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Traumatic brain injury (TBI) is a kind of severe brain injury characterized with a high
incidence rate and a high disability rate. Low-intensity transcranial ultrasound stimulation
(LITUS) is a promising neuroprotective method for improving the functional prognosis of
TBI. The fractional anisotropy (FA) value and mean diffusivity (MD) value can be sensitive
to abnormal brain structure and function and can thus be used to evaluate the effect of
LITUS on TBI. Our purpose was to evaluate the therapeutic effect of LITUS in a moderate
TBI rat model with FA and MD values. For our method, we used 45 male Sprague
Dawley rats (15 sham normal, 15 TBI, and 15 LITUS treatment rats). We used single-
shot spin echo echo-planar imaging sequences at 3.0T to obtain the DTI parameters.
Parameters of FA and MD on the treated side of the injury cortex were measured to
evaluate the therapeutic effect of LITUS in a TBI rat model. For FA and MD values,
groups were compared by using a two-way analysis of variance for repeated measures,
and this was followed by Tukey’s post hoc test. Differences were considered significant
at P < 0.05. The results were that the FA value in the LITUS treatment group at 1 day
after TBI was significantly higher than that in the control group (adjusted P = 0.0422) and
significantly lower than that in the TBI group at 14, 21, and 35 days after TBI (adjusted
P = 0.0015, 0.0064, and 0.0173, respectively). At the end of the scan time point, the
differences between the two groups were not significant (adjusted P = 0.3242). The MD
values in the LITUS treatment group were significantly higher in the early stage than that
in the TBI group (adjusted P = 0.0167) and significantly lower at the following time points
than in the TBI group. In conclusion, daily treatment with LITUS for 10 min effectively
improved the brain damage in the Controlled Cortical Impact (CCI)-caused TBI model.
FA and MD values can serve as evaluation indicators for the neuro-protective effect
of LITUS.
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INTRODUCTION

Traumatic brain injury (TBI) is a form of brain injury caused
by trauma, and it has a high incidence and a high rate of
disability. Recent epidemiological studies have shown that more
than 40 percent of people experience varying degrees of TBI,
from mild to severe forms, during their lifetime (Zetterberg
et al., 2013; Williams et al., 2018). TBI can lead to several
forms of neurological dysfunction, including motor impairment,
personality changes, vascular dementia (VaD), and Alzheimer’s
disease (AD). There is also a positive correlation between the
degree of injury and the severity of complications. Therefore, it is
important to research and implement efficient interventions for
TBI in order to reduce the abovementioned complications (Scott
et al., 2009; Hayes et al., 2017; Kowalski et al., 2017).

In recent decades, the development of low-intensity pulsed
transcranial ultrasound (LITUS) has made great strides in the
field of neurotherapy. LITUS uses low-energy sound waves
to penetrate the skull and skin in a non-surgical condition,
focusing on a precise area in the brain and thereby regulating
neural activity. Compared to other physical therapy technologies,
ultrasound therapy has several advantages including accurate
focusing and ease of use. It, therefore, has the potential to be
utilized as a safer clinical application of continuous therapy.
Studies have demonstrated LITUS’s regulatory effects on epilepsy,
depression, anxiety, and other neurological disorders (Stuart
et al., 2013; Panczykowski et al., 2014). Our previous study found
that LITUS has a regulatory effect on the diffusion of brain water
molecules, and this leads to a change in the apparent diffusion
coefficient (ADC) value of brain tissue in the LITUS stimulation
region (Yuan et al., 2017). Recent studies have shown that LITUS
brain stimulation can awaken patients with severe post-TBI
consciousness disorders, and patients can recover successfully
under ultrasound stimulation (Monti et al., 2016). Therefore,
LITUS is a promising type of physical therapy for brain trauma.

Current commonly used clinical indicators for the diagnosis
of TBI and evaluation of its prognosis include the Glasgow
scale evaluation and imaging examinations (mainly CT). Clinical
practices, however, have demonstrated that these evaluation
indicators are not always ideal for the diagnostic and prognostic
prediction of TBI patients. The severity of TBI is assessed using
the Glasgow coma scale. This method can rapidly determine the
degree of consciousness disturbance in patients with TBI and
predict the prognosis of patients by assessing the opening of eyes,
reaction time, and speech. However, this scaling method is subject
to patient bias and does not reflect the functional status of the
brain stem. It is also difficult to evaluate children, the elderly,
and patients with endotracheal intubation (Joseph et al., 2015).
CT is the most commonly used imaging method to evaluate
post-TBI. However, TBI does not only cause pathological changes
at the macro level, such as local brain tissue contusions and
bleeding, but also cause pathological changes at a micro level,
such as axonal fractures and microhemorrhages (Immonen et al.,
2009; Wei et al., 2012). CT fails to detect these microlesions and
often underestimates the degree of injury in patients (Le and
Gean, 2010). With the development of imaging technology, many
researchers have found MRI to accurately evaluate brain tissue

damage after TBI, and its application value in TBI has garnered
a great deal of attention. Recently, researchers have found that
LITUS greatly improves the degree of cerebral edema in TBI rats
(Su et al., 2015, 2017a,b). However, their study only used the
T2WI imaging method commonly used in animal studies and has
limited sensitivity to the injury of brain fiber bundles commonly
observed in TBI. As an emerging fiber imaging technology,
magnetic resonance diffusion tensor imaging (DTI) enables
researchers to quantify the signal data of diffusion anisotropy
by measuring such parameters as mean diffusivity (MD) and
fractional anisotropy (FA), in order to show the damage to white
matter fiber bundles caused by damage (Cascio et al., 2007).
Focal or diffuse axonal discontinuity in the brain, caused by
trauma, is the key reason behind brain neuropathy and cognitive
changes (Xiong et al., 2014). Therefore, DTI examination is of
great value in the diagnosis and prognosis of TBI. This study
treated TBI model rats with LITUS and evaluated the efficacy
using FA and MD values.

MATERIALS AND METHODS

Rats
Forty-five male Sprague Dawley rats with an average weight of
250 g and an average age of 2 months were randomly divided
into three groups (see below). Animals were housed at 20–22◦C
in 60% air humidity and with ad libitum access to food and
water. All rats were given sodium pentobarbital (3%, 5 mg/100 g,
IP, Cat.No.P8410, Beijing Solarbio Tech Co., Ltd.) prior to
surgery. The experimental conditions were in accordance with
the international ethical statutes and law for the protection of
animals and were approved by the Medical Ethics Committee of
Qinhuangdao First Hospital.

Forty-five rats were randomly divided into 3 groups. Rats in
the TBI group (n = 15) received a Controlled Cortical Impact
(CCI) operation at the beginning of the study. The model of
moderate TBI in rats was established by the Feeney free fall device
(eCCI Model 6.3; Custom Design, Richmond, VA, United States).
The impact device had several parameters: the impact hammer
weight was 21 g, the impact pipe length was 26 cm, the impact
bar diameter was 4.6 mm, and the end extended 4 mm beyond the
lower edge of the catheter. Freefall blows using these parameters
results in moderate traumatic brain injury (Pan et al., 2019).
Humane care was given to the rats according to the 3R principles
of experimental animals, and the rats were weighed according to
the aseptic operation procedures. Rats were anesthetized using an
intraperitoneal injection with 10% chloral hydrate 4 ml/Kg and
kept warm by light. The rats were fixed to the operating table,
the hair on the scalp was cut off, and the skin was sterilized with
75% alcohol. An opening was cit 1.5–2 cm long along the parietal
bone, and skin was removed to expose the parietal bone. A small
hole was created with a diameter of 5 mm at the skull 2.5 cm to
the right of the midline and 1.5 cm behind the anterior fontanelle
(keep the dura intact). The dura mater was then struck with the
tip of the Feeney free fall device. The hammer lifted immediately
after the blow. If bleeding occurred during the operation, a cotton
swab was used immediately to provide pressure to stop bleeding.
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The surgical field was cleaned, and the incision was sutured
immediately. The rats were first transferred to a thermal pad and
then returned to the cage after physical activity. Rats in the LITUS
treatment group (n = 15) received the same operation. After the
CCI operation, the rats were then treated with LITUS stimulation
once a day for 42 days. The details of the LITUS methods are
described below in section “LITUS Protocol.” Rats in the Sham
Control group (n = 15) received a scalp incision and cranial
drilling without any CCI operation or LITUS stimulation.

LITUS Protocol
The pulsed ultrasound setup was similar to that used in our
previous study (Liu et al., 2019). As shown in Figure 1, two
function generators (AFG3022C; Tektronix, United States) were
used to generate ultrasonic pulse signals, which were then
amplified by power amplifiers (E&I240 L; ENI Inc., United States)
and transmitted to ultrasonic transducers (V301-SU; Olympus,
Japan). The LITUS then collimated to the rat brain. The area
of the unfocused ultrasound transducer was 3.5 cm2. The total
stimulation duration was 10 min with 200 trials. The ultrasound
fundamental frequency (FF) and pulse repetition frequency
(PRF) were 500 and 1 kHz, respectively. The ultrasound
stimulation duration (SD) and tone-burst duration (TBD)
parameters were 400 and 0.5 ms, respectively. The ultrasound
pressure was measured by a calibrated needle-type hydrophone
(HNR500, Onda, Sunnyvale, CA, United States), and the spatial
peak and pulse-average intensity (Isppa) was 2.6 W/cm2.

MR Image Acquisition
The rats were scanned using a 3.0-Tesla Siemens TIM Verio
Scanner (Siemens Medical Solutions, Erlangen, Germany) at days
1, 7, 14, 21, 28, 35, and 42 after TBI. Special animal MRI coils
(4 channel high resolution, diameter 50 mm, P/N 10-F04885,
Shenzhen RF Tech Co., Ltd.) were used in this study. Each rat
head was held by a specific method: a string was tied to the
incisors of the rats, and the other end of the string was tied
to a water phantom to ensure that the head could not move
during the scanning. All rats were given sodium pentobarbital
(3%, 5 mg/100 g, IP, Cat.No.P8410, Beijing Solarbio Tech Co.,
Ltd.) prior to the MR scan. The image quality was analyzed after
the MR scanning; if the rat’s head moved during the scanning, the
scan was repeated 2 h later with an additional suitable amount of
anesthetics. Below are detailed parameters of the MR sequences.

Axial T2WI
For the MR parameters, slices were aligned parallel to the
anterior/posterior line with various settings: TR = 4000 ms,
TE = 113 ms, flip angle = 150◦, average = 6, FOV = 80 × 80 mm,
voxel size = 0.3 × 0.3 × 2.0 mm, data matrix = 192 × 192, slice
thickness = 2.0 mm, and the number of slices = 10 (total scanning
time = 3 min 18 s).

Resolve-DTI
The RESOLVE technique was performed to acquire DTI images.
For the MR parameters, slices were aligned parallel to the
anterior/posterior line with the following settings: TR = 2000 ms,
TE = 100 ms, flip angle = 150◦, FOV = 124 × 124 mm,

voxel size = 2.3 × 2.3 × 2.0 mm, data matrix = 64 × 64,
slice thickness = 2 mm, number of slices = 10, diffusion
directions = 20, b-values = 0, and 1,000 s/mm2, respectively
(total scanning time = 17 min 12 s). A multi-segmented k-space
filling technique was used in this sequence, which reduced the
echo spacing of two adjacent echoes. At the same time, an
echo navigation technique and a motion threshold monitoring
technique were used to improve the image quality.

MR Image Post-processing and Analysis
Imaging analysis was carried out using a prototype software
on a workstation (Siemens Verio 3.0T MR Leonardo 3682).
All rats were given sodium pentobarbital (3%, 5 mg/100 g, IP,
Cat.No.P8410, Beijing Solarbio Tech Co., Ltd.) prior to the MR
scan. The FA and MD parameter maps of rat brains were co-
registered with T2WI rat brain images for the exact identification
of the damaged cortex and contralateral mirrored area. Two
independent radiologists, with 10 years of experience in neural
MRI, were blinded to the animal grouping and placed circular
regions of interest (ROIs) measuring 0.30–0.60 cm2 in the center
of the damaged cortex on T2WI rat brain images for the TBI
(Figure 2). The FA and MD image maps were strictly co-
registered with the T2WI images to accurately measure the FA
and MD values of the damaged area. For the LITUS treatment
group, the FA and MD values were measured using the same
method for the exact identification of the cortex. For the control
group, the same position of cortex was selected. In addition to
the focal lesion, FA and MD values at the contralateral mirrored
cortex were also measured using the same method to verify
the stability of FA and MD parameters. The mean values of
repeated measurements of the two sides were used in the final
analysis. Edema volumes of TBI and LITUS treatment groups
were assessed from T2-weighted images by summing up the
edema area measured from six slices and multiplying by the
slice thickness.

Immunohistochemical Staining
After the last MR scan (42 days after TBI modeling), the rats were
sacrificed under ether anesthesia and the brains were collected for
HE and Nissl staining.

HE Staining
After the sections were dewaxed by xylene, the sections were
dehydrated with gradient alcohol and stained with hematoxylin
dye for 1–2 min. The nuclei were then stained with hematoxylin
for 5 min, and then washed again. After staining with an
eosin solution for 10 min, the samples were dehydrated with
gradient alcohol and sealed with neutral gum. The samples were
then subjected to microscope observation, photographed, and
archived. Each stained section was examined by a research team
member with over 10 years’ experience using light microscopy.

Nissl Staining
Brains from the three groups were removed intact and fixed in
4% paraformaldehyde overnight at 4◦C and then placed in the
cryoprotection solution of 30% sucrose for 2–3 days at 4◦C until
they were no longer buoyant. Coronal sections were made with
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FIGURE 1 | (A) LITUS system, two connected function generators were used to generate pulsed signals. The pulsed signal from the second generator was
amplified by a linear power amplifier and transmitted to an unfocused ultrasound transducer. The ultrasound transducer was connected to the rat skin by a conical
collimator with a diameter of 10 mm that was filled with ultrasound coupling gel. (B) Stimulation position and CCI position. (C) Time schedule of ultrasound
stimulation and the parameters of the ultrasound.

FIGURE 2 | (a) T2-weighted image. (b) Fractional anisotropy map. (c) Color fractional anisotropy map. (d) Mean diffusion map. ROI of injury area (red circle in A) was
chosen on axial T2-weighted image with which the fractional anisotropy map and T2-weighted image co-registered.

reference to bregma: they started from 1 to 2 mm behind the
anterior fontanelle and cut on a cryostat (−20◦C) at a thickness
of 8 µm and were mounted on slides. Neuronal density was
quantified using Nissl staining with Cresyl violet. Frozen slides
were air-dried for 1 h, stained in Cresyl violet solution (0.1%
Cresyl violet) for 5 min, rinsed in distilled water, incubated in
95% ethyl alcohol for 15 min, dehydrated in 100% alcohol for
5 min twice, twice cleared in xylene for 5 min, and then mounted
by resinous medium for the quantification. Each stained section
was examined by a research team member with over 10 years of
experience using light microscopy.

Immunohistochemical Staining Image Analysis
Stainings were scored according to the procedure described
by Axiotis et al. (1991), with minor modifications. Twenty

high-power fields were randomly chosen for each cortex
of the rats in the three groups. The percentage of Nissl
cells and intensity of immunostaining were assessed by two
independent immunologists with 10 years of experience.
TH immunostaining was semi-quantitatively expressed as the
percentage of TH+cells: 0, 0–10%; 1+, 11–25%; 2+, 26–50%;
3+, 51–75%; 4+, and 76–100%. It was also expressed as
intensity of immunostaining: 1+, weak staining; 2+, moderate
staining; 3+, and strong staining. The results of these two
scoring methods were added to create grading scores: 0–
2 representing weak expression, 3–5 representing moderate
positive expression, and 6–7 representing the strongest positive
expression. The mean values of the 20 high-power fields were
also calculated, and the results were rounded to the nearest
whole number.
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Behavioral Tests
The neuroscore showed that Mice were scored from 4 (normal)
to 0 (severely impaired) for (1) forelimb function while walking
on the grid and flexion response during suspension by the tail;
(2) hind limb function while walking on the grid and extension
during suspension by the tail; and (3) resistance to lateral right
and left push. The best score possible was 12.

Statistical Analysis
Statistical analyses were performed using standard software
packages (GraphPad Prism version 7.00, La Jolla, CA,
United States). Data are presented as mean ± SD. The normality
of the data was tested and confirmed by Shapiro–Wilk tests.
The intraclass correlation coefficients of the repeated two-time
measurements were calculated. For the neuroscore, the FA and
MD values, groups were compared using a two-way analysis of
variance for repeated measures followed by the Tukey’s post hoc
test. For histological analysis, groups were compared using
the unpaired t-test. Differences were considered significant
at P < 0.05.

RESULTS

All the intraclass correlation coefficients of measured results
from the two radiologists were greater than 0.8, which
indicates a good correlation. The average values of repeated
measurements of FA and MD values were taken as the final
values of FA and MD.

FA and MD Values Dynamically Evaluate
the Recovery of Brain Injury Rats
FA of Injury Cortex in TBI, LITUS Treatment, and
Sham Control Groups
For the Sham Control group, the FA value did not change
at each time point, and the curve remained constant. For the
TBI group, compared to the sham control group, the overall
FA value showed an increasing trend in the early stage and
a decreasing one in the later stage. FA value at 1 day after
injury was significantly higher than that in the sham control
group (adjusted P = 0.0202), which slowly decreased over time
and was significantly lower than the normal rats (adjusted
P = 0.0014) at the end of the scan (adjusted P = 0.0202). In
the LITUS treatment group, the FA value at 1 day after TBI
was significantly higher than that in the control group (adjusted
P = 0.0422), and the FA value at days 14, 21, and 35 after TBI
were significantly lower than that in the TBI group (adjusted
P = 0.0015, 0.0064, and 0.0173, respectively). At the end of
the scan time point (day 42), the differences between the two
groups were not significant (adjusted P = 0.3242) (Figure 3A and
Supplementary Table 1).

MD of Injury Cortex in TBI, LITUS Treatment, and
Sham Control Groups
Similar to the FA value curve for the sham control group,
the MD value did not change at each time point, and the

curve remained constant. Compared to the sham control group,
MD value in the TBI group showed a significant decrease
during the early stage and a significant increase in the late
stage. MD value was significantly decreased 1 day after injury,
which was lower than that in the Sham Control group and
the LITUS treatment group (adjusted P = 0.0167 and 0.0007,
respectively). A slight increase in MD value was observed at
day 7 and was significantly higher than that in the normal
group at all subsequent time points. In the LITUS group, the
curves were similar to those in the sham control group, which
were significantly higher in the earlier (day 1) stage than in the
TBI group (adjusted P = 0.0167), and significantly lower at the
subsequent time points than in the TBI group (Figure 3B and
Supplementary Table 2).

FA and MD of Contralateral Mirror Cortex in TBI,
LITUS Treatment, and Sham Control Groups
By measuring the FA and MD values of cortex of the same
brain region on the contralateral mirror cortex, we found that
there was no significant difference in FA and MD between
TBI, LITUS, and Sham control groups (all adjusted P > 0.05).
At the same time, the values of FA and MD in the three
groups were stable in the baseline state, without any increase
or decrease (Supplementary Tables 3, 4). The results laterally
confirmed the reliability of FA and MD measurements on
the lesion side.

FA and MD Values at the Focal Lesion and
Contralateral Mirror Cortex in TBI, LITUS Treatment,
and Sham Control Groups
For the TBI group, FA values of the focal lesion were
higher than that of the contralateral mirror cortex at day
1, 7, 14 and 21 (adjusted P = 0.0014, 0.0001, 0.0001, and
0.0015, respectively). MD values of the focal lesion were
higher than contralateral mirror cortexat day 1 (adjusted
P = 0.0006) and lower than that of the contralateral side
at days 14, 28, 35, and 42 (adjusted P = 0.0431, 0.0456,
0.0270, and 0.0165, respectively). For the LITUS treatment
group, there was a significant difference in FA value for day
1 (adjusted P = 0.0174), but no difference at other time
points. There was no significant difference in MD value at
each time point. For the Sham control group, there was no
significant difference for FA and MD values between the focal
lesion and the contralateral mirror cortex at each time point
(Supplementary Tables 5, 6).

Brain Edema Volume of Injury Cortex in TBI and
LITUS Treatment Groups on T2WI
The volume of edema in the TBI and LITUS groups was
10.2 ± 5.7 and 17.6 ± 7.4, respectively, 1 day after CCI
(adjusted P = 0.0003). Then the volume of brain edema
increased with time. At 42 days, it was 53.3 ± 17.9 and
38.9 ± 19.8, respectively (adjusted P = 0.0452). During
the whole observation period, the edema volume of
LITUS group was always smaller than that of LITUS
group. Neurological function score dynamically display the
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FIGURE 3 | (A) Trends of FA values in the injury cortex. (B) Trends of MD values in injury cortex. Two-way ANOVA for repeated measurements, followed by Tukey’s
post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, sham control vs. TBI. #P < 0.05, ##P < 0.01, ###P < 0.001, and ####P < 0.0001, TBI vs.
LITUS treatment. Mean ± SD, n = 15.

FIGURE 4 | Effects of LIPUS treatment on brain edema in TBI rats. Representative T2-weighted MRI images at days 1, 7, 14, 21, 28, 35, and 42 post-TBI. The
damaged area is defined as a hyperintense region over the right cortex, indicating edema formation (*P < 0.05, ***P < 0.001, ****P < 0.0001, n = 15).

recovery of motor function in rats during the observation
period (Figure 4).

Neurological Function Score Dynamically
Display the Recovery of Motor Function
in Rats During the Observation Period
Regarding the neuroscore in TBI, LITUS treatment, and Sham
Control groups, for the control group, a baseline was maintained

for 1–42 days with an average score of 11.733 to 11.933 at
each time point. The scores of the TBI group and LITUS group
were significantly decreased at the initial time point (day 1),
3.533 ± 1.187 and 4 ± 0.756, respectively. Within 1 to 14 days,
scores improved in both the TBI group and the LITUS group,
with the latter group showing significant improvement. After day
14, the TBI group’s score barely changed from 6.733 to 6.933,
while the LITUS treatment group’s score improved gradually
and finally reached 10.2. Statistical analysis showed that there
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were no statistically significant differences in neurological scores
between the LITUS treatment group and the TBI group at day 1
(adjusted P = 0.2966), but significant differences were observed
between the three groups at all other time points (all adjusted
P < 0.0001, Figure 5).

Immuno-Histochemical Nissl Staining
Forty-two days after CCI in the TBI group, clear neurons
edema was observed alongside a reduced number of cells, sparse
arrangement, increased cell space, reduced cytoplasmic Nissl
bodies, and unclear boundaries, and they were dyed light blue.
Furthermore, the damaged area of the TBI rats was larger than
that in the LITUS treatment group. The Nissl substance density
was reduced closer to the CCI point, and the mean staining scores
of the eight rats were all between two and three. However, for
the treatment group, nerve cells in the damaged area of rats were
arranged in a dense and orderly manner, with abundant Nissl
bodies in the cytoplasm, dark blue Nissl bodies in the cerebral
cortex with light blue nuclei and a light blue background. The
mean staining scores of rats in the LITUS treatment group were
between five and six. The mean staining score for the Sham
Control group was seven, indicating a normal nucleus in these
cells (Figure 6).

DISCUSSION

In this study, LITUS stimulation was performed in a rat model
of moderate TBI. We chose this moderate TBI model instead of
mild or severe TBI models because mild brain injury is milder
and often accompanied with atypical clinical and pathological
manifestations, which can recover by themselves after a period
and thus interfere with the evaluation of LITUS treatment (Wei
et al., 2012). For the severe TBI model, the degree of brain injury
was severe, and the mortality of rats was quite high, and LITUS
treatment is not always guaranteed to work (Le and Gean, 2010).
Therefore, these two models were not selected in this study.
Moderate TBI model rats often have difficulties in recovery and
exhibit an appropriate degree of neurological damage, which is
suitable for evaluating the treatment of LITUS (Pan et al., 2019).

Diffusion tensor imaging in brain tissue water based on
molecular diffusion differences in multiple directions can
quantitatively measure the reaction degree of brain edema.
Various diffusion-sensitive parameters, such as FA, MD, axial
diffusivity (AD), and radial diffusivity (RD), can be calculated to
reflect the restricted movement of water molecules at different
directions. AD and RD are only considered for axial or radial
diffusion. As the analyzed areas are in the cortex, where there
is no preferential diffusion direction, AD and RD were not well
defined. We therefore used FA and MD there. Previous studies
have also shown that traumatic brain injury can lead to significant
changes in FA and MD values; therefore, these two indicators
can be used to evaluate TBI (O’Phelan et al., 2018). In addition
to evaluating cerebral edema, it can also reflect the integrity of
white matter fiber bundles and evaluate the damage of brain
tissue after trauma. We also measured the FA and MD values
in the contralateral mirror region and found that there was no

FIGURE 5 | Trends of neuroscores of TBI, LITUS treatment and Sham Control
groups. Two-way ANOVA for repeated measurements, followed by Tukey’s
post hoc test. ****P < 0.0001, sham control vs. TBI. ##P < 0.01,
###P < 0.001, and ####P < 0.0001, TBI vs. LITUS treatment. Mean ± SD,
n = 15.

difference in FA and MD values between the groups and they
remained in the baseline state, which confirmed the reliability of
FA and MD values in evaluating the development of TBI and the
effect of LITUS treatment.

In this study, we observed DTI data at multiple consecutive
time points to fully reflect the pathological changes from the acute
stage to a chronic stage in the rat model of TBI and avoid the
one-sided conclusion that may be caused by a single time point
study. We found that, in the early days after TBI (1–7 days),
the FA value increased and the MD value decreased in the brain
injury areas. Previous animal studies confirmed that the MD
value of traumatic brain tissue continued to decrease between
60 min and 7 days after injury, and the pathological change
was the main obstacle of extracellular water diffusion caused by
cytotoxic edema. Similar findings have been replicated in human
studies (Marmarou et al., 2006). Eierud et al. (2014) found that
the FA value increased significantly and the MD value decreased
significantly within 1 week after acute brain trauma, suggesting
that the acute brain tissue was dominated by cytotoxic edema;
additionally, since the extracellular space was narrowed, it lead to
an increase in the FA value. However, the axoplasmic transport
disorder in brain tissue results in a decrease in the MD value
(Eierud et al., 2014). Bazarian et al. (2007) and Wilde et al. (2008)
also found that, in addition to the changes in the FA and MD
values in the lesion area, the differences between the FA and MD
values in non-injured areas, such as the corpus callosum, can be
accurately detected in some patients with acute TBI, indicating
that DTI imaging can be used as a reliable method to evaluate the
degree and scope of traumatic brain injury.

In this study, the FA value exhibited a decreasing trend during
the recovery stage after injury, while the MD value gradually
recovered. The reason may be that the FA value decreased and
MD value increased with the widening of extracellular space
caused by neuron apoptosis, myelin loss, and vasogenic edema.
We found that the number of neurons in the TBI rats was
significantly reduced by Nissl staining and that the staining was
light, which confirmed the significant neuronal injury caused by
TBI. O’Phelan et al. (2018) recent human study found that, while
some patients with moderate TBI exhibited no abnormalities
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FIGURE 6 | Histopathology in the ipsilateral cortex 42 days after TBI. Representative images of cresyl violet stained neurons (A), Nissl staining of rat brains of TBI,
LITUS treatment, and Sham Control groups at 42 days after injury. Compared to Sham Control rats, there were clear neuron edemas, the number of cells reduced,
sparse arrangement, increased cell space, reduced cytoplasmic Nissl bodies, unclear boundaries, and some were dyed light blue in the TBI group. For the treatment
group, nerve cells in the damaged area of rats were arranged in a dense and orderly manner, with abundant Nissl bodies in the cytoplasm, dark blue Nissl bodies in
the cerebral cortex, light blue nuclei, and a light blue background (C). The mean staining scores of rats in the LITUS treatment group were all between 5 and 6. The
mean staining score for the Sham Control group was seven, indicating the structure of a normal nucleus in these cells (B). Bar, 50 µm. Data are mean ± SD, n = 15.
Unpaired t-test, ***P < 0.001.

in structural MR images, the researchers found, through the
quantitative DTI study, that they had extensive microstructural
damage in the white matter fiber bundle area and deep nucleus
group. Moreover, their FA value was significantly lower than
the control group, while their MD value was significantly higher
than the control group (O’Phelan et al., 2018). Previous studies
have found that, for patients with moderate-to-severe TBI,
pathological changes in the acute phase may persist for a long
time, and progressive axonal degeneration may be detected
several years after injury (Tal et al., 2017). de Lanerolle et al.
(2015) confirmed this view in 43 moderate TBI patients and
further found that in the chronic phase, moderate TBI patients
with a poor prognosis than those with a good prognosis showed
a lower FA and a higher MD value. They also proved that that
DTI is a powerful method to predict the cognitive dysfunction
of moderate TBI (de Lanerolle et al., 2015). In this study, the FA
value in the TBI group was significantly lower than the control
group at day 42, while the MD value did not show any such
changes. From the perspective of animal studies, it was confirmed
that the FA value might be more sensitive than MD value in
evaluating long-term prognosis of TBI, suggesting that the FA
value can accurately evaluate the integrity of large white matter
fiber bundles (Lipton et al., 2012). Previous clinical studies have
also used susceptibility weighted imaging (SWI) and other means
to detect cerebral micro hemorrhage and indirectly assess the
degree of axolock injury; however, none of them are more direct
than DTI (Zappala et al., 2012; Toth et al., 2018).

According to a literature report, many theories have
contributed to the pathogenesis of traumatic brain injury
(TBI), such as blood brain barrier destruction, calcium
channel dysfunction, brain microcirculation disturbance, energy
metabolism abnormality, etc. None of the above theories can
fully explain the pathogenesis of TBI (Zhang et al., 2018; Li
et al., 2019; Svedung Wettervik et al., 2020). This is because the
mechanism of TBI is the result of comprehensive action of many
factors mentioned above. For example, cerebral microcirculation
disturbance can aggravate ischemia and hypoxia, decrease
ATP synthesis, and destroy blood–brain barrier. In addition,
the increase in monoamine neurotransmitters, glutamic acid,
nitric oxide, bradykinin, endothelin, and arachidonic acid also
participate in the occurrence and development of traumatic brain
edema (Li et al., 2015; Kozlov et al., 2017; Treble-Barna et al.,
2017; Armstead and Vavilala, 2019; Morris et al., 2019). No matter
what the pathogenesis of TBI are, the brain tissue edema and
nerve fiber damage will occur, which will cause the FA value to
decrease and the MD value to increase in DTI (Hanks et al.,
2019). Therefore, if the FA value increases after an injury, it
generally indicates that the injured nerve fibers have begun to be
repaired, and its integrity has begun to be restored; otherwise, it
indicates that the brain tissue edema and the nerve fiber damage
is being aggravated. In similar mechanisms, a decrease of MD
value also indicates the decrease of edema, which generally means
an alleviation of TBI; otherwise, it generally indicates that the
edema is increasing and the TBI is being aggravated.
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LITUS, as a rapidly developing encephalopathy physiotherapy
in the last 10 years, has unique advantages in the treatment
of epilepsy, brain degenerative diseases, and mental diseases
(Hameroff et al., 2013; Panczykowski et al., 2014; Tsai, 2015).
It can affect the living environment of neurons by regulating
molecular signal transduction, enhancing the expression of
nutrients, and regulating the release of neuro-electrical signals.
Previous researchers have mostly explored the regulatory effects
of LITUS at the pathological and molecular levels. Our previous
studies have found that LITUS can carry on the regulation
of the brain microenvironment, and, by further application
LITUS model of middle cerebral artery embolization treatment
in rats, we found that early application LITUS could alleviate
the occurrence of cytotoxic brain edema after acute cerebral
infarction, and its mechanism may be through the expression
of BDNF. This study further explored the therapeutic effect of
LITUS on TBI from a neuroimaging perspective. In our study,
we found that FA values increased and MD values decreased in
the early stage (1 day after injury) of the LITUS treated group.
With the increase of treatment times and the accumulation of
treatment effects, FA and MD values gradually reached a similar
level without significant difference compared to contrlateral
healthy side at the end of the study. The changing trend of FA
and MD values was consistent with the therapeutic effect of
LITUS, where LITUS has been confirmed in previous studies
to inhibit neuronal edema, apoptosis, and gliosis by enhancing
the expression of neurotrophic factors and other substances
through neuron staining method (Su et al., 2015, 2017a). Through
our study, we found the DTI-derived parameters FA and MD
may play a role as potential bio-markers in evaluation of
the therapeutic effect of LITUS. In addition, we found that
compared to TBI rats, the nerve score of the treatment group was
significantly better than that of the injury group. Meanwhile, we
used Nissl staining to confirm that, in contrast to the obvious
damage of TBI rats’ neurons, LITUS treatment can alleviate
the degeneration of neurons and play a neuroprotective role.
These two results combined suggested that continued LITUS
therapy improves the behavioral and histopathological outcomes
of rats with TBI.

Previous animal studies have shown that the subcellular
changes in local nerve tissue, caused by brain trauma, are often
reversible in causing focal neurological deficits (Pasco et al.,
2007). This serves as a structural basis for LITUS regulation.
As for the mechanism of LITUS regulation on TBI, research
conclusions are not consistent. Some researchers believe that
LITUS can promote the opening of the blood–brain barrier
and thus reduce the infiltration of inflammatory cells (Su et al.,
2017b). They found that early application of LITUS stimulation
could significantly reduce the expression of brain injury-related
proteins in TBI mice, improve BBB permeability, and prevent
the common sequential inflammatory response in the brain after
TBI, thereby also improving the long-term prognosis of TBI mice
(Su et al., 2017b).

Cellular and molecular changes can be caused by LITUS.
LITUS may promote the rehabilitation of TBI at both cellular
and molecular levels. At the cellular level, researchers believe
that LITUS can regulate cell function at the ultrastructural level.

When TBI occurs, the axon membrane calcium ion channel
under the action of mechanical force is triggered, which leads to
calcium influx caused by a variety of dependent on the enzymatic
reaction of Ca2 +, functional and structural damage to the
axonal cytoskeleton, altered axoplasmic transport, and swelling
in the axon. LITUS can work on drawing a form of calcium
channel, which leads to increased divalent calcium and thereby
decreasing calcium current. This can improve the function of
the calcium pump, inhibition of axonal injury, and lead to
decreased FA values. In addition, LITUS can also regulate the
dysfunction of Na + -k + pump on the axial membrane, inhibit
cytotoxic edema, and increase MD values (Buki et al., 1999).
At the molecular level, some researchers have pointed out that
LITUS is modulated by the regulation of the transduction of
molecular signals and the enhancement of the expression of
neuronutrients like BDNF. By monitoring ion conductance and
exocytosis of prominent vesicles, Reher et al. (1999) found that
LITUS could affect nerve function by modulating the generation
and transmission of cell signaling molecules. Subsequent studies
have found that LITUS can stimulate the production of various
cytokines, such as bFGF, TGF-b, BMP-7, VEGF, and igf-1 (Reher
et al., 1999; Naruse et al., 2003; Mukai et al., 2005; Sant’Anna
et al., 2005), thus specifically affecting nerve growth and survival,
axonal guidance, and angiogenesis. In addition to promoting
the transfer of molecular signals, LITUS can also promote the
expression of BDNF. Chen et al. (2018) found that LITUS
pre-stimulation could increase the expression of BDNF, thus
preventing degenerative damage to neurons. It is well known that
the increased expression of BDNF can promote the recovery of
nerve function, reduce the production of oxygen free radicals,
and prevent cerebral edema (Chen et al., 2018).

However, up to now, researchers still argue over the regulatory
mechanism of PD. FA and MD values adopted in this study reflect
the integrity of nerve axons and the state of cell edema to a
certain extent. Therefore, we believe that LITUS could play an
important role in promoting anti-axonal injury and inhibiting
brain edema. Given the multiplicity of LITUS’ neuro-regulatory
mechanisms, LITUS is likely to regulate the rehabilitation
process of brain trauma from multiple dimensions. This study,
mainly from the perspective of neuroimaging, has verified the
significant effect of continuous LITUS application on promoting
neurological rehabilitation and has provided evidence for its
possible mechanism.

There are a few limitations to this study. First of all,
although special rat coils were used in this study for image
collection, the MR equipment was a 3T MR machine instead of
a magnetic resonance machine for small animals, and this lead
to unsatisfactory imaging quality, which was one of the main
limitations of this study. Second, all the ROIs were detected
manually, and, therefore, the location and size of the ROIs may
have differed between rats or groups in the present single-layer
measurement. Third, due to the limitation of the experimental
condition, the brain injury area could not be divided into central
and surrounding areas and thus measured separately, which may
have compromised the quality of our results. However, with
advances in MR and image processing techniques, DTI may play
a more important role in monitoring and evaluating the efficacy
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of drug therapy in the future. We also found that, although LITUS
could promote the recovery of neurological function scores in
rats, we only used a single fixation of the therapeutic parameter.
Therefore, in the studies study, one should try to optimize the
parameters of ultrasound stimulation or combine them with
other drug treatments in order to further improve the efficacy of
ultrasound stimulation.

CONCLUSION

In conclusion, this study demonstrated that treatment with
LITUS daily for 10 min effectively improve the brain damage
via multiple methods as DTI parameters, a neuroscore, and
Nissl’s Staining in a CCI-caused TBI model. LITUS treatment can
prevent nerve fiber apoptosis, maintain the integrity of the myelin
sheath, and improve the functional prognosis of TBI. These
findings suggested that LITUS treatment may be potentially used
to prevent TBI or even another neuronal disease and serve as a
novel strategy in a clinical setting in the future.
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