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Radiological-prognostic correlation of diffusion tensor
imaging in a mild traumatic brain injury model
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Abstract. Diffusion tensor imaging (DTI) parameters can
detect changes in the brain microstructure in mild traumatic
brain injury (mTBI). Whether these parameter changes
can predict neural functional recovery after mTBI is still
relatively unknown. The present study aimed to investigate
the radiological-prognostic correlation between these radio-
logical parameters and learning and memory deficits using an
in-house constructed rat model of mTBI. We established a rat
model of diffuse axonal injury (DAI) at different injury levels,
followed by magnetic resonance imaging at 6, 24, and 72 h,
and 1, 2 weeks post injury, and randomly selected the rats for
analysis of histopathology and learning and memory deficits.
DTI parameters and 3-amyloid precursor protein ($-APP)
levels were obtained to estimate the extent of brain injury and
the correlation with the times of crossing the safety platform
as measured using a water maze test. The results revealed that
fractional anisotropy (FA) was sensitive to axonal integrity. FA
values of the corpus callosum in the injury groups decreased
at all time points post injury, except in the mild injury group,
which recovered to normal levels at 1 and 2 weeks post-injury.
The neural function of the mild injury group recovered to
normal compared with the normal control group. FA value,
B-APP of corpus callosum in different groups at 24 h post
injury showed obvious correlation with learning and memory
deficits at the recovery stage (r=0.881, r=-0.931). In conclu-
sion, DTI can reflect varying injury states of DAI over time
with direct comparison to histopathology and could be used
to predict the neural functional recovery at the early stage
post-injury in a rat model.
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Introduction

Mild traumatic brain injury (mTBI) is a growing public
health concern globally, representing 70-90% of all
TBIs (1). Traumatic brain injury resulting from impact-
acceleration forces leads to diffuse axonal injury (DAI),
which is considered to be a key feature of pathology
following mTBI. mTBI is difficult to detect on conven-
tional computed tomography (CT) or magnetic resonance
imaging (MRI) (2). While most patients with mTBI symp-
toms recover in 7-10 days, 10-40% of patients may suffer
persistent symptoms, with long-term cognitive deficits and
white matter changes (3). Furthermore, repeated mTBI
may cause an increased incidence of chronic traumatic
encephalopathy (4). However, it is difficult to predict the
prognosis of neural functional recovery after DAI at the
early stage, and clinically relevant experimental models
of DALI still require improvement (5). Consequently, we
simulated the DAI occurrence mechanism with reference
to Namjoshi et al (6) and Li et al (7) injury device and
constructed an in-house rat model of DAI, which enabled
simultaneous and instantaneous extra-large rotational
acceleration and linear acceleration at the head of the rat,
thus providing a useful tool for DAI study (8).

The diffusion of water molecules is closely related to
changes to the myelin sheath, axolemma, and ultra-structure
inside the axon after axonal injury. Diffusion tensor
imaging (DTI) can detect the diffusion changes in water
molecules and the coherence of fibrous structures sensitively
in patients with DAI (9). DTI can assess the random move-
ment of protons of water molecules in terms of the apparent
diffusion coefficient (ADC) and orientational dependence
(fractional anisotropy, FA). The corpus callosum is a
common site of high tension from impact, with frequent
abnormalities identified by DTI (10,11). Axonal injury has
been characterized histologically using f-amyloid precursor
protein (B-APP) immunohistochemistry (IHC), which
normally traverses the length of the axon, and accumulates in
response to injury (12). The aims of this study were to deter-
mine the diagnostic accuracy of DTI in a rat model of DAI
with direct comparison to histopathologically-confirmed
axonal injury, and to identify any correlations with neural
functional recovery.
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Materials and methods

DAI model establishment. All studies were approved by
the Animal Ethics Committee of Chongqing Medical
University (approval no. 20170301). One hundred adult
male Sprague-Dawley rats, aged 2-3 months and weighing
300-400 g, were used in this study. The animals were kept in
cages at room temperature of 22-25°C, air humidity of 40%, air
pressure of 101.325 kPa and 12 h light/dark cycles. All animals
had free access to common rat feed and water. The rats were
randomly allocated to two groups (control, n=25; experimental,
n=75). The self-made injury device was used to establish the
DAI rat model at different injury levels. The device comprises
a pneumatic conversion device driven by a high air flow rate.
The air pressure of the power cylinder reaches the preset air
pressure (0.8 kPa) through the charging of the electric air
charging pump. The pneumatic conversion system is started
by pushing the gear slider to make a linear acceleration move-
ment to the right in an instant. With the action of the slider,
the gears rotate and move around its center at the same time
via the meshing action of the gears and racks to produce the
compound motion of instantaneous super linear acceleration
and angular acceleration. The start switch of the pneumatic
transfer system is triggered continuously, which can realize
multiple round-trip rotation and acceleration. According to the
number of repeated injuries delivered, the rats were divided
into the mild injury group A, the moderate injury group B, and
the severe injury group C, with 25 rats in each group (please
refer to the schematic diagram shown in Fig. 1).

All the rats of the experimental group were anesthetized via
an intraperitoneal injection of chloral hydrate (300 mg/kg). The
head of the rat in the experimental group was fixed in the rat
connector. The actuating cylinder was inflated to 0.8 kPa. The rats
in group A, B, and C received repeated axial linear plus sagittal
rotational acceleration impact for 1, 2, and 3 times, respectively,
through the swinging lever and rotating part. The injured rats
were monitored post-injury until they awakened and could move
normally. The wake-up time and recovery time interval of neuro-
physiological reflexes (corneal reflex, hindlimb claw reflex, and
righting reflex) in the injured groups were observed.

Methods of rat euthanasia. Humane endpoints were estab-
lished following the University of Pennsylvania's Institutional
Animal Care and Use Committee (IACUC) guideline in order
to minimize pain or distress to experimental animals. Cervical
vertebra dislocation was used for euthanasia, as rapid brain
tissue collection is required for neurophysiological studies.
The rats were anesthetized via an intraperitoneal injection of
chloral hydrate (300 mg/kg) prior to euthanasia by cervical
vertebra dislocation. Cardiorespiratory arrest was used to
verify rat death.

Magnetic resonance imaging. At 6, 24,72 h, and 1, 2 weeks
post-injury, to prevent the influence on the DTI scanning result
caused by limb exercise, unstable breath, and heart rate, 10
of the 25 rats in each group (control group and experimental
group A, B, C) received intraperitoneal anesthetization
with chloral hydrate (300 mg/kg). An MRI scanner (Philips
Achieva 3.0T) and an 8-channel knee-phased-array coil were
used for MRI.

Turbo spin-echo T2-weighted image parameters
were as follows: Repetition time (TR)=5,000 msec; echo
time (TE)=100 msec; slice thickness=2.0 mm; field of
view=74x74x42 mm?; and voxel size=0.3x0.3x2.0 mm?. DTI
data were acquired using a spin echo planar sequence with
TR/TE=2907msec/63 msec;b0=0sec/mm?;bl=1,000sec/mm?;
direction number=25,slice thickness=2.0 mm; number of signal
averages (NSA)=5; and field of view (FOV)=74x74x42 mm.

Post-image processing. Post-image processing was acquired at the
Extended MR WorkSpace workstation (version no. 2.6.3.5; Philips
Medical Systems Mr, Inc.) with the production of an FA map, an
ADC map and a 3D tensor tractography (3D-DTT) map. Since the
corpus callosum and external capsule of the rat have a continuous
white board layer, the dividing line between the two was unified
and defined as the following, according to brain stereotaxic
atlas: Inferior margin ligature of cingulate cortex (bregma +
1.60-0.92 mm), inferior margin ligature of fimbria hippocampi
(bregma-0.92-2.80 mm) and inferior margin ligature of hippo-
campi (bregma-2.80-5.30 mm) (13). The dividing line for the
corpus callosum and external capsule was the transverse ligature
of the inferior margin of hippocampi, based on which the external
capsule was divided into the left part and the right part (Fig. 2).

One radiologist with 8 years of neural imaging experience,
who was blinded to the experimental grouping, carefully delin-
eated the regions of interest (ROIs) of the corpus callosum, left
and right internal capsule, external capsule, and the pyramidal
tract, to acquire the FA and ADC values on the DTI image.
To increase the accuracy of the measured values, T2-weighted
image (T2WI) images were first merged with the corre-
sponding parameter maps, and then used to demonstrate the
margins of the freehand ROIs.

IHC. At 6,24 and 72 h, and 1 and 2 weeks post-injury, 3 rat
brains from each group from the remaining 15 rat brains were
extracted and fixed in 4% paraformaldehyde for 48 h at room
temperature. Following this, the brains were cryosectioned
at 5 ym for B-APP THC analysis, according to previously
published protocol (14). The IHC data were quantified indepen-
dently by two investigators from the corresponding locations
matching to the MRI data for correlation analysis via the
threshold of the normal staining intensity as determined by
the control staining. IHC quantification by each investigator
was averaged to represent the percentage of positive 3-APP
staining in the images (magnification, x400).

Morris water maze test. Morris water maze tests were
performed at 2 weeks post-injury to test learning and memory
deficits in the rats. The Morris water maze was comprised of
a video monitoring system, round water pool and safety plat-
form. The safety platform was at the 3rd quadrant. The water
temperature was 23-26°C. The video monitoring system was
used to film and record the incubation period (time required
to locate the platform) and track by which the rat locates the
safety platform. The rats were trained for 8 days. The first day
was used to get the rats accustomed to the water environment
without a safety platform. During the following 6 days, the
water level was raised by 1 cm to test each rat for 4 times
to locate the platform, with each test lasting 60 sec. If the
rat failed to locate the platform, the incubation period was
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Table I. Behavioral observation of rats of each group (n=25, mean + SD).

Recovery time (min) Group A Group B Group C P-value
Corneal reflex 28.50+5.72 39.50+4.79* 44 80+2.35*° <0.05
Hind paw reflex 42.80+4.50 52.80+8.27* 69.80+11.08*" <0.05
Righting reflex 58.10+7.14 80.80+11.16* 106.20+16.23*° <0.05
Wake-up time 56.84+8.43 76.54+10.85* 101.57+15.56*° <0.05

"P<0.05, compared to group A; °P<0.05, compared to group B.

recorded as 60 sec. The test on day 7 was conducted with the
removal of the safety platform and testing for 60 sec. The first
3 days comprised the training period and days 4-7 were used
to measure the incubation period while the rats were trying to
locate the safety platform. These were tests of the positioning
and navigation ability. On day 8, the safety platform was
removed and the times that the rats succeeded in crossing the
safety platform within 60 sec were recorded. Furthermore,
the percentage of searching time for the safety platform quad-
rant was recorded, which was a test of space exploring ability.

Statistical analysis. Statistical analysis was conducted by using
SPSS for Windows software (version no. 20.0; IBM, Corp.). Data
are presented as mean + standard deviation. One-way ANOVA
followed by Bonferroni's correction was used for multiple
comparisons. The correlation between two variables was
assessed by Pearson correlation analysis. Enumeration data are
presented as a percentage and compared using the y? test. P<0.05
was considered to indicate a statistically significant difference.

Results

Behavioral observation of rats in the acute stage of injury.
After injury, the rats developed limb convulsions, incontinence,
and apnea in varying degrees. Corneal reflex, hind paw reflex,
and righting reflex disappeared in all three injury groups.
The average recovery time of corneal reflex, hind paw reflex,
and righting reflex, and the wake-up time were significantly
different between group A and group B, and between group B
and group C (P<0.05; Table I). After waking, the rats showed
decreased activity, slow reaction, and unsteady walking.

DTI image and diffusion parameter analysis. There were no
obvious changes in the signal intensity or gray gradient in the
T2WI, FA map, and ADC map of the corpus callosum, bilat-
eral internal capsule, external capsule, and pyramidal tract of
each group.

Quantitative analysis of diffusion parameters showed
that FA values of the corpus callosum in each injury group
decreased from 6 h post-injury, reached the lowest level at 24 h
post-injury (P<0.05), and then started to recover. FA values of
the corpus callosum in the mild injury group A recovered to
normal level at 1 and 2 weeks post-injury, but did not recover
in group B and C (Fig. 3A). FA and ADC values of the bilateral
external capsule, internal capsule, and pyramidal tract in each
injury group showed no significant differences with those of
the control group (Table SI).

Figure 1. Schematic diagram of the DAI device. 1, pedestal; 2, actuating
cylinder; 3, the rat connector; 4, rotating part; 5, solenoid valve; 6, breather
pipe; and 7, swinging lever. DAI, diffuse axonal injury.

IHC results. THC staining in the corpus callosum of the injury
groups demonstrated changes consistent with white matter
damage (Fig. 4). The percentage of positive 3-APP staining in
the corpus callosum of group A, B, and C at each time point
post-injury increased compared with that of the control group,
and there was a significant difference between each injury group.
The percentage of positive 3-APP staining increased from 6 h
post-injury, reached the highest level at 24 h post-injury, and
then started to recover. The rats in group A recovered normal
B-APP levels at 2 weeks post-injury (Fig. 3B and Table II).

Correlation between [3-APP and FA values of the corpus
callosum. The correlations between the 3-APP and FA values
of the corpus callosum in group A, B, and C at 24 h post-injury
were analyzed. The results showed an obvious negative
correlation, with an r value of -0.723.

Result of the Morris water maze test.

Test of positioning and navigation ability. From the test of
positioning and navigation ability, it was found that in the 6-day
training period, the incubation period (time required to find the
platform) of the rats in each group decreased as the training time
increased. The incubation period of group B and C was longer
than that of the control group (P<0.05), whereas the difference
between group A and the control group was not statistically
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Figure 33

Figure 52

C Interaural 0.28 mm Bregma -872 mm

Figure 2. (A) Rat brain stereotaxic atlas for the corpus callosum, internal capsule, and external capsule. (B) The structures shown in MRI. (C) Rat brain

stereotaxic atlas for the pyramidal tract. (D) The structures shown in MRI.
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Figure 3. (A) Change trend of the FA value of the corpus callosum in each group at each time point. (B) Change trend of the 3-APP level in the corpus callosum
in each group at each time point. FA, fractional anisotropy; B-APP, f-amyloid precursor protein.

significant (P>0.05). The differences among groups A, B, and C
showed statistical significance (P<0.05; Table SII).

Test of space exploration ability. In the test of space explora-
tion ability, the platform searching ability of groups B and C
was poorer compared with that of the control group (P<0.05),
whereas the difference between group A and the control
group was not statistically significant (P>0.05). The differ-
ence among group A, B, and C showed statistical significance
(P<0.05). The times of crossing safety platform of the control
group and group A, B, C were 6.60+0.89, 6.20+1.09, 3.33+0.89,
and 1.67+0.82, respectively (Table SIII).

Trajectory chart analysis. During the training period, the rats
in the control group firstly sailed along the pool wall and then

along the diagonal line of the pool. Their motion track was
mostly a straight line. The injured rats spent longer time to sail
along the pool wall. In addition, the track that the rats used to
look for the platform was mostly curved (Fig. S1).

Correlation analysis for FA, 3-APP and learning and memory
deficits of the rats during the recovery stage. Correlations
among the FA, B-APP staining of the corpus callosum at 24 h
post injury and the results of crossing the safety platform
at 2 weeks post injury in group A, B, and C were analyzed. The
result showed an obvious positive correlation with an r value
of 0.881 between the FA and the results of crossing the safety
platform (Fig. S2A), and obvious negative correlation with an r
value of -0.931 between the 3-APP staining and the results of
crossing the safety platform (Fig. S2B).
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Table II. The percentage of positive B-APP staining of each group (n=3, mean + SD).

Time points Control group Group A Group B Group C

6h 4.31+0.19 6.92+0.58* 9.34+0.25* 9.86+0.17**
24 h 4.54+0.17 19.18+0.11* 24.29+1.00*° 28.70+1.21%*¢
72 h 4.44+0.38 14.16+1.53* 17.18+0.15*° 20.92+0.98*¢
1 week 4.50+0.26 8.65+0.10° 12.03+0.740 13.50+0.45%¢
2 week 4.68+0.31 4.97+0.34 11.52+0.33* 12.24+0.02%¢

*P<0.05, compared to the control group; "P<0.05, compared to group A; °P<0.05, compared to group B. -APP, B-amyloid precursor protein.

Figure 4. The positive B-APP staining intensity in the corpus callosum of each group (A) Control group; (B) mild injury group A; (C) moderate injury group B;

(D) severe injury group C. B-APP, 3-amyloid precursor protein.

Discussion

Diffuse axonal injury (DAI) resulting from impact-acceleration
forces, including linear, rotational, or some combination, is a
common cause of substantial neurological impairment. The
pathologies following DAI including primary axonal damage
and secondary degeneration, remain insufficiently character-
ized (15). Compared with widely used experimental models
of mild traumatic brain injury (mTBI), such us fluid percus-
sion (FP) and controlled cortical impact (CCI) systems, and
closed head injury (CHI) models, various other models have
been developed to increase rotational acceleration, which are
more clinically relevant to human head movement following
impact-related Mtbi (5,6,14). We simulated the DAI occurrence
mechanism with reference to Namjoshi et al (6) and Li et al (7)
injury devices and constructed an in-house rat model of DAI,
which enabled simultaneous and instantaneous extra-large
sagittal rotational acceleration and axial linear acceleration
at the head of the rat, with direct comparison to histopatho-
logically-confirmed axonal injury, as assessed by B-amyloid
precursor protein (3-APP), which normally traverses the length
of the axon and accumulates in response to injury (12). We
demonstrated previously that this model integrates histopatho-
logical and behavioral characteristics of DAI, without focal
injuries, such as skull fracture, hemorrhage, and surgery (8,16).

In the present study, the percentage of positive -APP
staining in the corpus callosum of group A, B, and C at each
time point post-injury increased compared with that in the
control group, and there was a significant difference between
each injury group, which demonstrated that the extent of
DALI that incurred using our in-house rat model was directly
proportional to the severity of injury.

DALI is usually irregular, without hemorrhage, and is diffi-
cult to detect on conventional CT or MRI, and mainly relies
on patient self-reporting for clinical diagnosis (17). Diffusion

tensor imaging (DTT) can detect the diffusion changes of water
molecules and the coherence of fibrous structures in patients
with DAI, which provides important information in vivo (9).
The fractional anisotropy (FA) value reflects the anisotropy of
water molecule diffusion, and is sensitive to axonal integrity.
The apparent diffusion coefficient (ADC) reflects the water
molecule diffusion characteristics, influenced by cellular
brain edema (CBE) (18). The results of the present study
showed that the FA value could reflect varying axonal injury
states over time, and was obviously correlated with the change
in 3-APP levels in the corpus callosum. The more severe the
axonal injury was, the higher 3-APP value and the lower FA
value would be. As an in vivo radiological parameter, the FA
value might replace B-APP, the early molecular marker of
DALI injury, to reflect the degree of early axonal injury.
Cognitive and behavioral deficits caused by DAI may persist
for months to years (19). Axonal injury of the brain centerline
and neural pathway are closely related to learning and memory
deficits (20). Kraus et al (3) and Lipton et al (21) reported that
DTI might determine the relationship between cognitive defi-
cits and TBI. However, it is difficult to predict the prognosis
of neural functional recovery after DAI at the early stage.
We detected significant differences in learning and memory
deficits between the injury groups, which demonstrated that
the more severe the injury the rats suffered, the worse were
their learning and memory deficits. Furthermore, an obvious
correlation between the FA value of the corpus callosum at
the early stage and learning and memory deficits of the rats
at the recovery stage were found, and both the FA value and
the learning and memory deficits of the rats in the mild injury
group could recover to normal levels after 2 weeks of follow
up. This suggested that DTI could predict the recovery of the
rat's learning and memory deficits at an early stage post-injury.
The present study had some limitations. First, the magnetic
field intensity of the 3T MRI machine is relatively low, making
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it difficult to obtain a clear image of small animals. Additionally,
if different pathology components coexist in one image voxel,
because of the partial volume effects, DTT measurement would be
affected, making accurate estimation of the diffusion parameters
difficult (22). Further evaluation of axonal injury, demyelination,
axonal loss, and inflammation with improved parametric diffu-
sion methods will be of interest to determine the overall water
molecule diffusion features of the white matter after DAI.

In conclusion, DTI provided complementary insight into
the underlying pathologies reflecting varying injury states
over time, and could be used to predict the neural functional
recovery at the early stage post-injury in a DAI rat model.
We propose DTI as a sensitive quantification method for
early-stage diagnosis and prognostic analysis of DAI.
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