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Abstract Traumatic axonal injury (TAI) plays a major role
in the development of neurological impairments after trau-
matic brain injury (TBI), but it is commonly difficult to
evaluate it precisely and early with conventional histological
biomarkers, especially when the patients experience short-
term survival after TBI. Diffusion tensor imaging (DTI) has
shown some promise in detecting TAI, but longitudinal
studies on the compromised white matter with DTI at early
time points (≤72 h) following impact acceleration TBI are
still absent. In the present study, rats were subjected to the
Marmarou model and imaged with DTI at 3, 12, 24, and
72 h (n05 each) post-injury. Using a region-of-interest-
based approach, the regions of interest including the corpus

callosum, bilateral external capsule, internal capsule, and
pyramidal tract were studied. Two DTI parameters, fraction
anisotropy and axial diffusivity, were significantly reduced
from 3 to 72 h in each region after trauma, corresponding to
the gradient of axonal damage demonstrated by immunohis-
tochemical staining of β-amyloid precursor protein and
neurofilament light chain. Remarkably, DTI changes pre-
dicted the approximate time in the acute phase following
TBI. These results indicate that the temporal profiles of
diffusion parameters in DTI may be able to provide a tool
for early diagnosis of TAI following impact acceleration
TBI.
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Abbreviations
TBI Traumatic brain injury
TAI Traumatic axonal injury
DTI Diffusion tensor imaging
β-APP β-Amyloid precursor protein
NF Neurofilament
ARBs Axonal retraction balls
AD Axial diffusivity
FA Fraction anisotropy
ADC Apparent diffusion coefficient
RD Radial diffusivity
ROIs Regions of interest
CC Corpus callosum
IC Internal capsule
LIC Left internal capsule
RIC Right internal capsule
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EC External capsule
LEC Left external capsule
REC Right external capsule
PY Pyramidal tract
LPY Left pyramidal tract
RPY Right pyramidal tract
HP Hippocampus
TBS Tris-buffered saline

Introduction

Traumatic brain injury (TBI) is a leading cause of morbidity
and mortality with an estimated 10 million people affected
annually, being serious enough to result in hospitalization or
death [1]. Traumatic axonal injury (TAI) is well known to be
closely associated with TBI and thought to be a major
contributor to neurological impairments following TBI
[2, 3]. Although significant progresses have been made in
understanding the pathophysiologic cascades involved in
TAI [4, 5], the accurate identification of axonal injury
remains a challenge in clinical and forensic sciences. So
far, axonal injury has been characterized histologically using
silver staining [6], horseradish peroxidase uptake [7],
immunohistochemical staining of neurofilament (NF)
[8, 9] and β-amyloid precursor protein (β-APP) [10, 11].
The increasing use of proteomic or degradomic techniques
helps to examine large numbers of proteins from brain tissue
of TAI animals or humans for either decreases in intact
proteins or appearances of novel low-molecular-weight pro-
teins that represent putative breakdown products [12], yield-
ing feasibility of the detection of TAI in animals and
humans. It has been verified that β-APP-stained axonal
injury could be detected by 1.75 or 3 h after trauma in
humans [13, 14]. However, it has also been suggested that
TAI is more difficult to diagnose or quantify than the focal
types of TBI since the macroscopic abnormalities are com-
monly minimal. In addition, the microscopic lesions are not
specific to TAI and are sometimes not apparent when the
survival period is short [15]. Moreover, it is sometimes
difficult to make an early diagnosis by using a single bio-
marker related to only one type of injured constituent due to
the multiple elements contributing to axotomy. Hence, it is
imperative to identify TAI by the combination of different
biomarkers that could reflect the multiple mechanisms of
TAI.

Recently, advances in neuroimaging and laboratory tech-
niques have allowed for more subtle lesions to be detected
earlier, potentially allowing the early diagnosis of TAI.
Diffusion tensor imaging (DTI) has shown some advantages
for detecting axonal injury by acquiring water diffusion in
different directions to provide microstructural information
about axons or myelin [16–19]. The directional diffusivities

include three principle eigenvalues: axial diffusivity (AD; l1
or l║), l2, l3, as well as several derivative parameters
consisting of fraction anisotropy (FA), relative anisotropy
(RA), radial diffusivity (RD; l┴ 0 (l2 + l3) / 2), and
apparent diffusion coefficient (ADC 0 (l1 + l2 + l3) / 3).
DTI has been employed in detecting white matter pathology
in experimental animal models including demyelinating dis-
eases [20], multiple sclerosis [21], and traumatic spinal cord
injury [22, 23]. Recently, the correlations between diffusion
parameters and immunolabeled axons have been established
in experimental controlled cortical impact injury [24, 25],
typically in pericontusional white matter tracts. To our
knowledge, none of the previous animal studies has per-
formed DTI at multiple acute time points in impact acceler-
ation TBI. Moreover, the sensitivity and specificity of DTI
towards axonal injury in the brainstem have not been
studied yet.

In the present study, we hypothesized that the changes of
the diffusivities seen in DTI images would correspond to
TAI verified histologically within the selected regions of
interest (ROIs) of the white matter including the corpus
callosum (CC), bilateral internal capsule (IC), external cap-
sule (EC), and pyramidal tract (PY) in rats following impact
acceleration TBI and that the DTI signal changes could
approximately distinguish the time during the acute phase
post-TBI.

Materials and methods

Experimental TBI: impact acceleration brain injury

All procedures were approved by the guidelines for the care
and use of animals in China. Twenty-five male Sprague-
Dawley rats weighing 200–250 g were used. General anes-
thesia was induced by intraperitoneal (i.p.) injection with
10 % chloral hydrate at 0.3 ml/100 g body weight. Impact
acceleration TBI was induced according to previous reports
[26, 27]. Briefly, following a midline incision between cor-
onal and lambdoid sutures, a steel disk 10 mm in diameter
and 3 mm thick was adhered to the skull between the
bregma and lambda suture. Then, the animal was placed
on a foam bed in the prone position and fastened by a belt
around the trunk, with the disk centered right under the
lower end of a 1 m plexiglass tube. A cylindrical steel
weight of 450 g was allowed to fall through the tube at a
designated height of 1 m to impact the disk. Then, the rat
was immediately removed and the scalp was sutured after
gently removing the steel disk from the skull. In the sham
group, rats underwent the surgical procedure without
impact. Animals were imaged with DTI at the desired time
points at 3, 12, 24, and 72 h after impact acceleration brain
injury (n05 for each time point).
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DTI scanning

For DTI scanning, rats were deeply anesthetized with 10 %
urethane (1.2 g/kg, i.p.) to prevent the disturbance of unsta-
ble breath and circulation during DTI scanning, then rats
were placed in a magnetic resonance-compatible stereotaxic
frame of a 7.0-T/20 cm Bruker Biospec scanner (Karlsruhe,
Germany) with a 72 mm diameter volume coil for radio
frequency transmission and a quadrature surface coil for
signal detection. Body temperature was maintained at 37°C
by heated circulating water, and respiration was monitored by
detecting the chest motion of the animal with two fiber optic
cables and the signal was fed into an oscilloscope that mon-
itored the chest motion throughout the scanning. To obtain
anatomically matched coronal image slices at each time point,
identical anatomical landmarks were used to center and align
the brain in each image plane.

A spin-echo echo-planar DTI sequence was used with the
following acquisition parameters: repetition period (TR) of
5,000.001 ms, echo time (TE) of 26 ms, flip angle of 90°,
time between application of gradient pulses (Δ) of 14 ms,
diffusion gradient duration (δ) of 3 ms, slice thickness of
0.8 mm, slice interval of 0 mm, field of view of 30×
30 mm2, and matrix size of 128×128 (zero filled to 256×
256). Diffusion-sensitizing gradients were applied along 30
directions. The b value used for the acquisition of diffusion-
weighted images was 800 s/mm2. The nominal voxel size
was 117×117×800 μm after zero filling. The scanning area
was set ranging from the genu of CC to the end of medulla
oblongata, and the total imaging time was about 46 min 40 s
0 ms.

Analysis of DTI images using anatomically defined ROIs

Using a region-of-interest-based approach, DTI parameters
(l1, l2, l3, FA, and ADC) were acquired from the CC, IC,
EC, and PY through 20 coronal slices for the image sets
with the same anatomical landmark-based rules. FA images
were used for outlining the ROIs. The image software (Para-
vision 5.0) binding feature allowed for the replication of the
traced ROI to other images. Similar to the definition in the
previous studies of mouse [24, 25], the boundaries of the CC
and EC in rats were defined as follows: in the most rostral
regions (bregma +1.60 to −0.92 mm), the boundary was the
lateral edge of the cingulum; in the regions (bregma −0.92
to −2.80 mm), the boundary of the CC was defined by a
horizontal line extending laterally from the bottom of the
fimbria until it intersected with the EC; moving more cau-
dally (bregma −2.80 to −5.30 mm) [28], a horizontal line
extending laterally from the lateral-inferior edge of the hip-
pocampus (HP) was employed. Bilateral IC (bregma −0.26
to −4.52 mm) and PY (bregma −8.3 to −14.08 mm) were
also well outlined. The program then returned the mean

signal intensity for each traced ROI on each slice. Overall,
for each diffusion parameter in each animal, five values of
CC and EC, four values of IC, and seven values of PY were
obtained. We verified that all chosen anatomical landmarks
were clearly visible in FA images, and the observer was
blind to the cases during the delineation of the ROIs. More-
over, a portion of the images were retraced 15 days after the
first tracing. All parameters were compared between the first
and second tracings. No significant differences were found
in the ROI tracing method. It could be concluded that the
ROI tracing method did not add significant variance.

To establish the correlations between the DTI parameters
and immunochemical profiles, changes in AD and FA were
expressed using normalized AD and FA as in previous
studies [24, 25]. They were calculated by dividing the AD
or FA in the injured ROI by the mean AD or FA in the
corresponding ROI from the control group.

Histology

Immediately after imaging, the rats were transcardially per-
fused with 0.9 % saline+0.3 % heparin, followed by perfu-
sion with 4 % paraformaldehyde. Then, the brains were
removed and immersed in the same fixative overnight
(16–18 h). The cerebrum and brainstem were obtained using
two transverse cuts: the first at the level of the inferior
colliculus within the midbrain region and the second 2 mm
caudal to the pyramidal decussation within the medulla
oblongata [27, 29]. The brainstem was then divided equally
by a sagittal cut to include the basal interpeduncular regions
of the brain, pons, and pyramids inclusive of the left pyra-
midal tract (LPY) and right pyramidal tract (RPY) areas
where high densities of traumatically injured axons have
previously been described utilizing the Marmarou model
[27, 29]. The cerebral blocks were trimmed to contain the
complete CC. The blocks were then immersed in 30 %
sucrose for further tissue processing. To strictly distinguish
the side of slices, serial coronal sections of the cerebrum and
serial sagittal sections from the midline to lateral of bilateral
brainstem blocks were cut on a freezing microtome
(CM3050S, Leica) with the thickness of 30 μm and
mounted on gelatin-covered microscope slides. Every sixth
section was used for histology. For each block of the uni-
lateral brainstem, 36 sections were obtained as the width of
the unilateral PY is about 1.2 mm.

The sections were washed three times in Tris-buffered
saline (TBS) (pH07.6) for 5 min each. After incubation
with 0.3 % H2O2 in TBS for 30 min at room temperature,
the sections were rinsed in TBS three times for 10 min each.
Then, the sections were incubated with either rabbit mono-
clonal anti-β-APP antibody (Y188, 1:200, Abcam,
Cambridge, UK) or mouse monoclonal anti-68-kD neuro-
filament (NF-L) antibody (NR4, 1:200, Sigma, St. Louis,
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MO, USA) overnight at 4°C. The following day, the sec-
tions were washed three times in TBS for 10 min each,
followed by the incubation with biotinylated secondary goat
antirabbit IgG (for β-APP) or goat antimouse IgM (for
NF-L) for 1 h at room temperature in a 1:400 dilution
(Boster Biological Technology, Ltd., Wuhan, China). There-
after, the sections were washed three times in TBS for 5 min
each. Incubated with ABC Elite (Vector Laboratories, Inc.,
Burlingame, CA, USA) at a 1:400 dilution in TBS for 2 h at
room temperature, the sections were washed with TBS three
times for 5 min each and developed with 3,3′-diaminoben-
zidine tablets (Boster Biological Technology, Ltd., Wuhan,
China). Final three TBS washes were performed for 10 min
each. The sections were allowed to dry and dipped for 5 min
each in 50–75–90–95–95–100–100 % ethanol solutions, fol-
lowed by two treatments for 10 min each in xylene. Finally,
the sections were coverslipped. To control for possible cross-
reaction between the first primary antibody and the second
secondary antibody, the first or second primary antibodies
were omitted. In this condition, no staining was observed.

Analysis of axonal injury as defined by APP and NF-L
immunostaining in the ROIs

All immunostained sections were examined under Nikon
Eclipse 90i microscope (Tokyo, Japan). A quantitative
method was employed to quantify the numbers of APP-
stained axons per square millimeter in the ROIs, including
axonal deposits, swelling, and bulbs. The ROI was outlined
in each section at low magnification (×40) and followed by
systematic counts of individual injured axons at high mag-
nification (×200). The observer was blind to the cases. Red
blood cells and other non-axonal stained structures were not
counted. Then, the numbers of APP-stained axonal varicos-
ities per square millimeter were obtained by dividing the
counts of injured axons by the area of each sampled region
generated by the software. Due to the peculiar pattern of
NF-L immunostaining (see the “Results” and “Discussion”
sections), the mean density of NF-L immunostaining was
employed to evaluate the degree of axonal damage.

Statistical methods

All data were analyzed using IBM SPSS Statistics 17.0.
There were no prespecified hypotheses about the histologi-
cal or DTI parameters between the left and right side of the
IC, EC, or PY at each time point, so a two-tailed t test was
used. The threshold for statistical significance was set to
P<0.05 without correction for multiple comparisons. For
the comparisons of immunostaining profiles or DTI diffu-
sion parameters between different groups, a one-way anal-
ysis of variance (ANOVA) was used followed by a Fisher
post hoc test to correct for multiple comparisons.

Results

Histochemical findings

No APP-stained axons were found in each ROI of the
control animals, as well as in bilateral IC and EC in the
injured animals. Spatial differences and temporal gradient of
axonal injury were observed in the injured groups. APP
staining was substantially obvious in the PY, posterior body,
and splenium of the CC in the injured animals. Oblong and
round APP-stained varicosities were noticed under high
magnification (Fig. 1). At 3 h after injury, APP antibody-

Fig.1 Axonal injury detected by APP staining following impact
acceleration TBI. Uninjured tissue (CTL) shows no APP staining.
Acutely after injury, numerous APP-stained axons were found in the
CC and PY. Immunoreactive profiles in these regions markedly
increased in size and number over time, including axonal swellings
and ARBs (scale bar 0 50 μm)
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labeled axonal deposits mainly presented as dot-like pro-
files. At 12–72 h post-injury, the immunoreactive profiles
including axonal swellings and axonal retraction balls
(ARBs) markedly increased in size and number in the ROIs.
Significant increases in the numbers of APP-stained axonal
varicosities were observed in the CC and bilateral PY over
time after injury (Fig. 2).

For further verification of axonal damage, the brain sec-
tions were stained with the anti-neurofilament light chain
antibody, NF-L. In the control group, there was no NF-L
staining in the CC, EC, and IC, with the exception of the PY,
which presented weak positive staining. While in the injured
groups, diffuse staining with increasing density over time
was observed in each ROI. Moreover, several axonal swel-
lings were also seen in the CC and PY since 3 h post-TBI
(Supplemental Fig. 1). The mean density of the NF-L stain-
ing increased congruously after injury in each ROI, with a
sharp increase from 3 to 24 h and a slight increase at 72 h
(Supplemental Fig. 2). Overall, the two markers of axonal
damage revealed similar temporal trends, with significantly
increased immunostaining from 3 to 72 h in the ROIs (Fig. 2
and Supplemental Fig. 2).

DTI analysis

The anatomical extent of the ROIs was used for DTI anal-
ysis. An example (Supplemental Fig. 3) indicates the lateral-
inferior edge of the HP, which was used as the boundary of
the CC and EC. To display the grayscale changes clearly, the
imaging modalities were trimmed to contain one half of the
CC, the right external capsule (REC), and right internal
capsule (RIC) in the coronal views. Another example is
provided for demonstrating the changes of FA in bilateral

PY (Supplemental Fig. 4). The CC and PY in the control
images had high FA, as expected for a highly organized
tissue. Acutely after injury, there were dramatic reductions
of signals in FA in the CC and PY in the post-TBI images.
The gradient of reduced signal of FA was also visible in
these images. For AD and ADC images, no apparent gray-
scale changes were seen in the PY (data not shown) and
decreased signal intensities were only seen at 3 h in the CC,
while the remaining imaging modalities showed no visible
grayscale changes. In addition, no visible grayscale changes
were seen in the three parameters in the REC and RIC. As to
the images of l2 and l3 of the ROIs, no visible changes were
noted (data not shown).

A quantitative analysis of DTI parameters within the
ROIs was performed (Supplemental Fig. 5). The AD and
FA in each ROI were significantly reduced after injury
compared with the control. Multiple comparisons showed
that they also decreased consistently over time in each ROI
(Supplemental Fig. 5a, b). Namely, the AD and FA were
consistently decreased over time in acute phase post-TBI,
and the injured groups could be approximately separated
from each other by using the two parameters. There were
consistently decreased ADC over time in bilateral IC and
EC in injured groups, whereas in the CC and bilateral PY,
ADC decreased congruously before 24 h, but there were no
differences between 24 and 72 h (Supplemental Fig. 5c). For
RD, it did not change consistently over time (Supplemental
Fig. 5d). However, with multiple comparisons, a slightly
increased RD was found in the CC since 24 h, but it was
only elevated at 72 h in bilateral IC, EC, and PY. Accord-
ingly, of the diffusion parameters evaluated, only AD and
FA permitted a complete separation between injured and
uninjured rats.

No significant differences in the number of APP-stained
axonal varicosities, mean density of NF-L, or diffusion
diffusivities were found between the left and right side of
the IC, EC, or PY at each time point (data not shown).

The relationship between the histochemical findings
and DTI analysis

The changes in DTI parameters were correlated with the
numbers of APP-immunostained axons in the CC and bilat-
eral PY and the mean density of NF-L staining in each ROI.
There were better correlations between the changes of FA
and the numbers of APP-stained axons in the CC (Fig. 3a;
P<0.05, R200.762), the LPY (Fig. 3b; P<0.05, R200.833),
and the RPY (Fig. 3c; P<0.05, R200.877). The correlations
between the normalized AD and APP-stained axons were
also significant in the CC, LPY, and RPY (Fig. 3d–f;
P<0.05, R200.735, 0.815, and 0.857). Significant correla-
tions were also found between the changes in FA or AD and
the mean density of NF-L in each ROI. The R2 of

Fig.2 Estimated numbers of APP-stained axonal varicosities per
square millimeter as a function of time after injury. There were statis-
tically significant increases in APP-stained axonal varicosities in the
CC and bilateral PY at all time points after trauma, with the highest
numbers at 72 h (one-way ANOVA, P<0.05). Moreover, no differ-
ences were found between bilateral PY at each time point (two-tailed t
test, P>0.05). n05 rats per group. Error bars denote standard
deviations
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normalized FA and the mean density of NF-L staining in the
CC, LPY, RPY, left internal capsule (LIC), RIC, left external
capsule (LEC), and REC was 0.847, 0.738, 0.849, 0.707,
0.627, 0.802, and 0.849, respectively (Supplemental
Fig. 6a–g). While the R2 of normalized AD and the mean
density of NF-L staining in the CC, LPY, RPY, LIC, RIC,
LEC, and REC was 0.838, 0.743, 0.844, 0.787, 0.687,
0.838, and 0.902, respectively (Supplemental Fig. 6h–n).
The data were tightly clustered around the regression line,
such that the 95 % confidence bands were narrow.

Discussion

In the present study, with the combination of DTI and
morphological observations, we carried out a comparative
analysis of temporal profiles of axonal injury following
impact acceleration TBI in rats. We found that the changes

detected by DTI in the ROIs such as the CC, IC, EC, and PY
could be verified with immunohistochemical staining for
APP and NF-L, the two markers of axonal damage, suggest-
ing that DTI is not only able to distinguish injured white
matter from uninjured white matter but also offers the
approximate information on the timing of acute axonal
injury (≤72 h).

As the most classic and practical impact acceleration
brain injury model for producing TAI with relative minor
neuronal and vascular damage in the brain parenchyma, the
Marmarou model was used in the current investigation. It
has well demonstrated the imitation of human TBI and
reproducible widespread and massive axonal injury [30,
31], which is mainly located in the CC, IC, optic tracts,
cerebral and cerebellar peduncles, and long tracts in the
brainstem [27]; accordingly, ROIs including the CC, IC,
and PY as well as the EC were selected to be studied. It
has been pointed out that the inadequacies encountered with

Fig.3 Quantitative correlations between the DTI parameters and the
numbers of injured axons as demonstrated with APP immunohisto-
chemistry. a–c Correlations of normalized FA with the estimated
numbers of APP-stained axons per square millimeter in the CC, LPY,
and RPY (P<0.05). d–f Correlations of normalized AD with the
estimated numbers of APP-stained axons per square millimeter in the
CC, LPY, and RPY (P<0.05). Each symbol represents a single rat at
one time point. The values of DTI parameters of injured animals were

normalized by dividing by the mean values of the same ROI in the
uninjured rats. Estimates of the number of APP-stained axons per
square millimeter were obtained by dividing the total number of
counted APP-stained axonal varicosities by the total area of the
counted sampling zones. Better correlations were found between the
change in FA and the severity of axonal injury as defined with APP
immunostaining. Dashed lines represent the 95 % confidence band
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this model should not be discarded, including the lack of
precise control over biomechanics, potential lateralization,
or uneven distribution of the impact [30, 31]; hence, the IC,
EC, and PY were observed bilaterally to evaluate the latent
biomechanics defects in this study.

In animal models of TAI, β-APP accumulates rapidly and
massively in damaged axons [32], and the antibody against
β-APP labels injured axons as early as 2 to 6 h post trauma
in rats, including waving, varicose axons and ARBs [33,
34]. NF-L is the first subunit to be degraded into fragments
and is inevitable to the increasing immunoactivity to be
detected at an early stage and proved to be the most sensitive
and specific biomarker for the detection of injured axons
[35–37]. In the present study, the time windows and regional
distribution for β-APP-positive immunostaining are corre-
lated well with previous experimental studies [29, 38–40].
Primarily, it is prominently located in the parasagittal pro-
jection fiber tracts and transverse fiber tracts particularly in
the midline structures of the brain including caudal parts of
the CC and brainstem. Indeed, it is noticeable that no axonal
damage in the IC and EC was observed with APP staining;
these may be attributed to the reason that APP selectively
labels injured axons regularly oriented or scattered irregularly
along the white matter bundles, the feeble effect in these areas
relative far away from the impact epicenter, and the mild
degree of TAI in the deep white matter defined with APP
immunostaining. The patterns of NF-L staining were also
accorded with the previous findings [8, 9, 29, 41], but pre-
sented some differences compared to that of APP staining.
The NF-L profiles overcame the shortage of APP immunos-
taining towards the verification of mild axonal damage in the
IC and EC by both diffuse axonal staining and focal axonal
swellings staining in the ROIs. It has been shown that ARBs
consist of a rim of β-APP, and a core of NF compaction
contained highly disorganized cytoskeletal constituents that
are devoid of NF immunoreactivity, contributing to fewer
varicosities demonstrated by NF-L staining in the involved
white matter compared to APP immunostaining. Consequently,
the mean density of NF-L was preferentially selected and
employed for evaluating the extent of axonal damage.

The persistent decreasing of diffusion along the axons over
time was in accord with the corresponding increased APP or
NF-L immunoreactivities, and the biophysics mechanisms are
related to the impeded intracellular diffusion caused by severed
axons reseal, as well as restrained extracellular diffusion
resulted from large axonal varicosities or ARBs that com-
pressed the extracellular spaces around axons [42]. The
observed decreases in FAwere due to either isolated reductions
in AD at each time point or the combination of reduced AD
and increased RD at certain time points. This differentiation
was possible because of the predominant axonal injury at
3–12 h and the compromised axolemma and/or myelin sheath
at 24 and/or 72 h, leading to the slightly increased diffusion

perpendicular to the axons. Noticeably, water diffusion in
biological tissue is also highly dependent on the ratio of
extracellular to intracellular space, the decreased ADC values
reflect intracellular edema (cytotoxic edema), and the increased
ADC values correspond to an increase in the extracellular
space (vasogenic edema). Highly mobile extracellular water
shifts into the intracellular compartment, generating cytotoxic
edema during the early stage of TBI, giving rise to the
decreased ADC in our observations. Other factors affecting
the shape of ADC include the density of fibers, the average
diameter and directional similarity of fibers in the ROIs, and the
degree of myelination [43]. Thus, the changes of ADC were
more complex than other parameters. As this study concerned
about the evidences between DTI signals with histologically
confirmed axonal injury, concomitant edema type and pathol-
ogies that occurred in axolemma or myelin sheath such as
demyelination and inflammation were discarded. And, the
descriptions of these constituents may help in addressing the
histological correlates of an isolated reduction in AD versus a
decrease in AD with a concomitant increase in RD or the
changes of ADC in TAI, as presented previously [25].

Importantly, animal trauma models tend to replicate only
single factors involved in the pathobiology of TBI, and the
present results were obtained from animal experiments with
controlled experimental conditions. Whereas human TBI is a
highly complex multifactorial disorder with variable TAI [31],
the simplicity and inherent inability of animal models may
underlie the discrepancy between experimental trials and clin-
ical applications of DTI. Clinically, although significant pro-
gresses have been achieved in the diagnosis, treatment
guidelines, and prognostic evaluation of TAI [16–18, 44,
45], the relationship between DTI findings and functional
status remain largely matters of speculation and the potential
emerging disturbances of abnormal signals caused by other
neurologic and neuropsychiatric conditions must be regarded
[46]. Accordingly, the relationships between DTI and histo-
logical findings in TAI that were established in animals should
be treated with caution when applied in humans.

In conclusion, temporal profiles of diffusion parameters
in rats following impact acceleration TBI can be associated
with the gradient of axonal injury that were verified histo-
logically, supporting that DTI may serve as a tool to assist in
early evaluation of TAI. However, different injury degrees
are needed to delineate the ability of DTI to accurately track
the progression of TAI. Hence, further work is particularly
desired to define and validate the utility of this approach.
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