sphere) 
of blast injured tissue, indicated here by a region of high strains, 
can a�ect the surrounding region. �is zone can modify the 
local strain distribution and shi� it away from the global aver-
age, and even further away from the healthy conditions (refer-
ring to Figure 7). In real terms, this equates to a small region 
~0.1 mm3 (Zone 1) that may be obviously damaged by the blast, 
potentially compromising a region 10 times that size in terms 
of the mechanics. �e fact this is not observed throughout the 
specimen nor a�ecting the greater surrounding region of this 
lung volume (100% or full volume) supports the fact that this is a 
moderate-blast condition and a non-lethal dose (Barnett-Vanes 
et al., 2016).

DISCUSSION

In this study, intact cadaveric rats were subjected to a range of 
blast exposures generated by a laboratory shock tube device. �e 
specimens were preconditioned using a ventilator before and 
a�er blast to mitigate airway closure due to handling and inactiv-
ity. Lungs were excised ready for imaging and were ventilated 
between tomographic scans performed at DLS (I13-2 branch 
line). �is allowed for the relative e�ects of any damage to be 
highlighted through use of DVC computation.

Studying the control (un-blasted) specimens, it was clear that 
the strain distributions were uniform for the most part in the air-
�lled regions. �is experiment took advantage of the high-spatial 



FIGURE 8 | Global and local strain distributions around a strain concentration: low-level blast. Three regions are selected, with sequential spherical shell volumes 

analyzed to show the effect of the local strain discontinuity on the surrounding tissue. Zone 1 is the central sphere focused on a given strain concentration. Zones 2 

and 3 are shells leading from Zone 1. The median for each distribution is also plotted.
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resolution and relatively large �eld of view when performing 
tomography imaging with synchrotron sources. A larger lung 
volume was imaged at much higher acquisition speeds, compared 
to that achievable with conventional micro-CT methods, and 
lobular regions of the parenchyma were identi�ed and studied.

Digital volume correlation enabled the interactions not only 
of the alveoli to be visualized but also the bulk parenchyma, 
including interactions between lobular regions. On a local scale, 
Figures 4 and 5 show the strains present in the microarchitecture. 

Here, the low levels of tension in the alveolar walls are visible. 
When expanding the �eld of view, interactions between lobes are 
also visible. Figure 5 highlighted how these more macroscopic 
interactions occur during simulated respiration, recording lung 
microstructure at two instantaneous lung volumes. Ventilation 
of the airways is a heterogeneous process. For slow or normal 
respiration conditions, the expansion of airways overall is uni-
form. �e pathways associated with the microarchitecture are 
asymmetrical, and each path may not see the same local �ow 



FIGURE 9 | Global and local strain distributions around a strain concentration: moderate-level blast. Three regions are selected, with sequential spherical shell 

volumes analyzed to show the effect of the local strain discontinuity on the surrounding tissue. Zone 1 is the central sphere focused on a given strain concentration. 

Zones 2 and 3 are shells leading from Zone 1. The median for each distribution is also plotted.
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characteristics at a given instant. �erefore, it is very interesting 
to extract this level of detail about not only the alveoli on the 
microscale but also the surrounding interaction of airway struc-
tures on a macroscale.

�e idealized model of uniform in�ation within a given aci-
nus, or group of alveoli, was con�rmed by these low-level strain 
maps. However, where the tissue microstructure has been grossly 
a�ected by trauma, there was considerable strain concentration 
and an expansion in distribution of strains within the global tis-
sue. Applied blast pressures (Figure 3) were in or below the level 

of the reported thresholds for lung injury (CR Bass et al., 2008). 
Previous research on BLI suggested the moderate blast case is 
survivable with no observable structural damage (Barnett-Vanes 
et al., 2016).

When lung is subject to blast, a large and dynamic pressure 
change is forced through the tissues and within the various 
airway paths. Each path has its own di�ering parallel pathway 
resistance. �is would cause inhomogeneous loading (possible 
damage) and subsequent in�ation between nearby alveolar ducts/
acini. �ere are multiple interlinking processes in terms of solid 
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and �uid mechanics, which are being studied here in terms of the 
tissue mechanics a�er blast. �e strain di�erentials highlighted, 
although local, could cause problems in the long term, if not 
immediately disruptive.

�is experiment aimed to explore beyond the visible damage 
and focus on the structural mechanics, studying the residual tis-
sue mechanics of the lung via DVC. It was clear from Figure 6 
how the structural organization and accommodation of the  
tissue changed in response to the same ventilation cycle, since 
regions of the blast injured lungs for both the low and moderate 
cases were hyperstrained. Signs from both blast cases indicated 
that there had not been any di�use level of major damage. Spatial 
analysis of the strain �elds highlighted the local zone of in�u-
ence that these focal defects (high strained regions) had on the  
surrounding tissue. �is re�ects the usual experience that these 
are survivable injuries, since local tissue mechanics did not a�ect 
the surroundings to a major extent.

�e strain concentrations observed could stabilize and remain 
constant. Alternatively, due to fatigue, it may cause deleterious 
e�ects, and this focal injury may spread within the lung. It is dif-
�cult to quantify at this stage how this focal injury may progress, 
but this process is certainly a possibility. BLI has been reported 
to exhibit non-visible lung damage soon a�er blast but, over a 
period of 24–48 hours, it may progress toward a critical and life-
threatening injury (Scott et al., 2017). Potentially the augmenta-
tion of structural mechanics reported here plays a role in the 
degradation of the tissue, alongside the resulting physiological 
consequences.

CONCLUSION

�is study has initiated a new �ne resolution way to assess focal 
injury and novel methods for quantifying alveolar interdepend-
ency. Synchrotron tomography imaging was performed on blast 
injured lung tissue, and DVC was performed for the �rst time on 
these types of specimens. New insight on the subsequent e�ect of 
blast trauma on tissue mechanics at a microlevel was presented.

�ree-dimensional strain maps within the lungs were analyzed 
to highlight alveolar interactions and how they di�er in health 
and injury. �e zone of in�uence of focal sites of hyperstraining 
tissue was quanti�ed for blast loaded lung tissue. �e e�ect of 
non-instantly fatal blast waves was explored and showed that the 
mechanical behavior of the lung has been signi�cantly distorted 
in these cases. In the clinical context of BLI, this information 

provides new possible explanations as to why people may  
present delayed extreme symptoms of lung injury (combined 
with the known in�ammatory pathway) or su�er exacerbated 
injury during treatment (mechanical ventilation).

�is study was successful, and the data support the applicabil-
ity of the technique to explore more blast conditions to further 
characterize the nature of BLI and identify potentially higher risk 
di�use injury processes via this novel applied powerful imaging 
and image analysis method.
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