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ABSTRACT
To utilize brain diffusion kurtosis imaging (DKI) in rats with acute alcohol intoxication 
accompanied by diffuse axonal injury (DAI) under high magnetic field 7.0T magnetic 
resonance imaging (MRI) and evaluate the impact of alcohol on DAI. Thirty male Sprague-
Dawley rats were randomly divided into normal control (N-group), pure DAI (T-group), and 
acute alcohol intoxication accompanied by DAI (AT-group) groups. Two hours after in vivo 
modeling, each animal underwent magnetic resonance DKI, followed by decapitation and 
pathological examination of the brain. Compared with the N-group, the mean kurtosis (MK) 
values in the frontal lobe, hippocampus, and thalamus of the T-group and AT-group were 
significantly elevated (P < 0.01). The fractional anisotropy (FA) values in the frontal lobe, 
hippocampus, and thalamus of the T-group and AT-group were significant reduced (except for 
the hippocampus of the T-group). However, the mean diffusivity (MD) values of the T-group 
and AT-group were higher than that of the N-group, but no statistically significant difference 
was found between the AT-group and N-group. Compared with the T-group, the MK value 
of the AT-group was significantly elevated (P < 0.01 in the hippocampus and thalamus). 
Significant differences were also found in the decreased FA value in the hippocampus and 
in the decreased MD values between the T-group and AT-group. Hematoxylin and eosin 
staining showed significant abnormal morphological changes in rats of the AT group. DKI 
can detect microstructural changes in brain tissues associated with acute alcohol intoxication 
accompanied by DAI. MK value provides a more comprehensive and detailed assessment of 
severity of brain injury and is a powerful complement to DTI. Acute alcohol intoxication might 
worsen pathophysiological changes of brain tissues after DAI.
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Introduction

In recent years, the incidence of acute alcohol 
intoxication accompanied by craniocerebral 
trauma has increased. Diffuse axonal injury 
(DAI) is a common type of closed head injury 
and is often found in patients with blunt head 
trauma caused by twisted or overstretched nerve 

fibers, which results in nerve fiber fracture and 
primary axonal injury [1-3]. Patients with DAI 
immediately enter a coma, sustain changes during 
the coma, and have severe damage and disability. 
Alcohol, as a lipid soluble substance, rapidly 
affects cell functions through the neurilemma 
of the brain and binds to lecithin and deposits 
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Laboratory Animal Center of Shantou University 
Medical College (Guangdong, China) and were 
maintained under standard laboratory conditions 
with 12-hour light/dark cycles. After one week of 
stabilization on an ad lib diet, rats were randomly 
divided into 3 groups with 10 rats per group: 
normal control (N-group), pure DAI (T-group), 
and acute alcohol intoxication accompanied 
by DAI (AT-group). Rats in the AT group 
received a single intragastric administration of 
15 mL/kg 56% v/v Red Star Erguotou white 
liquor (Beijing, China) to model acute alcohol 
intoxication，which showed increased lactic 
acid in the brain and decreased organ blood 
flow in the high-dose animal models, as well as 
increased brain edema and negative effects on 
neurobehavioral function and microstructure 
[14, 15]. DAI modeling in rats of the AT-group 
and T-group was conducted in accordance with 
the Marmarou mode [16]. All procedures of 
animal treatments followed the guidelines issued 
by National Institute of Health and this study 
was approved by the Animal Ethics Committee 
of Shantou University of Traditional Chinese 
Medicine (SUMC-2015-036).

 � Scanning devices and methods

All rats were anesthetized with 4% isoflurane 
mixed with 1 L/min oxygen and maintained with 
2% isoflurane mixed with 1 L/min oxygen during 
the prone position MRI. Real-time observation 
of respiration was performed throughout the 
entire procedure to ensure that breathing was 
maintained at approximately 50–60/min. MRI 
scans were performed on an Agilent 7T/160 
mm animal MR scanner (Agilent VnmrJ 3 
Imaging, USA) which used a single-channel 
body coil as transmitter and receiver coils. 
Diffusion kurtosis imaging was obtained with 
a fast spin echo multislice (FSEMS) sequence, 
together with a TR/TE of 2000/36 ms，field of 
view = 30mm×30mm, 5 slices, slice thickness/
gap = 2.0/0.2mm, 2 averages, 4 shots and 16 
kzero. Two b-values (1000 s/mm2 and 2000 s/
mm2) were applied to 30 directions following 
acquisition of the image at b = 0 s/mm2. The 
average duration time for the DKI scan was 
approximately 33min7s.

 � Histological staining

After all images were acquired, rats were 
immediately sacrificed for histology，the 
left ventricle of each animal was immediately 
perfused with 4% paraformaldehyde. This was 
followed by rapid collection of brain tissue, which 
was postfixed in 4% neutral paraformaldehyde 

in brain tissue, which generate long-lasting 
neurotoxic side effects in the central nervous 
system [4,5]. Acute alcohol consumption can 
lead to falls, fights, and traffic accidents, resulting 
in an increased risk of trauma. Current findings 
in defining whether alcohol intoxication is a 
severe traumatic brain injury remain inconsistent 
[6,7].

Conventional imaging examinations, such as 
computed tomography (CT) and magnetic 
resonance imaging (MRI), can directly and 
objectively detect abnormal signals of brain 
injury to a certain degree. However, such 
morphological changes are often inconsistent 
with clinical severity. In addition, morphological 
changes due to occult injury cannot be observed 
during early stages of brain injury [8]. 

In previous studies, quantitative analysis of 
changes in apparent diffusion coefficient and 
fractional anisotropy (FA) values obtained from 
diffusion tensor imaging (DTI) in different 
brain regions of subjects with acute alcohol 
intoxication accompanied by DAI could detect 
changes in microstructure of the brain that 
were not detected by conventional imaging 
[9]. However, the theoretical premise of DTI is 
based on a normal distribution of water molecule 
diffusion that would be described by a Gaussian 
distribution model [10]. However, structures 
of most biological tissues are complex and do 
not conform to a Gaussian distribution, which 
indicates that DTI is limited by complex tissue 
structure, especially in brain tissue. Some of 
these limitations can be resolved by diffusion 
kurtosis imaging (DKI), which is an extension 
that is based on the DTI technique. DKI can 
reflect the non-Gaussian distribution of water 
molecule diffusion and identify abnormal 
microstructural changes in the brain that cannot 
be detected by DTI. DKI plays an important role 
in detection of abnormal structure in gray matter 
[11-13]. This study simulated the application of 
high magnetic field 7.0T MRI through DKI 
in rat models of DAI and alcohol intoxication 
accompanied by DAI. Taken together with the 
pathological results, this study provides a more 
intuitive imaging basis to clarify changes in 
microstructure of the brain that occur after DAI 
and alcohol intoxication accompanied by DAI.

Experimental Materials and Methods 

 � Animal modeling

Thirty healthy male Sprague-Dawley rats 
weighing 250–300 g were provided by the 
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for 24 h. Each brain was divided equally into 
2 hemispheres along the sagittal plane. Three 
brain regions, including the frontal lobe, 
hippocampus, and thalamus were isolated from 
the brain hemisphere. This was followed by 
dehydrating, clearing, and paraffin-embedding 
before serial sectioning the tissue blocks into 4 
μm thick sections. After drying the tissue slices 
on glass slides in an oven, they were stained with 
hematoxylin and eosin. 

 � Data processing

Images were analyzed in MATLAB (The 
Mathworks, Natick, MA, USA) and MRIcro 
software (Neuropsychology Lab, Columbia, SC, 
USA). Regions of interest (ROIs) included the 
frontal lobe, hippocampus, and thalamus. The 
average MK, FA, and MD values were calculated 
bilaterally on the left and right sides in the ROIs 
(Figure 1). Every ROI was tested four times 
to obtain the mean value and every region of 
interest was about 5 mm2.

 � Statistical analysis

Each of the measured parameters (MD, FA, and 
MK) was expressed as mean ± standard deviation. 
Data analysis was conducted using SPSS 17.0 
(SPSS Inc., Chicago, IL, USA) with a one-way 
ANOVA to compare groups. A level of p < 0.05 
was considered statistically significant.

Results 

 � MRI results

Brain tissue structure of the T2-weighted images 
N-group clearly showed a good ratio of gray 
and white matter. The ratios of gray and white 
matter in brain tissues of the T-group and AT-

group were slightly obscure, but no significant 
abnormal signal lesion was found. Long T2 
signal scalp hematomas were found on top of the 
scalp in part of the T- group and AT-group rats.

Compared with the N-group, the MK, FA, and 
MD maps of the T-group and AT-group after 
DKI showed abnormal signal lesions (Figure 2). 
As shown in Figure 3 and Table 1, statistical 
analysis of the detected MK, FA, and MD values 
in the frontal lobe, hippocampus, and thalamus 
showed that MK values of the frontal lobe, 
hippocampus, and thalamus of the T-group 
and AT-group were significantly higher than 
those of the N-group (P < 0.01). The MK values 
increased by 59%, 56%, and 46% in the frontal 
lobe, hippocampus, and thalamus, respectively, 
in the T-group, while these increases were 
more significant in the AT-group in which the 
MK values increased by 69%, 72%, and 63%, 
respectively. The MK values of the hippocampus 
(10%) and thalamus (11%) in the AT-group 
were significantly higher than in the T-group (P 
< 0.01). Although the MK value of the frontal 
lobe in the AT-group was 6% higher than in the 
T-group, no statistically significant difference 
was found (P > 0.05). 

Compared with the N-group, FA values of the 
frontal lobe, hippocampus, and thalamus in 
the T-group were reduced by 15%, 6%, and 
14%, respectively, but no statistically significant 
difference was found in the hippocampus 
(P < 0.05 in the frontal lobe; P > 0.05 in the 
hippocampus; P < 0.01 in the thalamus). 
Reduction of FA values of different brain regions 
in the AT-group was more significant, decreasing 
by approximately 26%, 38%, and 18% in the 
frontal lobe, hippocampus, and thalamus, 
respectively (P < 0.01). Compared with the 

Figure 1: ROIs on T2WI (A) and MK (B) maps for coronal sections from a representative rat. Regions shown are: frontal lobe (1-4), hippocampus (5-8), and 
thalamus (9-12).
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T-group, significant reduction of the FA value 
was only found in the hippocampus of the AT-
group (34% reduction, P < 0.01), while no 
significant reductions were found in the frontal 
lobe and thalamus of the 2 groups. 

MD values in different brain regions of the 
T-group and AT-group were higher than those of 
the N-group. Significant increases of MD values 
were found in the frontal lobe, hippocampus, 
and thalamus, with increases of 36%, 40%, and 
32%, respectively, in the T-group (P < 0.01). 
Although the MD values of the frontal lobe, 
hippocampus, and thalamus in the AT-group 
increase by 6%, 10%, and 9%, respectively, 
no statistically significant difference was 
found between the N-group and AT-group 
(P > 0.05). MD values of the rat frontal lobe, 
hippocampus, and thalamus in the AT-group 
were 22%, 21%, and 18%, respectively, lower 
than those of the T-group (P < 0.05 in the 
frontal lobe and thalamus; P < 0.01 in the 
hippocampus).

 � Results of pathological examination

Nerve cells of the N-group were well arranged 
with clear boundaries between cells and 
cytoplasmic staining. Nuclear staining of nerve 
cells in the N-group was moderate, with no 
widened spaces around blood vessels (Figure 4A).

Neurons and glial cells of the T-group were 
swollen, with a scattered arrangement and light 
nuclear staining. Some of the cells were scattered 
on a patchy subarachnoid hemorrhage, with a 
loose axonal structure, fractures in some nerve 
fibers, collapse of the surrounding vascular 
lumen, endothelial shrinkage, and expansion 
of extracellular space (Figure 4B). These 
morphological changes were also observed in the 
AT-group where they were more significant than 
in the T-group (Figure 4C).

Discussion 

When acute alcohol intoxication is accompanied 
by brain trauma, the brain exhibits cerebral 

Figure 2: MK, FA, and MD maps of representative rats from the N-group, T-group, and AT-group in the coronal view at 2 h after injury.
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ischemia and hypoxia as well as damage to the 
blood-brain barrier [17-19]. Zink et al. showed 
that compared with patients who had pure brain 
trauma, patients with acute alcohol intoxication 
accompanied by brain trauma had significantly 
lower mean arterial blood and intracranial 
pressures as well as an increase in lactic acid in 
tissues and veins of the brain, which resulted 
in a significant decline in cerebral blood flow. 
Atrial blood gas analysis demonstrated that the 
relative decline in pH, PaO2 and HCO3- reflects 
an inhibition of respiratory function, resulting 
in more severe brain ischemia and hypoxia 
[20,21]. In addition, mechanical damage can 
lead disruption of the blood-brain barrier. This 
increases vascular permeability, which then 
increases the concentration of plasma proteins 
in the extracellular space and limits diffusion 
of water molecules. Mechanical damage can 
also lead to mitochondrial dysfunction, which 
can cause impaired energy metabolism and 
calcium ion overload [22]. Cerebral ischemia 
and hypoxia caused by brain trauma can lead 
to an oxidative stress reaction in brain tissue, 
which can cause release of glutamate, lactate, 
H+, K+, Ca2+, nitric oxide, as well as arachidonic 
acid and its metabolites [23,24]. Studies have 
shown that alcohol and its metabolites can 
produce large amounts of hydroxyl free radicals, 
resulting in more intense oxidative stress after 
brain trauma as well as limited water diffusion 
[25,26]. Cerebral edema, demyelination, axonal 
structural damage, transport barriers, and release 
of proinflammatory factors caused by acute 
alcohol intoxication accompanied by DAI [9,27-
29] significantly increase the complexity of 
brain tissue structure in the region of interest. 
In a previous DTI study, one of the common 
indicators used was MD, which mainly represents 
average diffusion motion of a water molecule per 
unit of time and reflects the state of intracellular 
water homeostasis [30]. A reduction of the 
MD value represents cytotoxic cerebral edema, 
while an elevation of the MD value represents 
vasogenic cerebral edema [14, 31,32].

This study used DKI and found that MD values 
of the rats with pure DAI were significantly 
higher than those of the normal control rats, 
indicating that the brain injuries mainly played 
a role in vasogenic cerebral edema [9]. However, 
no significant elevation of MD values was found 
in the rats with acute alcohol intoxication and 
DAI. In addition, the MD values of the AT-
group were significantly lower than those of the 
T-group. This might have been due to increased 

severity of brain ischemia and hypoxia induced 
by alcohol [33]. Since alcohol is the main cause 
of cytotoxic cerebral edema [14,32], its dual roles 
lead to a gradual transition of brain tissues from 
vasogenic cerebral edema to cytotoxic cerebral 
edema. Therefore, the change of MD values in 
rats of the AT-group was mainly associated with 
coexistence of the 2 types of cerebral edema and 
domination of vasogenic cerebral edema, which 

Figure 3: Changes in MK, FA, and MD values for the frontal lobe, thalamus, and hippocampus at 2 
h after injury from the N-group (control), T-group (DAI), and AT-group (A + T) in the coronal view.
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suggests that alcohol increased the severity of 
cerebral edema after DAI and made treatment 
more complicated. 

The other parameter of DKI, FA value, is a 
measure of anisotropy and integrity of white 
matter and is positively correlated with myelin 
integrity and fiber density. A decrease in FA 
value is associated with neuronal loss and 
demyelination [34]. Studies have shown that the 
level of decrease in FA value is closely associated 
with the severity of DAI [35,36]. In this study, 
FA values of the T-group and AT-group were 
significantly lower than those of the N-group. 
Compared with the T-group, the decrease in FA 
values in the hippocampus of the AT-group was 
more significant, while no significant decrease 
of FA value was found in the frontal lobe and 
thalamus of the AT-group. Thus, our results, 
to some extent, showed that acute alcohol 
intoxication led to more severe brain damage. 

The MK value is the most important parameter 
of DKI and indicates the mean value of 
diffusion kurtosis in all gradient directions. 
The magnitude of the MK value is determined 
by structural complexity of tissue in the region 
of interest. An increase in complexity of tissue 
structure increases the significance of limited 
non-normal distribution of water diffusion and 
leads to a higher MK value [10,11,36]. In this 
study, compared with the N-group, MK values 
were significantly increased in the rats with 
DAI, regardless of whether or not they were 
subjected to acute alcohol intoxication. The 
increase in MK value was more significant in the 
AT-group than in the T-group. After traumatic 
brain injury, the brain parenchyma undergoes a 
series of complex processes including apoptosis 
and necrosis, microtubule degradation, cellular 
edema, demyelination, axonal rupture, secondary 
inflammatory exudation, edema, and cell death 

 

Figure 4: Hematoxylin and eosin (HE) stains of representative rats from the N-group (A), 
T-group (B), and AT-group (C).

Table 1: Comparisons of MK, FA, and MD values in the frontal lobe, thalamus, and hippocampus between the N-group, 
T-group, and AT-group (mean fronta).
ROI DKI Values N group (N=10) T group (N=10) AT group (N=10)
Frontal lobe MK 0.479 ± 0.45 0.762 ± 0.098 0.808 ± 0.014

FA 0.186 ± 0.018 0.158 ± 0.035 0.138 ± 0.005
MD 0.704 ± 0.041 0.954 ± 0.363 0.745 ± 0.010
MK 0.658 ± 0.081 0.962 ± 0.116 1.070 ± 0.038

Thalamus FA 0.313 ± 0.012 0.268 ± 0.045 0.257 ± 0.010
MD 0.698 ± 0.050 0.922 ± 0.267 0.758 ± 0.015
MK 0.522 ± 0.066 0.816 ± 0.097 0.899 ± 0.023

Hippocampus FA 0.208 ± 0.032 0.195 ± 0.045 0.128 ± 0.011
MD 0.688 ± 0.056 0.962 ± 0.319 0.757 ± 0.013

P<0.05 was considerd to indicate a statistically significant difference
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[2,3,37]. These complex nerve cells demonstrate 
morphological and microscopic changes in brain 
tissue because of brain injury. However, DTI 
only reflects a single imaging feature such as in 
cerebral edema and axonal injury. In contrast, 
MK value, the important parameter of DKI, can 
demonstrate microstructural changes in brain 
tissues caused by the complex processes described 
above and changes of signal and numerical values 
in MRI.

Conclusions

DKI can detect microstructural changes in brain 
tissues associated with acute alcohol intoxication 
accompanied by DAI. As related indicators of 
DTI, FA and MD values may underestimate 
severity of brain injury. In contrast, MK value 
provides a more comprehensive and detailed 
assessment of severity of brain injury and is a 
powerful complement to DTI. Finally, acute 

alcohol intoxication might worsen pathophysiological 
changes of brain tissues after DAI.
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