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	 Background:	 The aim of this study was to evaluate the application of diffusion kurtosis imaging (DKI) in spinal cord isch-
emia/reperfusion (SCI/R) injury and to explore its association with pathology.

	 Material/Methods:	 Japanese male long-eared rabbits were chosen and divided into 7 groups (8 rabbits in each group): control 
group (C group), sham-operation control group (S group), and 5 experimental groups (E-2 h group, E-24 h group, 
E-48 h group, E-7 d group, and E-14 d group). Tarlov scoring and immunohistochemical staining were used to 
assess hindlimb motor function and observe the expression of glial fiber acidic protein (GFAP), respectively. 
The correlation between DKI and pathology after SCI/R injury was compared by 3.0TMR scanning DKI.

	 Result:	 Neuroethology in each time point of E groups was significantly different from that in C and S groups (P<0.05). 
The E-24 h group had the lowest value (P<0.05), and the hindlimb motor function began to recover after 24 h. 
The expression of GFAP was gradually increased after SCI/R injury, and the maximum value was in the E-7 d 
group (P<0.05). MK (mean kurtosis) had a linear negative correlation with average optical density (OD) (r=–0.115, 
P<0.05) and was positively correlated with integral OD (IOD) (r=0.204, P<0.05), in which MD (mean dispersion) 
was positively correlated with OD and IOD, but without a significant difference (r=0.618, r=251, P>0.05).

	 Conclusions:	 DKI can be used to monitor the changes in SCI/R injury, and fractional anisotropy (FA) can reflect change in 
white matter structure. The changes in expression of MK and GFAP were related to the myelin sheath injury 
repair process.
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Background

Spinal cord ischemia/reperfusion (SCI/R) injury is an impor-
tant factor in spinal cord injury [1]. The ability of myeloid tis-
sue to tolerate ischemia and hypoxia is poor. If blood reperfu-
sion is used after spinal cord injury, short-term neurological 
symptoms can be improved. However, the original injury can 
further aggravate and cause secondary damage, or even para-
plegia, with prolongation of reperfusion [2]. The specific mech-
anism of SCI/R injury is not completely clear, and its incidence 
is increasing yearly [3]. There is no effective treatment at pres-
ent [2]. When the spinal cord is damaged, ischemia can stim-
ulate mature astrocytes to synthetize glial fiber acidic protein 
(GFAP), which is mainly used to mark glial activity after inju-
ry. Increased levels of GFAP-positive astrocytes after injury can 
promote the mitosis of astrocytes, which makes the primitive 
progenitor cells differentiate into mature astrocytes [4]. Many 
neurotrophic factors can be released during the pyrolysis pro-
cess of astrocytes, which can promote repair of the injured spi-
nal cord. GFAP, as a marker of astrocytes, has been widely rec-
ognized [3], but at present it is not possible for a neurologic 
exam to predict the potential for axon and myelin injury [5].

Conventional MRI is not sensitive enough to the early stage of 
lesion-formation, and the correlation with clinical symptoms is 
poor. Functional evaluation of spinal cord injury mainly relies 
on the subjective judgment of clinicians and lacks objective 
imaging criteria. Diffusion kurtosis imaging (DKI) is a non-in-
vasive MRI technology used to detect the microstructure of tis-
sue in vivo [6]. Based on the non-Gaussian motion model, the 
apparent diffusivity (Dapp) and the apparent kurtosis (Kapp) 
were used as 2 parameters to describe the diffusion of water 
molecules [7]. Thus, DKI is more accurate than diffusion ten-
sor imaging (DTI) to describe the limited extent and heteroge-
neity of the diffusion [4], which can further evaluate the dy-
namic micro-structures such as spinal cord neurons and nerve 
fibers, damage, regeneration, and repair [8].

Research on SCI/R injury has become a popular research topic in 
recent years, but there has been relatively little research on use 
of DKI in SCIR injury, which is still in the laboratory and prelimi-
nary clinical research stages. Appling DKI to the rabbit ischemia 
reperfusion model, this study assessed the correlation between 
pathological changes and DKI diffusion parameters, providing an 
imaging standard for protective measures after spinal cord injury.

Material and Methods

Grouping of experimental animals

This study was approved by the Ethics Committee at our hos-
pital (No. 2015PS233K) and was conducted in accordance with 

the provisions of the Declaration of Helsinki, Good Clinical 
Practice guidelines, and local laws and regulations.

We obtained 56 Japanese male long-eared rabbits (weight: 2.0–
2.5 kg) from the Animal Experimental Center of our hospital. 
Rabbits were sub-cage reared 7 days and fasted 8 h before the 
experiment at 20–22°C, and then divided into 7 groups (8 rab-
bits in each group): control group (C group), sham-operation 
control group (S group), and 5 experimental groups (E groups) 
including E-2 h group, E-24 h group, E-48 h group, E-7 d group, 
and E-14 d group [9]. In the S group, we only exposed the in-
frarenal abdominal aorta after opening the abdominal cavity 
without occluding, the E group received the classic ischemic 
treatment [10], and the C group did not receive any treatment.

Establishment of the ischemia/reperfusion model

Rabbits were intramuscularly anesthetized with 20 mg/kg ket-
amine and monitored by ECG; a venous channel was estab-
lished in the left ear margin. An abdominal incision was made 
3 cm below the xiphoid and 6 cm above the pubis. Each layer 
of the abdominal wall was cut; the intestine tube was pushed 
gently to the right and covered with a warm gauze pad infil-
trated with physiological saline. The left renal artery and about 
1.5 cm of the abdominal aorta were exposed and freed. After 1 
mg/kg heparin was given intravenously for 5 min, the abdom-
inal aorta was occluded by a clamp at the L3 vertebral body 
level and 1 cm below the open of left renal artery for 25 min, 
then opened and reperfused for 1 min. One min occluding and 
1 min opening was set as a cycle, and 5 cycles were given to 
make the ischemia/reperfusion model. After the cycles, the 
clamp was removed to observe the vascular filling status. The 
abdominal cavity was confirmed to be without capillary hem-
orrhage and was washed with 10 ml metronidazole and 80 000 
U gentamicin, and then the abdominal wall was closed [10].

MRI scanning and image processing

After rabbits were anesthetized in total sleep, they were placed 
on their backs and fixed on a flat plate to keep the head in the 
same line as the spine. We used 3.0T (Ingenia; Philips Medical 
Systems, Best, Netherlands) to scan the L3-S1 vertebral body 
level with an 8-channel head and neck combined coil. Indexes 
were: Respiratory control mode, SE echo-planar imaging (EPI) 
sequence, 1 mm depth; T1WI (TR 510 ms, TE 11 ms), T2WI 
(TR 1.5 s, TE 100 ms), FOV 130 mm×130 mm2; DKI sequence 
(TR 2.0 s, TE88 ms, b=0, 1000, 2000, motion probing gradient 
(MPG) 25 directions, FOV 100×100 mm, matrix 128×l28, 2.0 mm 
depth. The gradient length (d) was 7.2 and the time between 
the 2 leading edges of the diffusion gradient (D) was 18.2 ms. 
Data were processed by DKI software in a Philips EWS work-
station. The T2WI sagittal plane in the L3–S1 vertebral body 
was located and the region of interest (ROI) was set in the 
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corresponding axis of the spinal cord. The ROI was 2.0 mm2 
and measured 3 times for an average. Image evaluation was 
performed independently by 2 senior experts.

Neurological score

Tarlov scoring was used to immediately assess the hindlimb 
motor function when rabbits were fully awake [11]. The scores 
were evaluated by 2 animal laboratory researchers and record-
ed by double-blind method.

Collection and staining of specimen

In accordance with ethics standard, rabbits were sacrificed 48 
h after reperfusion and L3–S1 vertebral bodies were removed. 
After fixing for 48 h, myeloid tissue was stained. Myeloid tissue 
was fixed with 4% paraform for more than 48 h and washed for 
more than 30 min. We performed through dehydration with dif-
ferent concentrations of alcohol, transparency with xylene, wax 
dipping, embedding, and 5-μm paraffin sections were made.

After conventional HE staining, paraffin sections were observed 
under a light microscope (BA400, Thermo, USA). A continuous 
transverse view of the spinal cord was observed [10], which in-
cluded the center of spinal cord injury, head 10 mm and end 
10 mm, in a total of 6 sections. The normal neuron is polygo-
nal in structure and has a clear cell nuclear structure with Nissl 
body [12,13]. The counting method is 3 continuously collected 
views along the axis from the periphery to the center, in which 
the axis is a straight line connecting the middle point of the cen-
tral tube with the top of the anterior horn [12,13]. One of the 
anterior horns was randomly chosen with double-blind method 
by 2 pathology professionals, and the neurons were counted 
under the light microscope (BA400, Thermo, USA) and recorded.

GFAP in myeloid tissue was extracted. After warming for 30 min, 
the spinal cord biopsy specimen section was washed with phos-
phate-buffered solution (PBS) 3 times (5 min/time), incubated 
with 3% hydrogen peroxide at room temperature for 20 min, 
blocked with 10% normal goat serum at room temperature for 
30 min, incubated with the first antibody (GFAP polyclonal an-
tibody, 1: 400, Abcam, UK) overnight at 4°C, incubated with the 
secondary antibody (Goat Anti-Mouse/Rabbit,1: 400, KeyGEN 
BioTECH, China), colored with a 3’-methyl-dimethylaminoaz-
obenzene (DAB) Kit (ZSBG-BIO, Beijing, China), and mounted 
with methylbenzene after dehydration. The positive expression 
of GFAP was that the growth cone of the neuron cell body was 
a brown-yellow protuberance, or plasma red stain [12]. Optical 
density (OD) of 3 views in each group was assessed by use of 
a Nikon Ni-E microscope (DS-Ri2, Nikon, Japan).

A section in each group was randomly selected for Luxol 
fast blue (LFB) staining [14]. After placing in an ethanol and 

chloroform solution (1: 1), the section was placed in 95% eth-
anol for 5 min, 0.1% Luxol Fast Blue at 56°C for 2 h, 95% eth-
anol for 5 min, 70% ethanol for 3 min, double-distilled water 
for 3 min, differentiated in 0.05% lithium carbonate solution 
for 10 min and 70% ethanol for 30 s, washed with double-dis-
tilled water until there was clear gray matter and white matter 
boundaries, and mounted with neutral balsam after washing 
with ethanol and dehydration. The normal LFB staining was 
that the normal structure of myeloid tissue and cortical and 
white matter showed clearly, the structure of myelin was com-
pact with distinguished gray matter and white matter, and the 
nucleus of the neuron and colloid was bright blue. Integral op-
tical density (IOD) was assessed and analyzed by Image-Pro 
Plus software (Image-Pro-Plus 6.0; Media Cybernetics, Silver 
Spring, MD).

Statistical analysis

SPSS 19.0 software was used to analyze data. All data are ex-
pressed as c

_
±s. The SNK test and non-parametric rank sum 

test (Kruskal-Wallis test) were used to comparison the aver-
age number. One-way ANOVA and Pearson correlation analy-
sis were used to compared data from 2 groups. P values less 
than 0.05 were considered significant.

Results

MRI images of each group are shown in Figure 1. FA (fractional 
anisotropy) and MK (mean kurtosis) in the E group were lower 
than in the C group (P<0.05) and the overall trend was gradu-
ally decreasing. Compared with other groups, MK in the E-24 h 
group and E-24 h group was significantly difference (P<0.05). 
MD (mean dispersion) showed a gradual increasing trend, but 
the difference was not statistically significant (P>0.05, Figure 2).

In neurological scoring, each time point of the E group was 
significantly different from that of the C and S groups (P<0.05, 
Table 1), but there was no significant difference between the C 
and the S groups. After SCI/R injury, Tarlov scoring decreased 
and was the lowest in the E-24 h group. With the prolongation 
of reperfusion time, the damage was gradually reduced, and 
hindlimb motor function was partially recovered after 48 h of 
reperfusion (P<0.05). Eight rabbits in the E group developed 
paraplegia (1 in the E-2 h group, 3 in the E-24 h group, 2 in 
the E-48 h group, 1 in the E-7 d group, and 1 in the E-14 d 
group); the paraplegia rate was 14.3% and the recovery rate 
of hindlimb function was 85.7%.

Neurons were integrated and cells were polygonal in structure 
with clear nucleus structure in C and S groups (Figure 3A, 3B). 
The number of normal neurons in the E group was obviously 
lower than in the C and S groups, with statistically significant 
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difference (P<0.05). With prolonged SCI/R time, the normal neu-
rons in the anterior horn of the spinal cord decreased gradu-
ally, and were lowest at 14 d (Table 1).

In each group, astrocytes were found in the gray matter and 
white matter of the spinal cord, and the gray matter areas were 
more obvious (Figure 4). GFAP of the C and S groups was less, 
mainly distributed in the cytoplasm and star-shaped protuber-
ances with small cell body and slender protuberance, which was 
significantly lower than in the E group (P<0.05, Figure 4A, 4B). 
The number of GFAP-positive cells increased in the E-2 h group, 

with some irregular cell morphology, but there was no signifi-
cant difference between the C and S groups (P>0.05, Figure 4C). 
The staining intensity of single positive cells and the total area 
of positive materials increased with time. GFAP-positive cells 
peaked at 7 d (Figure 4F).

LFB staining was similar in the C and S groups, in which the 
nerve fiber, myelin and axonal structure were complete, closely 
arrangement, the gray matter was almost clear, and the white 
matter was dark blue with a clear boundary (Figure 5A, 5B). 
The blue of the myelin was mostly light in the E-24 h group, 
and the nerve fibers were obviously decreased. IOD in each 
time point of the E group was less than in the C and S groups 
(P<0.05) and the lowest value 260.08±9.35 appeared in the 
E-24 h group, which was obviously lower than in the other 
groups (P<0.05). IOD increased gradually, but there was no 
significant difference among the 48 h–14 d groups (P>0.05).

FA with a decreasing trend was not significantly different be-
tween the E group and the C group (P>0.05, Figure 6). FA in the 
E group was negatively correlated with OD (r=–0.413, P<0.05, 
Figure 6), and positively correlated with IOD (r=0.121, P<0.05, 
Figure 6), which was the same in MK (r=–0.115, P<0.05; r=0.204, 
P<0.05). MK in the E-24 h group and E-7 d group were signif-
icantly different from that in other groups (P<0.05) MD was 
positively correlated with OD and IOD, but there was no sig-
nificant difference (r=0.618, r=251).

A B C

Figure 1. �Spinal cord image of normal rabbit (A: T2WI axis, B: FA image, C: MK image).

Figure 2. �Trend chart of DKI parameter value (FA, MD, MK) in 
each group.
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Tarlov Scoring 4±0 4±0 2.27±0.33 2.04±0.24 2.85±0.37 3.14±0.40 3.21±0.35

Neurological 
scoring

14.15±1.36 14.09±1.61 11.75±1.45 8.12±1.86 6.5±1.24 3.75±1.63 3.58±1.84

Table 1. Tarlov scoring and neurological scoring of each group(n=8).

* C group was control group; S group was sham-operation control group, E group was experimental group.
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Figure 3. �Histological changes after spinal cord ischemia/reperfusion injury in each group (HE staining, ×200). * A was control group; 
B was sham-operation control group, C–G was E-2 h group, E-24 h group, E-48 h group, E-7 d group, and E-14 d group.
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Figure 4. �GFAP expression at different time points after spinal cord ischemia/reperfusion injury in rabbits (immunohistochemical 
staining, ×400). * A was control group; B was sham-operation control group, C–G was E-2 h group, E-24 h group, E-48 h 
group, E-7 d group, and E-14 d group.
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Figure 5. �Luxol fast blue staining after ischemia/reperfusion injury (LFB, ×400) * A was control group; B was sham-operation control 
group, C–G was E-2 h group, E-24 h group, E-48 h group, E-7 d group, and E-14 d group.
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Discussion

In recent years, there has been increased research on regen-
eration and repair after SCI/R injury based on the reliable and 
reproducible SCI/R animal model [3]. Animal experiments show 
that it is possible to retain some important nerve function 
as long as 1.4~12% of axons remain in the spinal cord inju-
ry site [15]. Therefore, the clear mechanism of injury, the pro-
tective function of the organization, and early intervention can 
reduce the degree of spinal cord injury, decreasing the emer-
gence of paraplegia and other complications [16].

Zivin [17] established the classical rabbit SCI/R injury model 
by directly occluding the infrarenal abdominal aorta, which is 
one of the main experimental methods used at present [17]. 
Spinal cord blood vessels of the long-eared rabbit are distrib-
uted segmentally with poor collateral circulation, making it 
easy to cause ischemia. Moreover, pathological changes in 
the ischemia model are consistent and reproducible. Sribnick 
et al. indicated that the MRI images of long-eared rabbits is 
similar to those of humans [18]. Previous SCI studies often ig-
nored the delay of low perfusion after reperfusion and caused 
the secondary spinal cord damage [17]. After SCI, the degree 
of damage in the second paralysis in the hindlimbs was pos-
itively correlated with time [19], which was the same as in 
our study. Tarlov scoring in each time point of the E group 
was lower than that in the C and S groups (P<0.05, Table 1 
and Figure 2), and the lowest value appeared in the E-24 h 
group (2.00±0.71), indicating that the second spinal cord in-
jury can be caused after spinal cord reperfusion with an in-
creasing trend in 24 h and then decreasing or becoming sta-
ble. The total paraplegia rate in this study was about 28% and 
the recovery rate was about 72%, which is consistent with the 
study by Zivin et al. [17], showing that the animal model was 
successfully established and could be further analyzed by pa-
thology and imaging.

In SCI/R, microvascular permeability increased with dropsical 
neurons and glia cells [9,20]. With the prolongation of reper-
fusion time, the swelling of the anterior horn neurons grad-
ually increased the necrosis. In this study, neurons in the E 
group showed pyknic or dissolved nuclei, eosinophilic-stained 
cytoplasm, unclear structure of nuclear membrane, dissolved 
myelinated nerve fiber, hemorrhage and necrosis of cells, 
and gradually reduced normal neurons in the anterior horn. 
Zivin et al. showed that spinal cord injury was most serious at 
the 24th hour (glial cells necrosis, disintegration, sparse neu-
rons), the proportion of abnormal neurons increased [17], and 
was basically the same as the pathological changes found in 
the present study.

After SCI/R, the cells around the injured site undergo second-
ary damage, and can trigger apoptosis by the caspase path-
way [21]. Oligodendrocytes in the spinal cord are very vulnerable 
to influence by apoptosis and lose the protective and support-
ive effect on the nerve cells. Induction in the immature stage 
and inhibition in the mature stage both can form astrocytes. 
In the immature stage, the hyperplasia of astrocytes is active 
and astrocytes can secrete glial cell line-derived neurotrophic 
factor, supporting and inducing nerve fiber regeneration. Glial 
scar formation has a mechanical barrier to nerve regeneration 
in the mature stage [22,23]. After SCI/R, the expression of GFAP 
gradually increased, reached a peak at 7 d (P<0.05), and then 
decreased gradually during 7 d to 14 d in our study, indicating 
that astrocytes are in immature stage during the early stage 
of injury, promoting the growth of neurons and elongating the 
axons, which cause the recovery of hindlimb function. Along 
with the proliferation and maturation of astrocytes, the glial 
scar formed and hindered the regeneration of nerves, inhib-
iting the further recovery of the hindlimb function. The same 
results were also reported by Hinkle et al. [24].

Myelin is a layer of insulating film wrapped around the out-
side of the nerve cell axon, which is composed of Schwann 
cells and myelin membrane. The damaged changes of myelin 
after SCI/R were observed by LFB staining. The lightest my-
elin staining appeared in the E-24 h group with serious dehy-
dration, and with the prolongation of reperfusion the blue of 
myelin was gradually restored. The E-14 d group was deeper 
than the E-24 h group, but still lighter than the C and S groups.

There was no significant difference in FA between each time 
point of the E group and the control group (P>0.05), but there 
was a tendency to decrease. After myelin injury, the cell mem-
brane structure was damaged and the structure of white mat-
ter pathways was changed continually, increasingly limiting 
the degree of diffusion of water molecules. The decreased FA 
could reflect the structural changes after white matter dam-
age [25], but there was not statistically significant correlation 
with GFAP expression due to the small sample size and short 

Figure 6. �Correlation between DKI parameter value (FA, MD, MK) 
and optical density.
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observation time. The study found that FA was more sensi-
tive than MD and MK for observing the microstructure of the 
white matter [23].

After spinal cord injury, nerve fibers were demyelinated and ax-
ons were damaged, leading to increased extracellular volume, 
a significant decrease in FA, and increase in MD. In addition, in-
tracellular abnormalities, such as cell debris, inflammatory, gli-
osis and other factors, will further restrict the isotropy of water 
molecules, resulting in the reduction of FA [8]. Although MD at 
each time point of the E group had an increasing trend, there 
was no significant difference in this study, perhaps because 
of the sample size or because the error leading to MD cannot 
accurately reflect the average diffusion of water molecules.

Biological diffusion of water molecules is subject to various re-
strictions and is not completely free. The degree of displace-
ment and distribution that deviates from the Gaussian curve 
is called diffusion kurtosis (dimensionless), and its value re-
flects the complexity of organizational structure. MK is the av-
erage value of diffuse kurtosis along the direction of space in 
organization, in which greater MK indicates the more serious 
limitation, the more complex composition and structure, and 
is the most commonly used parameter in DKI clinical scien-
tific research [8]. In this study, MK in each time point of the E 
group showed a decreasing trend with significant difference 
compared with the C group (P<0.05). MK and OD showed a 
negative linear correlation (r=–0.115, P<0.05) and a positive 
linear correlation with IOD (r=0.2.04, P<0.05). The E-24 h group 
and E-7 d group were significantly different from other groups 
(P<0.05). After SCI/R, cell membranes ruptured, the GFAP ex-
pression increased, some of the myelin of nerve fibers were 
damaged, and the complexity of the tissue structure decreased 
with relative decreasing MK. During 7 d to 14 d period, tissue 
necrosis, cavity formation, peripheral glial scar proliferation, 

and blocked GFAP expression all lead to the slow change trend 
of MK. Related studies also showed that the decrease of MK 
not only reflects the influence of the microcirculation obstacle 
on the neurons and axons of spinal cord gray matter, but also 
reflects the direction of the white matter pathways and the de-
gree of repair of myelin damage [26]. Due to the small sample 
size and the selected time points, this study cannot fully ex-
plain the correlation between DKI parameters and pathology. 
In subsequent research, we will increase the sample size and 
the selected time points, especially during the 1-day to 2-day 
period, to provide a more accurate time window for clinical 
treatment and avoid serious complications after SCI/R injury.

Conclusions

The SCI/R injury model was successfully established in this 
study and the study confirmed that DKI can predict changes in 
SCI/R spinal cord injury. FA can reflect the change of the white 
matter pathways structure. MK was related to the expression 
of GFAP and the repair process of myelin injury, which sup-
ports clinical early assessment and early intervention to avoid 
or reduce the emergence of irreversible changes in tissue.
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