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Research Highlights 

(1) This study was innovative as it was the first to use a novel spongy polyurethane material, which 

expanded over time after implantation in the rat C3–5 epidural space. This method perfectly 

lates the process of chronic compression.  

(2) The present study used a 47 mm coil for magnetic resonance imaging that has rarely been used 

previously, but could ensure the accuracy of signal-to-noise ratio and data measurement. 1.5 T 

magnetic resonance imaging was used, which is closer to the clinical settings.  

(3) This study revealed fractional anisotropy and average diffusion coefficient in cervical spinal cord 

compression, which correctly reflected the alterations in the number of neurons in the anterior horn 

of gray matter of the spinal cord and the density of nerve fibers in the white matter. These findings 

suggested that image data can be employed to predict pathological changes in the spinal cord and 

to conduct early diagnosis. 

 

Abstract  
Magnetic resonance diffusion tensor imaging has been shown to quantitatively measure the early 

pathological changes in chronic cervical spondylotic myelopathy. In this study, a novel spongy po-

lyurethane material was implanted in the rat C3–5 epidural space to establish a rat model of chronic 

cervical spondylotic myelopathy. Diffusion tensor data were used to predict pathological changes. 

Results revealed that the fractional anisotropy value gradually decreased at 4, 24, and 72 hours and 

1 week after injury in rat spinal cord, showing a time-dependent manner. Average diffusion coeffi-

cient increased at 72 hours and 1 week after implantation. Hematoxylin-eosin staining and Lux-

ol-fast-blue staining exhibited that the number of neurons in the anterior horn of the spinal cord gray 

matter and the nerve fiber density of the white matter gradually reduced with prolonged compres-

sion time. Neuronal loss was most significant at 1 week after injury. Results verified that the frac-

tional anisotropy value and average diffusion coefficient reflected the degree of pathological change 

in the site of compression in rat models at various time points after chronic spinal cord compression 

injury, which potentially has a reference value in the early diagnosis of chronic cervical spondylotic 

myelopathy. 
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INTRODUCTION 

    

Chronic cervical spondylotic myelopathy re-

fers to chronic spinal cord compression injury 

induced by spinal canal stenosis, ossification 

of the posterior longitudinal ligament, liga-

mentum flavum hypertrophy, destabilization 

of cervical vertebra and intraspinal tumor, 

resulting in loss of sensation and motor func-

tion
[1]

. During the onset of cervical spondy-

lotic myelopathy, spinal cord white matter 

fibers are compressed and connective tissue 

begin to proliferate, thus affecting fiber ar-

rangement. Diffusion tensor imaging detects 

injury to white matter fibers. It found that the 

degree of injury is evaluated by calculating 

fractional anisotropy. At present, the surgery 

was considered to be an effective therapeutic 

method for cervical spondylotic myelopathy. 

However, after injury, some patients still ex-

perience spinal cord dysfunction, even ag-

gravation. In addition, nerve symptoms ap-

pearing in the clinic are not consistent with 

the degree of spinal cord compression. Thus, 

the choice of surgery and prognostic evalua-

tion is difficult and controversial
[2-3]

. This 

study explored the feasibility of using data 

obtained using diffusion tensor magnetic 

resonance imaging (DT-MRI) to investigate 

pathological changes.  

 

MRI is an ideal non-invasive method for 

examining cervical spondylotic myelopathy. 

Numerous studies have investigated the 

examination and pathomechanism of cervical 

spondylotic myelopathy using imaging tech-

niques
[4-8]

. Conventional MRI images re-

vealed alterations in the anatomical form of 

the cervical cord and its surrounding tissues, 

such as intervertebral disc protrusion and 

hyperostosis. Injury to the cervical cord was 

mainly examined by observing whether the 

spinal cord was compressed using MRI im-

ages and by determining the degree of com-

pression. When cervical cord injury was very 

severe, cervical cord degeneration or necro-

sis can be determined by changes in 

T1-weighted image (T1WI) or T2-weighted 

image (T2WI) signals. However, the changes 

in MRI images were not identical to clinical 

symptoms in some cases. Moreover, MRI 

images cannot reveal the pathological 

changes in neurons and fiber bundles.  

 

Recent studies demonstrated that DT-MRI 

can be used to measure fractional aniso-

tropy and average diffusion coefficient under 

pathological conditions, as the diffusion 

probability of hydrone is different in the living 

body in various directions. Thus, the func-

tional status of hydrone diffusion exchange 

in each tissue was determined. In the early 

stages of cervical spondylotic myelopathy, 

DT-MRI showed that the alterations in frac-

tional anisotropy and average diffusion coef-

ficient appeared earlier than in MRI im-

ages
[9-11]

. Thus, DT-MRI has the potential to 

quantitatively measure pathological changes 

in the spinal cord. Presently, MRI alone 

cannot precisely judge the characterization 

and degree of pathological changes in the 

central nervous system. Simultaneously, it is 

difficult to perform basic research concern-

ing pathophysiological mechanisms only 

dependent on clinical cases. Therefore, only 

by establishing standard repeatable animal 

models that can simulate the natural course 

of chronic spinal compression and provide 

evidence for studying the mechanisms un-

derlying spinal cord injury can we then ex-

plore effective intervention methods. Pre-

vious studies established animal models of 

cervical spondylotic myelopathy mainly us-

ing balloon, screw and dynamic compres-

sion of spinal cord
[12-15]

. However, acute or 

subacute spinal cord injury can be induced 

during model establishment using these 

methods, repeatability was poor, and the 

death rate was high
[12-15]

. The process of 

compression was quite different from the 

process of cervical spondylotic myelopathy 

presenting in the clinic
[12-15]

.  

 

This study used a novel spongy polyure-

thane material, which slowly absorbs water, 

expands and produces linear pressure. After 

saturation, its volume can remain stable 

over a long period of time, and the effect 

was close to the clinical onset characteris-

tics. Moreover, this material is reproducible, 

and has good controllability and a high succ- 

ess rate
[16]

. Meanwhile, a posterior approach 

of the cervical vertebra was utilized in this  
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study, which implemented dorsal compression and 

avoided anterior approach-induced injury to important 

organs. Thus, the survival rate of models was greatly 

improved. The site of compression was C5–6 that is 

commonly found in cervical spondylotic myelopathy, 

showing a perfect clinical correlation
[17]

. These strategies 

made simulated cervical spondylosis consistent with the 

clinical course, which is a precondition of studying neu-

ropathological characteristics
[6]

. The persistence time of 

balloon dilatation and screw compression was controlla-

ble, but it should be operated repeatedly, which can 

cause acute spinal cord injury. Moreover, pressure 

changes are not linear, and the success rate of modeling 

is low
[18]

. Epidural implantation of tumor cells avoided 

acute and nonlinear compression, formed chronic com-

pression on the spinal cord, but it could lead to local in-

flammatory reaction, systemic adverse reaction, short 

survival time and poor repeatability
[19-20]

. A previous study 

established a twy/twy rat model using transgenic tech-

nology
[21]

. This model could be induced to suffer from 

ligamentous ossification and thickening, which resulted 

in chronic spinal cord compression
[21]

. This model was 

consistent with clinical pathogenic mechanism, but its 

repeatability was poor, and the site of compression was 

not identical to that in the clinic
[21]

. In the models de-

scribed above, objects for compression could induce 

acute spinal cord injury and/or severe inflammatory 

reaction, which was not consistent with clinical onset, 

and they were not the ideal animal model for chronic 

spinal cord compression injury
[22]

.  

 

The present study established an animal model of 

chronic cervical spondylotic myelopathy by implanting a 

novel spongy polyurethane material, and explored the 

histopathology of the injured spinal cord of rat models, 

and detected using MRI. This study sought to investigate 

the relationship of histopathological changes in the spinal 

cord to fractional anisotropy and average diffusion coef-

ficient obtained by MRI.   

 

 

RESULTS 

 

Quantitative analysis of experimental animals 

A total of 64 rats were equally and randomly assigned to 

sham surgery group (C6 laminectomy) and model group 

(implantation of polyurethane film into C3–5 epidural 

space after C6 laminectomy to establish models of 

chronic cervical spondylotic myelopathy). Vital signs of 

rat models were closely observed. If death occurred be-

fore MRI and histological examination, the dead rats 

were replaced by new rat models. Five rats died during 

the experiment. A total of 64 rats were included in the 

final analysis.  

 

Imaging alterations in the spinal cord of rat models 

of chronic cervical spondylotic myelopathy 

The spinal cord was regular at 4, 24, 72 hours and 1 

week after injury, and no abnormal high-signal-intensity 

area appeared in the sham surgery group.  

 

In the model group, the implant did not expand at 4 hours 

after implantation. T1WI and T2WI and spectral presa-

turation with inversion recovery did not reveal abnormal 

high signal intensity or bleeding. At 24 hours after film 

implantation, the implant expanded and the spinal cord 

was obviously compressed. No abnormal signal intensity 

occurred in the compressed segment. At 72 hours, with 

expansion of the implant, the dorsal side of the spinal 

cord was noticeably compressed, but no bleeding or 

edema was visible. At 1 week, MRI revealed that the 

increase in implant volume was not obvious, but edema, 

hemorrhage and spinal cord softening were observed. 

Slightly high signal on T2WI was seen surrounding the 

implant.  

 

Compared with the sham surgery group, the fractional 

anisotropy value reduced in the order of 4 hours < 24 

hours < 72 hours < 1 week after implantation in the 

model group (P < 0.01 or P < 0.05; Table 1), but average 

diffusion coefficient significantly increased at 72 hours 

and 1 week after implantation (P < 0.01; Table 1).  

 

Pathological changes in the compressed spinal cord 

of rat models of chronic cervical spondylotic 

myelopathy 

As displayed in Figure 1, in the sham surgery group, 

hematoxylin-eosin staining demonstrated that no ab-

normal morphology was detected at 4, 24, 72 hours and 

1 week after injury, and cells of the spinal gray matter 

also exhibited normal morphology. Luxol-fast-blue 

staining showed that the myelin sheath of white matter 

fiber was intact, regular and tight, with the presence of  

a lamellar structure; spinal cord structure was not  

damaged.  

 

In the model group: at 4 hours after implantation, hema-

toxylin-eosin staining demonstrated that the spinal cord 

was slightly compressed; the spinal cord exhibited mild 

edema; nerve cells in the gray matter were slightly 

swollen; partial axons shrinkage had occurred; and the 

number of large motor neurons in the spinal anterior horn 

was reduced (P < 0.01). Furthermore, the intensity of 

Luxol-fast-blue staining began to decrease (P < 0.01).  



Lin EJ, et al. / Neural Regeneration Research. 2013;8(36):3382-3390. 

 3385 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1  Changes in fractional anisotropy (FA) and average diffusion coefficient (ADC) in compressed spinal cord of rat 

models of chronic cervical spondylotic myelopathy (MRI scanning)  
 

 
                 Time after polyurethane film implantation  

4 hours 24 hours 72 hours 1 week 

FA Sham surgery 0.73±0.03 0.72±0.06 0.72±0.03 0.73±0.06 

Model 0.68±0.03a 0.59±0.07b 0.51±0.12b 0.38±0.15b 

ADC (×10–3 mm2/s) Sham surgery 1.23±0.05  1.21±0.07  1.22±0.08  1.23±0.07  

Model  1.26±0.03  1.23±0.11  1.65±0.12  1.71±0.15  

 aP < 0.05, bP < 0.01, vs. sham surgery group. Data are expressed as mean ± SD, with eight rats in each group at each time point. One-way 

analysis of variance and least significant difference test were used. 

Figure 1  Histopathological changes and sagittal T2-weighted image (T2WI) in the compressed segment of the rat spinal cord.  

In the sham surgery group, cell morphology was normal; white matter fibers were regularly arranged; and there was normal 

signal on T2WI.  

In the model group, at 4 hours after implantation, hematoxylin-eosin staining demonstrated that the spinal cord was affected with 
mild edema; nerve cells in the gray matter were slightly swollen; and partial axons were shrunk. Luxol-fast-blue staining did not 
show obvious changes. There was normal signal on T2WI. At 24 hours, hematoxylin-eosin staining exhibited obvious edema; 

Luxol-fast-blue staining exhibited slightly disordered fiber bundles of the white matter and mild edema in axons; there was 
normal signal on T2WI. At 72 hours, hematoxylin-eosin staining revealed aggravated edema, disordered neuronal cells, some 
neuronal cell necrosis, as well as disordered and partially broken neurofilaments. Luxol-fast-blue staining demonstrated 

disordered white matter and twisted nerve fibers. There was normal signal on T2WI. At 1 week, hematoxylin-eosin staining 
showed spinal cord tissue loss and vacuolization, reduced number of large motor neurons, and reduced number of synapses. 
Luxol-fast-blue staining showed sparse decussating fibers in the gray matter and vacuole-like structure surrounding the axons; 

staining density of the myelin sheath decreased; and the thickness of the myelin sheath surrounding the axons became thin 
significantly. There was abnormal high signal on T2WI surrounding the implant.  

In the images of hematoxylin-eosin staining, arrows show the anterior horn of the spinal cord; black arrowheads show the 
anterior funiculus of the spinal cord. In the images of Luxol-fast-blue staining, arrows show the posterior horn of the spinal cord; 

black arrowheads show the posterior funiculus of the spinal cord. On sagittal T2WI, white arrows show the implant. 

Sham surgery 

group 

Model group 

4 hours 

Model group 

1 week 

Model group 

72 hours 

Model group 

24 hours 

Hematoxylin-eosin staining (× 40)     Luxol-fast-blue staining (× 40)       Sagittal T2WI 
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At 24 hours, hematoxylin-eosin staining revealed com-

pressed spinal cord and obvious edema; and the number 

of large motor neurons in the spinal anterior horn was 

diminished (P < 0.01). Luxol-fast-blue staining exhibited 

slightly disordered fiber bundles in the white matter and 

mild edema in axons; and the staining intensity gradually 

decreased (P < 0.01). At 72 hours, hematoxylin-eosin 

staining revealed that the spinal cord was noticeably 

deformed; edema was further aggravated; neuronal cells 

were disordered; individual neuronal cell necrosis was 

visible and became spindle-shaped; neurofilaments were 

disordered and partially broken; and the number of large 

motor neurons in the anterior horn was further reduced 

(P < 0.01). Luxol-fast-blue staining demonstrated that the 

posterior horn of spinal gray matter became narrow and 

long; the posterior funiculus and lateral funiculus of white 

matter were disordered; nerve fibers were twisted and 

broken; and the staining intensity was diminished (P < 

0.01). At 1 week, hematoxylin-eosin staining showed that 

the spinal cord was obviously deformed; tissue loss and 

vacuolization were observed; the number of large motor 

neurons in the anterior horn was reduced; the cytoplasm 

was reduced, karyolysis had occurred and there was a 

reduction in the number of synapses (P < 0.01); and cell 

number was decreased to the lowest value (P < 0.01). 

Luxol-fast-blue staining showed that decussating fibers 

in the gray matter were sparse; vacuole-like structures 

were observed surrounding the axons; the staining den-

sity of the myelin sheath was decreased (P < 0.01); the 

thickness of the myelin sheath surrounding the axons 

became significantly thinner, and the staining intensity 

was lowest (P < 0.01). The counting of large motor neu-

rons in the anterior horn and Luxol-fast-blue staining 

intensity were shown in Table 2. 

 

 

DISCUSSION 

 

At 4 to 24 hours after implantation, the rat spinal cord 

had mild edema, venous congestion and an expanded 

central canal from the beginning of compression to the 

largest expansion of the material. MRI did not reveal 

epidural and subdural space or intramedullary hemorr-

hage, which suggests that the pathological process of 

this compression did not begin from acute spinal cord 

injury
[23]

. At 72 hours after implantation, nerve fiber 

structure was disordered and neurofilaments were bro-

ken, which could be induced by persistent compression, 

venous congestion and severe edema. At 1 week after 

implantation, vacuoles formed, the number of neurons 

began to decrease, and neuronal tracts were demyeli-

nated. At this time, neurological function of rats was 

mildly disturbed, which was possibly associated with 

ischemia in the compressed tissues
[24]

. Above mentioned 

pathological changes were identical to that in the early 

stage of cervical spondylotic myelopathy
[25]

. Cervical 

spondylotic myelopathy is a spinal nerve dysfunction 

induced by chronic progressive spinal compression, and 

its corresponding pathological alterations contain venous 

congestion, tiny intramedullary focal necrotic site, cystic 

cavities, Wallerian degeneration in the nerve tracts of the 

posterior and lateral funiculi, fibroglial scar formation, 

and motor neuron death in the anterior horn
[26]

. In this 

study, MRI, with gross specimen and pathological mor-

phological examination confirmed that the posterolateral 

spinal cord was deformed, but there was no intramedul-

lary hemorrhage, histiocyte necrosis, inflammatory cell 

infiltration, or acute neurological functional loss. With the 

expansion of the material, the spinal cord suffered from a 

progressive compression, which was consistent with the 

early pathological characteristics of chronic spinal cord 

compression injury. Thus, it provides a reliable model 

and theory basis for the studying the pathomechanism 

and early intervention of cervical spondylotic myelopathy.  

 

Previous studies have investigated similar approaches 

using 11T MRI and confirmed that research-oriented MRI 

could be used to obtain images with high resolution and 

excellent signal-to-noise ratio
[27]

. In this study, we utilized 

1.5T MRI. Clinically-oriented MRI has a certain technical 

Table 2  Comparison of the number of large motoneurons in the anterior horn and nerve fiber density of white matter in the 
compressed segment of the rat spinal cord  

 

 Time after spinal cord injury  

4 hours 24 hours 72 hours 1 week  

Number of large motoneurons  

(cells/40-high power field) 

Sham surgery 22.2±1.2 24.3±1.3 23.2±1.1 22.4±1.3 

Model 17.6±1.9a 14.8±1.3a 7.1±1.1a 2.7±0.8a 

Nerve fiber density Sham surgery 66.8±3.1 65.4±4.3 67.2±3.2 66.6±4.2 

Model 65.6±7.6 50.3±4.0a 23.8±7.2a 17.2±4.9a 

 
The number of large motoneurons and Luxol-fast-blue staining intensity (representing nerve fiber density, no unit) gradually decreased in the 

model group, but no significant changes were detectable in the sham surgery group. aP < 0.01, vs. sham surgery group. Data are expressed as 

mean ± SD, with eight rats in each group at each time point. One-way analysis of variance and least significant difference test were used. 



Lin EJ, et al. / Neural Regeneration Research. 2013;8(36):3382-3390. 

 3387 

challenge for cervical cord scanning in rats. 

 

This study used a 47 mm coil, which could obtain high 

resolution. Simultaneously, 35 gradient directions were 

scanned, which greatly elevated signal-to-noise ratio. 

Based on the two advantages described above, diffusion 

tensor imaging utilized a high b value and long repetition 

time, so these optimal parameters ensured image quality 

and data accuracy
[1, 7, 12]

. Therefore, clinically-oriented 

MRI could also be used to successfully conduct rat ex-

periments. Moreover, clinical cases were also diagnosed 

by clinically-oriented MRI. However, clinically-oriented 

MRI has some disadvantages in rat models. For example, 

the cervical cord of rats could not be divided into the 

anterior funiculus and posterior funiculus using clinical-

ly-oriented MRI. That is to say, its resolution was not high 

enough compared with research-oriented MRI. Never-

theless, results verified that the data obtained from clin-

ically-oriented MRI provided reliable evidence for study-

ing the correlation of diffusion tensor imaging and pa-

thological alterations.  

 

White matter fibers were tightly arranged in normal cer-

vical cord. Due to the myelin sheath barrier, the diffusion 

tendency of hydrone in white matter myelin sheath was 

less in the direction of vertical to white matter fiber dis-

tribution than that in the direction of identical to white 

matter fiber distribution, showing a high fractional aniso-

tropy. In the model group, at 4 hours after implantation, 

the alteration in the space between the axon and myelin 

sheath had great effects on the diffusion of hydrone 

among fiber tracts due to axonal injury. Fractional aniso-

tropy represents the sum of diffusion tendency of hy-

drone in various directions
[28]

. When the fractional aniso-

tropy value was abnormal and average diffusion coeffi-

cient was not altered, the cervical cord would be in an 

early stage of compression. At this time, axons shrunk 

and the myelin sheath was intact
[29-30]

. At 24 hours after 

implantation, edema became obvious and Luxol-fast- 

blue staining decreased, indicating that partial fibers 

were demyelinated
[31]

. Average diffusion coefficient in-

creased in some rats, but no significant difference in 

average diffusion coefficient was detected compared 

with the sham surgery group. Average diffusion coeffi-

cient alteration appears after demyelination to a certain 

extent, so people should be cautious about using aver-

age diffusion coefficient to diagnose pathological 

changes in demyelination
[32-33]

. Hematoxylin-eosin stain-

ing revealed wide axonal atrophy; simultaneously, frac-

tional anisotropy value noticeably decreased. From 4 to 

24 hours after implantation, regarding the pathological 

changes in axons with cervical cord compression injury, 

the sensitivity of fractional anisotropy value was higher 

than that of average diffusion coefficient. Fractional ani-

sotropy could reflect the pathological changes of early 

cervical cord injury. At 72 hours after implantation, he-

matoxylin-eosin staining and Luxol-fast-blue staining 

demonstrated that vacuoles appeared, the number of 

neurons were significantly reduced, and nerve tracts 

were extensively demyelinated
[34-36]

. As the spinal cord 

was compressed for a long time and ischemia had oc-

curred, the neurological function of rats experienced mild 

impairment
[34-36]

. Fractional anisotropy and average dif-

fusion coefficient also diminished as compared with 

those at 4, 24 and 72 hours after implantation, which 

could be a result of glial scar formation and Wallerian 

degeneration
[37-39]

. Conventional T2WI exhibited high 

signals on the site of compression.  

 

In summary, from 4 to 24 hours after implantation, frac-

tional anisotropy values decreased due to pathological 

changes in axons. Average diffusion coefficient was 

normal, because the fiber bundle myelin sheath of the 

cervical cord was intact. From 24 to 72 hours, the frac-

tional anisotropy value reduced and the average diffu-

sion coefficient increased, because axonal injury and 

demyelination existed at the same time
[40-42]

. With per-

sistent compression, extensive vacuolization, severe 

axonal injury and demyelination appeared at 1 week. 

The fractional anisotropy value obviously decreased, 

but average diffusion coefficient significantly increased. 

Simultaneously, conventional T2WI revealed high sig-

nals at the site of compression. Diffusion tensor imaging 

can simultaneously measure the average diffusion 

coefficient and fractional anisotropy value, even 

three-dimensional fiber bundle tracking
[43]

. Results con-

firmed that combined average diffusion coefficient and 

fractional anisotropy value can provide an early diag-

nosis for cervical cord compression, evaluate patho-

logical changes, and provide useful references for the 

prevention and treatment of chronic cervical spondylotic 

myelopathy. 

 

 

MATERIALS AND METHODS 

 

Materials  

Healthy 8-week-old Sprague-Dawley rats weighing 350– 

450 g (30 males and 34 females) were purchased from 

Guangdong Provincial Medical Experimental Animal Center 

in China, Animal License No. SCXK (Yue) 2008-0002. The 

protocols were conducted in accordance with the Guid-

ance Suggestions for the Care and Use of Laboratory 

Animals, formulated by Ministry of Science and Tech-
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nology of China
[44]

.  

 

Methods  

Establishment of rat models of chronic cervical 

spondylotic myelopathy 

All rats were intraperitoneally anesthetized with 10% 

chloral hydrate (1 mL/kg). In accordance with previously 

published method
[45]

, the C5–6 intervertebral space was 

exposed under a light microscope (BX51, Olympus, 

Tokyo, Japan). After the ligament flava was removed and 

the spinal dura mater was separated, 2.5 mm × 5.0 mm × 

0.8 mm polyurethane film (coprepared with Research 

Room of Orthopedic Surgery, The University of Hong 

Kong, China) was implanted in the space between the 

C5–6 vertebral plate and spinal dura mater in the model 

group. After hemostasis, the incision was sutured. Spinal 

cord injury and cerebrospinal fluid leakage should be 

avoided during the operation. After implantation, all rats 

were intramuscularly injected with penicillin to prevent 

infection.  

 

After mode induction, the rats were fed in separate cages, 

and allowed free access to food and activity. The model 

was successfully established if the polyurethane film 

compressed the cervical cord in the cervical spinal canal, 

as verified by MRI scanning.  

 

MRI of rat spinal cord  

The rats of the two groups underwent Philips Achieva 

Dual HP 1.5 T MRI scanner (Philips Medical Systems 

Nerderland B.V. Veenpluis 4-6, 5684 PC Best, the 

Netherlands), with a 47 mm coil, at 4, 24, 72 hours and 

1 week after implantation to observe the spinal cord 

cervical segments. Sagittal images at the C5–6 level 

were obtained by conventional scanning. T1WI: repeti-

tion time/echo time = 500 ms/22 ms; T2WI: repetition 

time/echo time = 3 000 ms/90 ms, turbo spin-echo se-

quence was used. Some rats underwent sagittal and/or 

coronal scanning; thickness 2 mm, interval 0.1 mm, 

resolution 0.27 mm × 0.27 mm × 2.0 mm. Epidural 

space and intramedullary hemorrhage, edema and 

softening were observed. Using single shot plane echo 

spin echo-echo planar imaging sequence and sagittal 

diffusion tensor imaging, field of view 65 mm × 50 mm × 

38 mm, resolution 1 mm × 1.3 mm × 1.5 mm, repetition 

time/echo time = 8 100 ms/ 93 ms, flip angle 90°, five 

slices, interval 0 mm, diffusion gradient direction 35, b 

value 800 s/mm
2
, collection twice, fat-suppression 

technique: spectral presaturation with inversion recov-

ery, automated shimming, imaging time:  7 minutes, 20 

seconds. Using diffusion tensor imaging software 

package, in the model group, the image of compressed 

cervical cord was selected; cross section of cervical 

cord was considered as region of interest; fractional 

anisotropy value was directly read. The sham surgery 

group was measured by the same method described 

above.  

 

Average diffusion coefficient values of rats in both groups 

were measured using the average diffusion coefficient 

measure tool of diffusion tensor imaging software pack-

age. T2 signal in the region of interest was evaluated by 

two associate chief physicians using the double blind 

method. Signal difference was calculated by (signal in-

tensity in the site of compression – signal intensity in the 

site of non-compression)/signal intensity in the site of 

non-compression. Signal difference ≥ 25% represents 

signal abnormality
[45]

.  

 

Pathology of rat spinal cord undergoing 

compression  

The rats were overanesthetized with sodium pentobar-

bital (40 mg/kg) immediately after MRI scanning, caus-

ing death. The rats were injected with 50 mL hepa-

rin-saline via ascending aorta, and fixed with 300 mL 

formaldehyde trinitrophenol solution (4% formaldehyde 

and 0.4% trinitrophenol in 0.16 mol/L phosphate buffer, 

pH 7.4). The cervical vertebra was immersed in 4% 

phosphate-buffered formaldehyde for 3 days. The 

spinal cord was isolated and stored in 4% phos-

phate-buffered formaldehyde for 48 hours, followed by 

paraffin imbedding. The spinal cord at C5–6 and its sur-

rounding segments were sliced into 8 μm-thick series 

sections. The sections underwent hematoxylin-eosin 

staining and Luxol-fast-blue staining. Hematox-

ylin-eosin staining was used to observe the number, 

morphology, and distribution of spinal anterior horn 

neurons, intramedullary hemorrhage, edema, degene-

ration, necrosis, and inflammatory cell infiltration. Lux-

ol-fast-blue staining was utilized to observe arrange-

ment and demyelination of nerve tracts of the spinal 

white matter. Light staining represented low density of 

white matter nerve fibers, indicating severe demyelina-

tion.  

 

Using Image-Pro Plus 6.0 image analysis software (Me-

dia Cybernetics Inc., Rockville, MD, USA), five 

high-power fields (40 ×) were randomly selected in the 

spinal anterior horn. Large motoneurons were quantified 

and the average was calculated. In the images of Lux-

ol-fast-blue staining, five high-power fields (40 ×) were 

randomly selected in the white matter of compressed 

segment of spinal cord. The absorbance values were 

detected, and their average was calculated.  



Lin EJ, et al. / Neural Regeneration Research. 2013;8(36):3382-3390. 

 3389 

 

Statistical analysis   

Measurement data were expressed as mean ± SD, and 

analyzed with SPSS 17.0 software (SPSS, Chicago, IL, 

USA). Comparisons among multiple groups were per-

formed using one-way analysis of variance. Paired in-

tergroup comparisons were conducted using the least 

significant difference test. A value of P < 0.05 was con-

sidered statistically significant.  
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