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Abstract

Blast-induced traumatic brain injury (bTBI) is one of the most common combat-related injuries seen in U.S. military
personnel, yet relatively little is known about the underlying mechanisms of injury. In particular, the effects of the primary
blast pressure wave are poorly understood. Animal models have proven invaluable for the study of primary bTBI, because
it rarely occurs in isolation in human subjects. Even less is known about the effects of repeated primary blast wave
exposure, but existing data suggest cumulative increases in brain damage with a second blast. MRI and, in particular,
diffusion tensor imaging (DTI), have become important tools for assessing bTBI in both clinical and preclinical settings.
Computational statistical methods such as voxelwise analysis have shown promise in localizing and quantifying bTBI
throughout the brain. In this study, we use voxelwise analysis of DTI to quantify white matter injury in a rat model of
repetitive primary blast exposure. Our results show a significant increase in microstructural damage with a second blast

exposure, suggesting that primary bTBI may sensitize the brain to subsequent injury.
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Introduction

LAST-INDUCED TRAUMATIC BRAIN INJURY (bTBI) is one of the

most common injuries seen in U.S. military personnel re-
turning from Iraq and Afghanistan. Although exact numbers are
difficult to calculate, the prevalence of bTBI has been estimated to
be as high as 18% among U.S. combat veterans.' The nature of
current military conflicts, as well as improvements in body armor
and battlefield trauma care, have resulted in an increasing number
of veterans with bTBI as their sole, persisting, combat-related
morbidity.>” These patients experience a wide range of subtle
neurological symptoms including persistent headache, insomnia,
vertigo, tinnitus, psychomotor agitation, and difficulty concen-
trating.! These symptoms are often extremely debilitating and can
prevent veterans from returning to civilian employment after
leaving active duty.* Unfortunately, relatively little is known about
the exact mechanism of injury underlying bTBI, and there is cur-
rently no universally accepted standard for diagnosis, prognosis, or
treatment of bTBI. Further, the long-term sequelae of bTBI are
largely unknown, although it has been theorized that bTBI may

contribute to a number of psychological diseases including post-
traumatic stress disorder and other anxiety disorders.* These un-
certainties surrounding bTBI highlight the need for a more rigorous
understanding of the underlying mechanisms of injury.

There is considerable clinical overlap between bTBI and civilian
TBI caused by acute blunt head trauma (e.g., from accidents) and/or
repetitive low-impact blows to the head (e.g., from participation in
full contact sports).">>”7 This has led many to assume that the
underlying mechanisms of injury are the same; however, this
simplistic view may overlook some of the fundamental physical
differences between bTBI and civilian TBI. Blast-induced brain
injury is often divided into several different mechanisms of injury,
each of which likely contributes to the overall clinical syndrome
associated with bTBI. The most commonly cited model divides
bTBI into primary (the direct result of the propagating blast pres-
sure wave), secondary (caused by shrapnel and debris accelerated
by the explosion), and tertiary injury (a coup-countercoup injury
caused by rapid acceleration and deceleration of the brain inside the
neurocranium).® Of these mechanisms of injury, only primary bTBI
differs significantly from the types of injury commonly seen in
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civilian TBI. There is considerable debate on what, if any, effect
primary bTBI has on the injury as a whole. This debate stems from
the fact that primary bTBI is rarely seen in isolation in clinical
populations; however, the limited number of case reports that do
exist suggest that primary bTBI may be a key difference between
bTBI and civilian TBL?™""

A number of recent animal studies have provided evidence in-
dicating that primary bTBI may play an important role in both
direct brain injury and in sensitization to further brain injury.'*"'®
Animal models allow primary bTBI to be studied in isolation and,
perhaps more importantly, allow a more comprehensive assessment
of brain pathology than is possible in human subjects. In particular,
compression driven shock tubes can provide a robust and repro-
ducible simulation of primary blast overpressure in rats and
mice.'>'> The shock tube model can be used to study numerous
aspects of primary bTBI including the scope, location, and time
course of the associated brain injury. Interestingly, a small number
of shock tube studies have shown that repeated exposure to blast
overpressure causes significantly increased neuronal damage,
suggesting a synergistic effect.'”° This has lead some to theorize
that primary bTBI may be a key sensitization to subsequent brain
injury.® Animal studies may be the single most important tool for
understanding the fundamental differences between bTBI and ci-
vilian TBI, which will be essential for guiding treatments designed
to prevent, mitigate, and treat the associated brain injury.

Light-microscopy—based histology is the current “‘gold stan-
dard” for assessing neuropathology in animal models of bTBI.
Conventional histology has several important limitations in this
application; first, it is destructive, and therefore pathology can only
be assessed in a single plane; second, it is time-consuming and
labor intensive, making whole-brain assessment impractical; third,
light microscopy images are difficult to quantify because tissue
volume is often altered during sectioning, and stain density is
highly variable between specimens; finally, conventional histology
is only possible in fixed, ex vivo tissue, and therefore is not trans-
latable to clinical populations.

MRI-based microimaging techniques are emerging as a valuable
alternative to conventional histology for assessing neuropathology
in animal models.>'* Like conventional histology, MRI can be
used to assess neuropathology on the microscopic scale; however,
MRI has several key advantages®*; it is non-destructive and can be
performed with the brain in situ in the neurocranium; it can survey
the entire brain in three dimensions with isotropic spatial resolu-
tion, allowing assessment in any arbitrary plane as well as in three
dimensions; it is inherently digital, and many MRI contrasts are
quantitative in nature; finally, small animal MRI data can be pro-
cessed and analyzed using the same tools and methodology used in
clinical MRI data, making results directly translatable to humans.?

Diffusion tensor imaging (DTI) is an MRI acquisition strategy
that provides quantitative, brain-wide maps of water diffusion
characteristics that reveal underlying tissue microstructure.?
Several of these tissue microstructural parameters are useful for
detecting neuropathology. For example, fractional anisotropy (FA)
is sensitive to white matter integrity, and mean diffusivity (MD) is
altered in necrosis, edema, and gliosis.?” Importantly, there is a
growing body of clinical data demonstrating the use of diffusion
tensor parameters to quantify bTBL.%?® These studies show a range
of bTBI-associated injuries that can be detected with DTI, partic-
ularly in major white matter tracts. For example, Sponheim and
associates”® and Mac Donald and colleagues® showed statistically
significant decreases in anisotropy in several major white matter
pathways of U.S. military personnel with bTBI, including the
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corpus callosum, and cerebellar peduncles. DTI has also been used
to detect TBI in a number of small animal studies'>3%3!; however,
none of these studies have assessed the effects of repeated primary
bTBI.

In this study, we use voxelwise analysis of diffusion tensor pa-
rameters to quantify brain microstructural changes in a rat model of
repetitive bTBI. These data reveal dramatic differences in the mi-
crostructural brain damage caused by a single blast exposure and a
tightly temporally coupled double blast exposure. We further val-
idate our findings using conventional histology and show that
changes in DTI microstructural metrics correlate with histological
changes. The methods presented here allow quantitative assess-
ment of primary bTBI in an animal model with clinically trans-
latable image processing techniques. These data add to a growing
body of data suggesting that blast overpressure contributes to bTBI
associated brain injury and may be a key sensitization to subsequent
brain injury.

Methods
Animals and experimental design

All experiments and procedures were performed with the ap-
proval of both the Walter Reid Army Institute of Research and the
Duke University Institutional Animal Care and Use Committee.
Adult, male Sprague-Dawley rats (250-300 g) were housed on a
12-h/12-h light/dark cycle and were provided access to standard rat
chow ad libitum. Rats were randomized into three experimental
groups of nine animals each: a sham control group, a single blast
exposed group, and double blast exposed group. All three groups
were deeply anesthetized in an induction box by breathing a 4%
isoflurane mixture in air delivered at 2 L/min for 6 min. The sham
control group was handled in an identical manner but was not
exposed to blast overpressure. The single blast group was exposed
to a single shockwave (18.3 PSI static pressure, 8.8 msec positive
phase duration). The double blast group was exposed to two
identical shockwaves separated temporally by 1min. All three
groups were given 72h to recover from anesthesia and blast ex-
posure before euthanasia and imaging experiments.

Air-blast exposure

Air-blast exposure was generated using a 1-ft-diameter shock
tube consisting of a 2.5-ft-long air compression chamber and a
15-ft-long expansion chamber separated by a Mylar membrane
manufactured to rupture at a specific pressure. A high-volume air
compressor was used to pressurize the compression chamber with
room air until the Mylar membrane rupture pressure was reached.
Flow conditions were recorded using piezoresistive pressure
transducers (Meggit Inc., San Juan Capistrano, CA) mounted in the
rat holder and provided measurements of total and side-on pressure
waveforms. All rats were tautly secured in a transverse prone po-
sition in coarse mesh netting 2.5 ft within the mouth of the ex-
pansion chamber with the right side of the head facing the pressure
chamber. Blast overpressure exposure was generally well tolerated;
however, one rat in the double-blast group died shortly after blast
exposure and was excluded from the analysis.

Specimen preparation for imaging experiments

Animals were perfusion-fixed using the active staining tech-
nique described more completely by Johnson et al.** Perfusion
fixation was achieved using a 10% solution of neutral buffered
formalin (NBF) containing 10% (50 mM) gadoteridol (ProHance,
Bracco Diagnostics, Milan, Italy). After perfusion fixation, rat
heads were removed and immersed in 10% NBF for 24 h. Finally,
fixed rat heads were transferred to a 0.1 M solution of phosphate
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buffered saline containing 1% (5 mM) gadoteridol at 4°C for 5-7
days. Before imaging, specimens were placed in custom-made,
MRI-compatible tubes and immersed in Fomblin® low viscosity
perfluoropolyether (Ausimont USA, Thorofare, NJ) for suscepti-
bility matching and to prevent specimen dehydration. All imaging
experiments were performed with the brain in the neurocranium to
preserve tissue integrity and native spatial relationships.

Image acquisition

Imaging was performed on a 7 Tesla small animal MRI system
(Magnex Scientific, Yarnton, Oxford, UK) equipped with 650 mT/
m Resonance Research gradient coils (Resonance Research, Inc.,
Billerica, MA), and controlled with a General Electric Signa console
(GE Medical Systems, Milwaukee, WI). RF transmission and re-
ception was achieved using a custom 30 mm diameter X 50 mm long
solenoid coil. T2*-weighted gradient recalled echo (GRE) anatom-
ical images were acquired using a three-dimensional (3D) sequence
(TR=50ms, TE=8.3ms, NEX=2, «=60 degrees). The acquisition
matrix was 1024 x512x512 over a 40x20x20mm field of view
(FOV). The Nyquist isotropic spatial resolution was 39 um.

Diffusion tensor data sets were acquired using a spin-echo pulse
sequence (TR=100ms, TE=16.2ms, NEX=1). Diffusion prepa-
ration was accomplished using a modified Stejskal-Tanner diffusion-
encoding scheme® with a pair of unipolar, half-sine diffusion
gradient waveforms (width 6 =4 ms, separation A=8.5 ms, gradi-
ent amplitude=450 mT/m). One b0 image and six high b-value
images (b= 1500 s/mm?) were acquired with diffusion sensitization
along each of six non-colinear diffusion gradient vectors: (1, 1, 0),
0,1, 1), 1,0, 1), (1, =1, 0), (0, 1, =1), and (=1, 0, 1). The
acquisition matrix was 512x256x256 over a 40x20x20 mm
FOV. The Nyquist isotropic spatial resolution was 78 um. All im-
ages were derived from fully sampled k-space data with no zero-
filling. All images had a signal-to-noise-ratio (SNR) of 30 or
greater.

DTI processing

Diffusion data were processed with a custom image-processing
pipeline that comprised freely available software packages in-
cluding Perl (http://www.perl.org), ANTs (http://www.picsl.upenn
.edu/ANTS/), and Diffusion Toolkit (http://www.trackvis.org).
This automated pipeline was created to ensure that all data were
processed in the same way and to reduce the potential for user error.
First, diffusion-weighted image volumes were rigidly aligned to the
b0 volume using ANTS to correct for the linear component of eddy
current distortions. Next, diffusion tensor estimation and calcula-
tion of tensor-derived data sets were performed using Diffusion
Toolkit (http://trackvis.org/dtk/). Finally, data were organized into
a consistent file architecture and archived in NIfTI format (http://
nifti.nimh.nih.gov) in an on-site Oracle database.*

Image registration and averaging

Interspecimen registration of MR data was accomplished with
the ANTS software package.*>*¢ T2*-weighted anatomical images
were used to drive all registration steps. Before registration, ana-
tomical images were skull-stripped using an automated algorithm
based on intensity thresholding and morphologic operations. Skull-
stripped images were registered via affine transformation followed
by a multiresolution, iterative, greedy symmetric normalization
(SyN) non-linear registration. An average template was constructed
from the sham control group using a minimum deformation tem-
plate (MDT) strategy, which uses pairwise, non-linear image reg-
istrations to construct an unbiased template needing the minimum
amount of deformation from each of the starting points.>” The MDT
algorithm was implemented in Linux shell script using ANTs as the
registration program. This initial template construction step yields
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bidirectional transforms between each sham control individual and
the template space. The two treatment groups were then spatially
normalized to the average sham control template using a similar
registration algorithm. In all cases, the similarity metric used for
registration was cross-correlation computed for a kernel radius of 4
voxels. The algorithm converged at each step of the registration.
The resultant transformations were applied directly to DTI-derived
scalar images (described in the next section) to create population
averages and were applied to tensor volumes using log-Euclidean
math operations to create average tensors for tractography.*®

Voxelwise analysis of diffusion tensor parameters

After image registration, voxelwise comparisons of diffusion
tensor parameters were carried out in MATLAB using the SurfStat
voxelwise analysis toolkit (http://www.math.mcgill.ca/keith/surfstat/).
We analyzed differences in four parameters between the sham
control and treatment groups: MD, axial diffusivity (AD), radial
diffusivity (RD), and FA. All image data were spatially smoothed
before voxelwise analysis using a 3 X3 X3 voxel smoothing kernel
to correct for minor misregistrations. We tested for statistically
significant voxels across a whole-brain mask that had undergone
morphologic erosion to avoid false positives on the surface of the
brain resulting from imperfect skull-stripping. Multiple compari-
son correction was achieved with using the false discovery rate
(FDR) algorithm with a significance threshold of q <0.05 (referred
to as the “‘adjusted p value’ hereafter). Significant clusters smaller
than 100 voxels were excluded from the analysis.

Tractography-based analysis

To further focus our results, we tested for voxelwise statistical
significance across a white matter region of interest (ROI) defined
by diffusion tractography. We performed whole-brain tractography
on the sham control group average tensor using an FA threshold of
0.25, a turning angle threshold of 45 degrees, and a length threshold
of 1 mm. These tracking parameters were chosen based on previous
experience with similar data and are consistent with those used in a
recently published DTI atlas of the adult rat brain.* Tractography-
based voxelwise analysis was performed on all voxels containing
three or more tractography streamlines. Once again, we chose a
significance threshold of adjusted p < 0.05 after FDR correction for
multiple comparisons.

Histotechnical procedures

After imaging, fixed brains were removed from the heads and
postfixed in the same fixative solution for 6 h at 4°C. After cryo-
protection in 0.1 M phosphate buffer (pH 7.4) containing 20% su-
crose for 72h at 4°C, brains were rapidly frozen and stored at
—80°C. Serial sections of 40 um thickness were cut on a cryostat
coronally through the cerebrum, the brainstem, and the cerebellum,
approximately from bregma 0.00 mm to — 12.48 mm.*° Every tenth
section (interval: 400 um) was collected separately in FD section
storage solution™ (FD NeuroTechnologies) and stored at —20°C
before further processing. Sections were processed for the detection
of neurodegeneration with de Olmos amino-cupric-silver tech-
nique, which is described in detail elsewhere.'>*' After silver
staining, sections were washed thoroughly in distilled water,
mounted on gelatin-coated slides, and counterstained with FD
Neutral red solution™ (FD NeuroTechnologies). After dehydration
in ethanol and clearing in xylene, sections were coverslipped with
Permount® (Fisher Scientific, Fair Lawn, NJ).

Histopathologic evaluations

There were 30 coronal sections of the brain for each of the 26
animals included in this component of the study (i.e., 10 slides with
three sections/slide for each rat). The most rostral section was at the



DTI OF RAT MODEL OF REPETITIVE PRIMARY bTBI

level of the optic chiasm and/or anterior commissure, and the most
caudal at the level of the deep cerebellar nuclei. All sections were
examined in non-blinded fashion by a neuropathologist. Note that a
non-blinded approach is most appropriate for microscopic evalu-
ations in this type of study, because this allows for periodic com-
parisons of the patterns of silver staining in both control and
experimental animals. Microscopic findings were subjectively
graded on a five-tiered scale (minimal to marked) and recorded for
44 representative neuroanatomic regions using a PC-based histo-
pathology program (GLPath™).

Sham

72 hr recovery

sacrifice and
image aquisition

FIG. 1.

Single Blast
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Results

Experimental design and air blast exposure

Three experimental groups were used to study the effects of
repetitive primary blast overpressure exposure: a sham control
group, a single blast exposed group, and a double blast exposed
group (Fig. 1). All three experimental groups consisted of nine
animals each. The sham control group was only exposed to inha-
lation anesthesia and handling without blast overpressure exposure.

Double Blast

Experimental design. There were three experimental groups: sham control, single blast, and double blast, each with n=9. All
animals were deeply anesthetized with inhalation anesthesia. Animals in the single blast group were exposed to a single air blast.
Animals in the double blast group were exposed to two air blasts 60 sec apart. After a 72-h recovery period, animals were euthanized and
imaged. A single animal in the double blast group died after exposure and was not imaged.
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FIG. 2. Representative anatomical image data from a double blast exposed animal. Coronal slices through the dorsal hippocampus (A)
and the deep cerebellar nuclei (B) are shown. Five of eight double blast exposed animals had cortical contusions of varying sizes, with
and without associated subdural hemorrhage (arrows). No gross pathology was visible in the cerebellar white matter.

The single blast group was exposed to a single air blast. The double
blast group was exposed to two air blasts temporally separated by
60sec. All three groups received anesthesia for approximately the
same period. No external injuries were observed in any of the ex-
perimental animals; however, one animal in the double blast group
died shortly after exposure and was not imaged. After a 72-h re-
covery and observation period, rats were euthanized and prepared for
imaging.

Anatomic image data

High resolution T2*-weighted anatomical images from all three
groups were examined for gross pathological changes (Fig. 2). No
gross pathology was visible in anatomical images from either the
sham control or single blast group; however, several specimens in
the double blast group had prominent cortical contusions (indicated
in Fig. 2 with white arrows) with and without subdural hemorrhage.
Contusions were observed in five of the eight brains from the
double blast group, principally located in the auditory and sec-
ondary somatosensory cortical areas. The remaining three double
blast exposed brains had no visible cortical pathology. No gross
pathology was observed in the cerebellar white matter or other
major white matter structure in any of the three experimental
groups. Complete anatomic image data from all three groups are
available from the Duke University Center for In Vivo Microscopy.
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DTI data

FA images were also examined for gross pathology (Fig. 3).
DTlI-derived images like FA, although lower resolution, can be
more sensitive for detecting neuropathology than anatomical im-
ages. FA images from all three groups were qualitatively very
similar; however, subtle FA differences between groups were noted
in the cerebellar white matter (indicated in Fig. 3 with white ar-
rows). Both blast exposed groups appeared to have lower FA values
in the cerebellar white matter than sham control animals, and this
effect was more pronounced in the double blast group. Qualitative
differences in other DTI-derived images were difficult to appreci-
ate. Complete tensor volumes from all three groups are available
from the Duke University Center for In Vivo Microscopy at http://
www.civm.duhs.duke.edu/rat_btbi/.

Whole-brain voxelwise analysis

Voxelwise analysis was used to test for statistically significant
differences in DTI-derived images between the three experimental
groups. No statistically significant differences were found in MD or
AD, and these results are not included here. The results of the FA
and RD comparisons are shown in Figures 4 and 5. Voxelwise
analysis results were visualized both in 3D (Fig. 4) and as two-
dimensional color overlays on anatomical images (Fig. 5). Videos
of statistically significant voxel clusters rotating in 3D to allow

Double Blast

FIG. 3. Representative fractional anisotropy (FA) maps from all three experimental groups. Horizontal FA images through the dorso-
ventral center of the cerebellar white matter are displayed with a heat-map lookup table (see legend) to highlight differences. FA differences
between groups are apparent in the cerebellar white matter (arrows). Color image is available online at www.liebertpub.com/neu
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FIG. 4. Three-dimensional (3D) maps of statistically significant differences in diffusion tensor imaging parameters between all three
experimental groups. Voxel clusters with an adjusted p value less than 0.05 are displayed as 3D, colored surfaces within a transparent
surface rendering of the entire brain. Statistically significant differences in fractional anisotropy (red) and radial diffusivity (green) are
shown for each pair of experimental groups. The left-most column contains anatomical references including an opaque surface rendering
of the entire brain (top) and a single horizontal slice of the average anatomical image volume (bottom). Color image is available online
at www.liebertpub.com/neu

visualization of the full 3D extent of the detected injury are decreases in FA and increases in RD in the cerebellar white matter

available from the Duke University Center for In Vivo Microscopy  and axial hindbrain (Fig. 5, left).

at http://www.civm.duhs.duke.edu/rat_btbi/. The sham versus double blast comparison (Fig. 5, middle) re-
There were no statistically significant differences between vealed extensive and highly significant decreases in FA throughout

sham control and single blast groups; however, there were small ~ the cerebellar white matter tree and cerebellar peduncles. The

SHETRYER Sham vs. Single Blast vs.
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FIG. 5. Statistical significance and effect size maps of diffusion tensor imaging parameter differences between all three experimental
groups. Adjusted p value maps (rows one and three) indicate statistically significant differences (adjusted p value less than 0.05) with
color; hotter colors indicate increased confidence. Effect size maps (rows two and four) are shown across the entire brain irrespective of
significance with hotter colors indicating increased effect size. FA, fractional anisotropy; RD, radial diffusivity. Color image is available
online at www.liebertpub.com/neu
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measured effect size in statistically significant areas was generally
close to —0.1 arbitrary units. There were also several small regions
of statistically significant increase in RD in cerebellar white matter
in the sham versus double blast comparison, with effect size
ranging from 5x 10> mm?%/sec to 1 x 10™* mm%sec. There was a
particularly large RD increase (~ 1x 10~ % mm?*/sec) in the dorsal
hindbrain, a small portion of which reached statistical significance.

The results of the single blast versus double blast (Fig. 5, right)
were quite similar to those of the sham versus double blast com-
parison. Statistically significant decreases in FA were detected in
the same regions, although to a lesser spatial extent and magnitude.
Statistically significant increases in RD were actually slightly more
extensive in the single blast versus double blast comparison, al-
though the effect size was smaller.

am vs.
gle Blast
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There are a few areas in which statistical significance maps
appear to extend from white matter tracts to adjacent gray matter
areas (e.g., Fig. 5, center). These areas of apparent gray matter
significance could be: (1) false positives from residual misregis-
trations between groups, (2) true positive differences in gray matter
structures, or (3) blurring of true positive results in white matter
caused by the spatial smoothing kernel used during voxelwise
analysis preprocessing.

Tractography-based analysis

Tractography-based analysis was used to focus statistical com-
parisons with white matter, thereby excluding a large number
of gray matter voxels where blast injury is not expected. This

Sham vs.

Double Blast

FIG. 6. Tractography-based analysis of diffusion tensor parameter differences between all three experimental groups. Statistical
significance and effect size for each comparison (columns) are shown as colored tractography streamlines with hotter colors indicating
increased statistical certainty (adjusted p value maps) or increased effect size (effect size maps). Anatomical references are included at
the bottom of the figure including directionally colored tractography streamlines (left) and a horizontal slice of the anatomical image
volume (right). Labeled structures are: cerebellar white matter (cbw); forceps major of the corpus callosum (fmj); cingulum bundle (cg);
inferior, middle and superior cerebellar peduncles (icp, mcp, and scp respectively). FA, fractional anisotropy; RD, radial diffusivity.

Color image is available online at www.liebertpub.com/neu
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technique also allows 3D visualization of affected white matter
tracts (Fig. 6). Once again, we were unable to detect statistically
significant differences between sham and single blast groups;
however, we did observe small decreases in FA (=~ 0.04 arbitrary
units) in the rostral cingulum bundle and the cerebellar white matter
(Fig. 6, left). Modest increases in RD (& 3 x 10™° mm?/sec) were
observed in the same regions.

The sham versus double blast comparison (Fig. 6, center) yiel-
ded the most robust differences; FA was reduced throughout the
cerebellum and hindbrain, and small decreases extended anteriorly
as far as the caudal forceps major of the corpus callosum. FA
decreases achieved statistical significance throughout the deep
cerebellar white matter and in the inferior, middle, and superior
cerebellar peduncles. RD increases were present in the cerebellar
white matter and in all three cerebellar peduncles; however, only a
limited number of tracts in the cerebellar white matter and middle
cerebellar peduncle survived FDR multiple comparison correction.

The single blast versus double blast comparison (Fig. 6, right)
once again revealed similar, although less extensive and lower
magnitude differences than the sham versus double blast compar-
ison. Statistically significant decreases in FA were most prominent
in the cerebellar white matter and the inferior cerebellar peduncle
and statistically significant increases in RD were limited to the
cerebellar white matter. High-definition videos of tractography-
based analysis results rotating in 3D are available from the Duke
University Center for In Vivo Microscopy.

Silver stained histology

Silver stained histology was used to validate voxelwise analysis
findings because FA and RD, although sensitive, are not specific for
white matter injury. Representative histology results are shown in
Figure 7. In histology sections stained with amino cupric silver,
damaged neurons and neuronal processes stain black and often take
on a fragmented appearance. The sham control group in this study
did not show significant silver staining anywhere in the brain. Silver
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staining in blast exposed animals was divided into patterns sug-
gestive of neuronal degeneration and/or diffuse axonal injury. No
degenerating neurons were present in the single blast group;
however, 3/8 animals in the double blast group showed evidence of
mild to moderate neuron degeneration in various regions of the
cortex (viz frontal, parietal, temporal, and occipital).

Axonal staining in a pattern suggestive of diffuse axonal injury
was more prominent than neuron degeneration. In both the single
and double blast groups, the cerebellar white matter, optic tracts,
and cerebellar peduncles were most commonly affected (Fig. 7).
Specifically, the cerebellar white matter was affected in 8/9 rats in
the single blast group (average severity =mild) versus 8/8 rats in the
double blast group (average severity =moderate). The optic tracts
were affected in 6/9 rats in the single blast group (average severi-
ty=mild) versus 8/8 rats in the double blast group (average se-
verity =moderate). The cerebellar peduncles were affected in 6/9
rats in the single blast group (average severity = minimal) versus 8/
8 rats in the double blast group (average severity =mild). No other
neuroanatomical regions showed significant degrees of axonal
damage in the single blast group. Some brains in the double blast
group, however, also had evidence of axonal injury within the
spinal trigeminal tract (7/8), midbrain (3/8), cochlear nucleus/nerve
(3/8), and within the third and/or fourth cranial nerves (4/8).

Overall perfusion fixation was very effective at flushing the
cerebral vasculature of blood; however, clotted blood was observed
in the subdural space of several specimens with prominent cortical
contusions. This iron-laden clotted blood could affect MRI results
through susceptibility artifacts, but these effects would likely be
limited to the cortical surface.

Discussion
Air-blast exposure

The blast overpressure exposure used in this study and more
thoroughly characterized elsewhere***® reproducibly recreates

Double

FIG. 7. Representative silver degeneration-stained coronal brain sections from all three experimental groups: sham control (left)
single blast exposed (center) and double blast exposed (right). Two coronal sections are shown for each group—one at the level of the
dorsal hippocampus at approximately Bregma —3.3 mm (top), and one through the cerebellum at approximately Bregma —11.4 mm
(bottom). Magnified insets are medium-high power micrographs (20 X objective) of the cerebellar white matter showing silver staining
of axons and the formation of axon retraction balls typical of those seen in traumatic axonal injury. Color image is available online at

www.liebertpub.com/neu
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with some fidelity the primary blast pressure wave created by ex-
plosive detonations. Unfortunately, comparing experimental blast
conditions with combat-related blast exposure is difficult because
of the intrinsic limitations of the shock tube model, as well as
significant anatomical and physiological differences between hu-
mans and rodents. Nonetheless, similar experimental conditions are
widely used to study the effects of blast overpressure in small
animal models. This exposure technique provides the opportunity
to study the effects of a realistic primary blast pressure wave in the
absence of concomitant secondary or tertiary blast injury. Blast
wind-induced head acceleration has recently received attention as a
primary injury mechanism contributing to experimental blast-
related TBI44; however, in the present study, these contributions
have been minimized by secure immobilization of each subject in
the holder during blast overpressure exposure. Previous histologi-
cal assessment of this model has shown extensive axonal damage in
several major white matter tracts, most notably the cerebellar white
matter.'” These histological findings, coupled with impaired per-
formance in motor tasks, correlate well with some injuries and
symptoms seen in clinical populations. '8

We chose to study the effects of repeated blast exposure based on
previous experimental and clinical observations that repeated head
injuries can cause cumulative or even synergistic neurological
damage.*>** The rationale for administering blast exposures 1 min
apart was based on previous observations in mice, in which
greatly exacerbated mortality, neuropathological changes, and
neurobehavioral disruptions were noted with blast exposures sep-
arated by 1 and 30 min.'” In future studies, this model will allow
characterization of the window of vulnerability to a second blast
exposure.

Anatomic image data

The anatomical image data presented in Figure 2 highlights the
difficulty in traditional image-based assessment of bTBI. Anato-
mical imaging yielded inconsistent results that did not correlate
well with DTI findings. The only grossly visible lesions were
cortical contusions of varying severity with or without subdural
hemorrhage in five of the eight double-blasted specimens. These
imaging findings are quite similar to those seen in clinical popu-
lations where cortical contusions and subdural hemorrhages are
among the most commonly observed lesions.*” Interestingly, our
results suggest that these lesions, which are often associated with
cortical impact and/or acceleration/deceleration injury, can result
from primary blast pressure wave exposure alone. There were no
grossly evident lesions in the cerebellum or hindbrain despite these
being the primary sites of axonal injury as detected by voxelwise
analysis of DTI parameters. These results highlight the need for
advanced imaging and computational approaches to assess occult
microstructural injury in bTBI. It is possible that grossly visible
lesions resulting from bTBI are merely the “tip of the iceberg”
indicating more extensive and possibly more clinically relevant
occult white matter injury.

DTI parameter data

Diffusion tensor parameters, such as FA and RD, have garnered
attention as highly sensitive, yet non-specific, markers of white
matter microstructural integrity. These quantitative parameters,
which are based on the microscopic diffusion properties of water,
have the potential to reveal microstructural damage at a scale that is
much smaller than the voxel size of the image itself.>® For example,
axonal injury causes decreases in FA, often accompanied by
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increases in RD, although many other microstructural changes,
such as edema and gliosis, can produce similar findings.>” We
observed subtle, although grossly visible decreases in FA in the
cerebellum that were more severe in the double blast group than the
single blast group (Fig. 3). Unfortunately, these differences are
small, and it is difficult to appreciate their full spatial extent from
simple, ROI-based image comparisons.

Pitfalls of voxelwise analysis

Voxelwise analysis of DTI parameters is a powerful investiga-
tional technique that allows researchers to test for significant dif-
ferences across the entire brain without predefined anatomical
hypotheses. Unfortunately, voxelwise analysis is vulnerable to a
number of pitfalls that can lead to false positive results. Two of the
most common causes of false positive results are minor misregis-
trations between treated and control groups, and failure to correct
for multiple comparisons.***’ In this study, we have taken a
number of steps to ensure accurate registration including the use of:
(1) high-resolution, high-SNR diffusion-weighted images, (2) an
unbiased MDT registration strategy, and (3) registration software
specifically optimized for small animal image data. To correct for
any residual misregistrations, images were spatially smoothed with
a three-voxel 3D Gaussian kernel consistent with general guide-
lines for voxelwise analysis.49‘50 Multiple comparison correction
was achieved using the FDR method, which is less stringent than
family wise error rate methods, but more robust than arbitrarily
defined p-thresholds. We have used this cautious methodology to
identify only the most robust and reproducible injuries resulting
from primary blast exposure, because these are likely to be the most
meaningful targets for intervention.

Voxelwise analysis of repeated primary blast exposure

The results of our voxelwise analysis show a consistent pattern
of injury to the major cerebellar white matter tracts in double blast
exposed animals. These areas show FA loss concomitant with RD
increase—a pattern that is frequently observed in traumatic axonal
injury.’">* Interestingly, we observed no statistically significant
differences in AD, suggesting that RD increases are the primary
cause of anisotropy loss in affected areas. AD decrease is also a
common finding in acute axonal injury, although it often normal-
izes in the sub-acute and chronic setting.”'>> It is possible that AD
decreases are not a major feature of primary bTBI or that the
changes are too small and/or variable to detect using our methods.
In addition, the DTI parameter changes that we observed are likely
only present in the acute to sub-acute (i.e., <72 h) post-injury pe-
riod. Assessment of later post-injury time points may reveal com-
pletely different DTI parameter changes driven by edema, necrosis,
and/or gliosis.

We were unable to detect any statistically significant differences
between single blast and sham control groups; however, there were
large and highly significant differences between the single blast and
double blast groups. By all imaging metrics, the single blast group
more closely resembled the sham control group than the double
blast group. This result suggests a synergistic effect with repeated
blast exposure. One possible explanation is that initial blast expo-
sure sensitizes the brain, either physiologically or mechanically, to
damage from a subsequent blast. Several physiological changes
are known to occur immediately after closed head injury in ani-
mal models, including increases in heart rate, arterial blood pres-
sure, and intracranial pressure.”*>> Each of these parameters
could potentially magnify subsequent blast injury by altering the
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intracranial fluid pressure dynamics that are thought to underlie
primary blast wave associated injury.”® Mechanical sensitization
could occur by weakening or degradation of the neuronal cyto-
skeleton, which has also been observed in rodent models of primary
bTBI.>7*® Further studies are needed to determine what, if any, are
the mechanisms of sensitization to further injury. For example,
real-time monitoring of intracranial and intravascular pressures
during repeated blast exposure could elucidate the role of pres-
sure dynamics, and immunofluorescence or electron microscopy
studies could be used to assess cytoskeletal injury. Because
DTI is non-destructive, it can easily be combined and correlated
with higher resolution imaging techniques such as electron
microscopy.>

Tractography-based analysis

Tractography-based analysis is a special case of voxelwise
analysis that is well suited for detection and visualization of white
matter injury.>® Applying tractography-based analysis to this study
is justified based on a number of previous studies suggesting that
primary bTBI is predominantly a white matter injury.®%'*=
Tractography-based analysis has two main advantages over whole-
brain voxelwise analysis. First, it provides more focused and po-
tentially less biased results by limiting the analysis to a white matter
skeleton defined by the control group average tractography
streamlines.®®®' Second, it permits 3D visualization of significance
and effect size maps through the use of color-coded tractography
streamlines.

The tractography-based analysis presented here allowed precise
localization of blast-induced white matter injury to the cerebellar
white matter and cerebellar peduncles. Tractography-based results
also highlight the dramatic differences between single blast and
double blast-associated injury. The second blast dramatically in-
creased both the spatial extent and the magnitude of the associated
white matter injury. Together, these results suggest that specific
subtentorial white matter tracts, like the cerebellar white matter,
may be uniquely susceptible to repeated primary bTBI. Interest-
ingly, similar injury patterns have been reported in both clinical
populations®'®?° and in previous animal studies.'*'®!” Further,
hindbrain white matter injury is consistent with several common
symptoms of bTBI including tinnitus, vertigo, and balance/motor-
coordination problems. Previously published behavioral assess-
ments of the blast injury model used in this study have demon-
strated impaired performance on standardized motor coordination
tests such as beam walking and the Morris water maze."
Future studies are needed to explore the correlation between motor
task performance and cerebellar white matter injury as detected
by DTI.

Histological validation of voxelwise analysis results

The results of our histological examination of neuronal injury
correlate well with voxelwise analysis results, both in spatial extent
and in magnitude. Silver staining revealed modest and inconsistent
axonal injury in the cerebellar white matter of single blasted brains.
This low magnitude and highly variable injury explains why DTI
parameter changes did not reach statistical significance for the
single blast versus sham control comparison. In contrast, histo-
logical examination of double blasted brains revealed severe and
consistent axonal injury within the cerebellar white matter tree.
These results closely match the statistically significant regions of
RD decrease and FA increase detected with voxelwise analysis of
the double blast group.
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Comparison of histology results with DTI voxelwise analysis
results demonstrates the benefits and drawbacks of each technique.
Silver stained histology is far more sensitive and can detect injury
as small as a single damaged neuron. DTI has neither the spatial
resolution nor the sensitivity to detect such small-scale damage;
however, DTI has several major advantages over histology. First,
DTI is 3D and non-destructive, so pathology can be detected
throughout the entire brain without distortion or sectioning artifact.
Second, DTI parameters allow straightforward quantitative com-
parisons, and voxelwise analysis techniques can be used to test for
statistically significant differences throughout the entire brain
without an a priori anatomical hypothesis. Although quantitative
analysis of histology is possible, it is often technically difficult,
time consuming, limited to predefined anatomical regions, and/or
non-parametric. Nonetheless, quantitative histology is the de facto
gold standard for assessing neuropathological alterations resulting
from blast injury, as is evident from a large body of previously
published work. Although the current study is focused on quanti-
tative assessment of DTI rather than histology, a comparison of
both quantitative techniques will undoubtedly be an important area
of future work. Finally, although the present study uses fixed ex
vivo specimens, voxelwise analysis of DTI parameters is possible
in vivo and may even be more sensitive for detecting differences in
living subjects.®?

Limitations of this study

This study has several important limitations. First, the rat may
not be the ideal model system for studying human brain injury.®*
Non-human primate models may more closely recapitulate human
bTBI; however, ethical and technical considerations make rodent
models much more desirable. Further, a large body of previous
research supports the use of rodents for studying human bTBI.
Second, both death and tissue fixation are known to affect diffusion
tensor parameter measurements, which is an important consider-
ation for ex vivo studies. Formalin fixation is known to reduce tissue
diffusivity; however, it appears to do so both proportionally and
uniformly throughout the brain, thus preserving anisotropy.®* As a
result, the relative RD differences that we report likely reflect
in vivo changes, but the absolute magnitudes do not. Importantly,
fixation also seems to reduce the sensitivity of DTI in detecting
axonal damage, suggesting a comparable in vivo study may be able
to detect even more subtle injury.®> Nevertheless, ex vivo imaging
has several important benefits including higher SNR and higher
spatial resolution.®> Finally, there is considerable debate over the
proper acquisition protocol for measuring diffusion tensor param-
eters, with some studies recommending as many as 30 gradient
directions®™®’; however, these studies are based on clinical data
where patient movement, low SNR, and susceptibility artifacts are
major sources of error. Any error resulting from a six-direction
strategy is, to some extent, compensated for by the increased
image quality, SNR, and spatial accuracy that ex vivo DTI can
provide. %%

Conclusions

This work contributes to the growing body of data suggesting
that primary blast injury is an important component of bTBIL.
Further, we provide preclinical evidence that brain injury increases
synergistically with repeated exposure to blast overpressure. Our
results suggest that the primary blast wave sensitizes the brain to
more severe injury from subsequent blast exposure, even in
the absence of radiologically detectable gross pathology. This
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conclusion, if supported by further studies, has widespread sig-
nificance for the treatment of soldiers subjected to blasts in the
battlefield, many of whom remain on active duty after exposure. A
critical area of future research will be to determine the time-course
of primary bTBI associated sensitization to further brain injury.
For example, if the observed sensitization effect is related to in-
travascular and/or intracranial pressure dynamics, then it may only
persist for minutes to hours until equilibrium is restored. Con-
versely, if sensitization is caused by cytoskeletal damage, then it
would be expected to persist for hours to days until repair com-
pletes. A follow-up study with varying time intervals between
blasts will be important in understanding both the underlying
mechanism of sensitization and the implications for human bTBI
patients.

The methods and model system described here have exciting
potential to further our understanding of the effects of the primary
blast wave on the brain. Voxelwise analysis of DTI parameters has
proven to be a useful and sensitive tool for detecting primary bTBI
in rodent models and is readily translatable to human studies. We
look forward to using similar techniques to study not only the time-
course of primary bTBI, but also its interaction with other forms of
blast injury. Unfortunately, combat-related bTBI usually involves
acceleration/deceleration and/or cranial impact injuries, which may
have complex interactions with primary blast injury. These inter-
actions could be explored using a combination of shock tube blast
overpressure and other rodent TBI models such as weight-drop
contusion or controlled cortical impact. Although such studies
present a significant logistical challenge, they may ultimately prove
to be more clinically relevant than the repetitive injury model
presented here. Finally, we would like to reiterate that all image
data, including full tensor volumes, are available from the Duke
University Center for In Vivo Microscopy. We welcome and en-
courage further analysis, because we are confident there is still
more valuable information to be extracted from this dataset.
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