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Introduction

Abstract

Diffusion tensor imaging is a sensitive way to reflect axonal necrosis and degeneration, glial
cell regeneration and demyelination following spinal cord injury, and to display microstructure
changes in the spinal cord in vivo. Diffusion tensor imaging technology is a sensitive method to
diagnose spinal cord injury; fiber tractography visualizes the white matter fibers, and directly
displays the structural integrity and resultant damage of the fiber bundle. At present, diffusion
tensor imaging is restricted to brain examinations, and is rarely applied in the evaluation of
spinal cord injury. This study aimed to explore the fractional anisotropy and apparent diffusion
coefficient of diffusion tensor magnetic resonance imaging and the feasibility of diffusion tensor
tractography in the evaluation of complete spinal cord injury in rats. The results showed that the
average combined scores were obviously decreased after spinal cord transection in rats, and then
began to increase over time. The fractional anisotropy scores after spinal cord transection in rats
were significantly lower than those in normal rats (P < 0.05); the apparent diffusion coefficient
was significantly increased compared with the normal group (P < 0.05). Following spinal cord
transection, fractional anisotropy scores were negatively correlated with apparent diffusion
coefficient values (r = —0.856, P < 0.01), and positively correlated with the average combined
scores (r=0.943, P < 0.01), while apparent diffusion coefficient values had a negative correlation
with the average combined scores (r = —0.949, P < 0.01). Experimental findings suggest that, as
a non-invasive examination, diffusion tensor magnetic resonance imaging can provide qualita-
tive and quantitative information about spinal cord injury. The fractional anisotropy score and
apparent diffusion coefficient have a good correlation with the average combined scores, which
reflect functional recovery after spinal cord injury.
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method for the diagnosis of SCI and relevant disease (Boldin

Spinal cord injury (SCI) is a kind of severe impairment in
the central nervous system, which usually causes sensory,
motor and autonomic disorders to varying degrees (Van
Goethem et al., 2005; Zhang et al., 2013; Ma et al., 2014).
At present, SCI can be evaluated through two indicators:
histopathological findings and spinal cord function scores.
The former is an invasive examination that cannot be used
in the long term in individuals, thus restricting its clinical
application. The latter is prone to be influenced by subjective
factors. Therefore, it is crucial that we find a feasible method
for the evaluation of SCI and functional restoration, as well
as long-term observation in the clinic.

Magnetic resonance imaging (MRI) is a commonly used
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et al., 2006; Bozzo et al., 2011). Conventional MRI is better
than CT examination in visualizing the morphology of the
spinal cord and the variation of signals, but it is difficult to
assess functional status and fine structure using T1, T2 and
other parameters (Kulkarni et al., 1988; Schwartz and Hack-
ney, 2003; Ducreux et al., 2006). The development of diffu-
sion tensor imaging (DTI) allows a more sensitive diagnosis
of SCI than conventional MRI examination (Hesseltine et al.,
2006; Chang et al., 2010; Rajasekaran et al., 2010; Song et al.,
2011; Kerkovsky et al., 2012; Mulcahey et al., 2012b). Fiber
tractography (FT) contributes to the visualization of white
matter fibers, structural integrity and the damage of the fiber
bundle (Basser and Jones, 2002; Fujiyoshi et al., 2013). Cur-
rently, DTI has been widely used in brain examination (Jiang
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et al., 2010; Young et al., 2010; Van der Eerden et al., 2013;
Clemm von Hohenberg et al., 2014; Hasan et al., 2014; Jia et
al., 2014; Sternberg et al., 2014), but has rarely been reported
in the detection of SCI (Brennan et al., 2013).

DTI is a non-invasive means of examination (Vedantam
et al., 2014) that can provide objective information about
the degree of SCI accurately, qualitatively and quantitatively
through a long-term follow-up observation. After parameter
optimization and image post-processing, DTI can exclude
the artifacts caused by cerebrospinal fluid and respiration,
and is expected to provide strong support for the clinical
diagnosis and treatment of SCI (Song et al., 2002; Mukher-
jee, 2005; Kamble et al., 2011). Fractional anisotropy (FA)
and apparent diffusion coefficient (ADC) are the common
parameters in DTI. FA is an indicator of the quantitative as-
sessment of the displacement of water molecules depending
on their direction, and reflects the ratio of the anisotropic
component in the diffusion tensor. ADC is used to quanti-
tatively assess the diffusion of water molecules, independent
of direction (Moseley et al., 1991; Pierpaoli and Basser, 1996;
Andre and Bammer, 2010; Cheran et al., 2011; Buchy et al.,,
2012; Zatorre et al., 2012; Han et al., 2013; Jones et al., 2013;
Tseng et al., 2013; Abhinav et al., 2014). Based on the find-
ings of DTI, FT can display the spatial directivity and integ-
rity of the fiber bundle (Cohen-Adad et al., 2008; Hobert et
al., 2013; Rao et al., 2013; Kelley et al., 2014).

The ultimate goal of SCI treatment is to completely restore
the normal physiological function of the spinal cord, so the
function of the injured spinal cord is attracting more atten-
tion. Animals are often used to simulate the pathological
process of human SCI (Pillai et al., 2011; Griffin et al., 2013).
As the hindlimb may spontaneously restore motor function
after complete SCI (de Leon et al., 1998; Traub, 2001), the
Basso-Beattie-Bresnahan (BBB) scale score has also been
found to spontaneously increase after injury (Basso et al.,
1995, 1996), but this score is very subjective, so the BBB scale
fails to detect the prognosis (Dietz, 2003; Chen et al., 2004).
Guertin (2004) found that qualitative methods such as BBB
scoring are mainly used to determine incomplete SCI, and
accordingly proposed a semi-quantitative scoring method for
the evaluation of complete SCI in 2004: the average combined
scores (ACOS). The hindlimb movements of rats in an open
space were observed and counted at random within 1 minute,
including nonbilaterally alternating movements (NBA) and
bilaterally alternating movements (BA). The range of motion
was assessed using two-dimensional kinematic analysis and
then integrated for semi-quantitative analysis of the rat hind-
limb functional restoration (Guertin, 2004).

DTI has a high sensitivity and objectivity, and may pro-
vide more accurate prognostic indicators (Mukherjee, 2005;
Mulcahey et al., 2012a). Therefore, this study aimed to ex-
plore the feasibility of DTI and FT in the evaluation of func-
tional recovery in rats with complete spinal cord transection
injury, especially their correlation with ACOS.

Materials and Methods

Establishment of spinal cord transection model
Twelve 8-week-old adult male Sprague-Dawley rats, weigh-

ing 250-300 g, were provided by the Experimental Animal
Center of Xi’an Jiaotong University of China (specific
pathogen-free grade; production license No. SCXK (Shaan)
2007-001, user license No. SYXK (Shaan) 2007-003). The
experimental design was approved by the Medical Ethics
Committee of Xi’an Jiaotong University in China. All opera-
tions were carried out under anesthesia to minimize the pain
rats suffered during the experiment. In brief, after rats were
anesthetized with 25 mg/kg of 2% sodium pentobarbital via
intraperitoneal injection, they were fixed in a prone position
and placed on a sterile operating table, where their dorsal
skin was disinfected. Taking the T, segment as the center, a
2-cm longitudinal incision was made, then the skin, fascia,
paraspinal muscles and soft tissue were bluntly dissected,
and the wounds were covered with sterile gauze to stop
bleeding. The T, and T,, spinous processes and the T, verte-
bral plate were removed, fully exposing the T,, segments. A
surgical needle was inserted into the spinal cord through the
ventral side of spinal cord. Then the needle was gently lifted
and the spinal cord was rapidly transected using a thin blade.
Complete transection of the spinal cord was defined as a
success upon the appearance of the surgical thread pulled
out. Immediately after spinal cord transection, rats exhibited
tail wagging, hindlimb retraction and flutter, and eventually
flaccid paralysis. The wounds were repeatedly washed with
saline and gentamicin, then sutured. After the SCI model
was established, rats were divided into separate cages at
18-26°C and 40-70% humidity, below 85 db noise, allowing
free access to food. Artificial urination was performed three
times daily.

Detection of hindlimb motor function

Hindlimb ACOS rating was performed 24 hours before inju-
ry, and 6 hours, 1-5 weeks after injury. Hindlimb movement
is mainly based on the motion of one or two joints. NBA is
primarily unilateral movement, such as rapid trembling of
the claw, kicking, twitching or cramps; BA refers to a series
of flexion and extension movements alternating in the bi-
lateral hindlimbs. The range of motion was obtained from
treadmill exercise and recorded as 0: no action occurs; 1:
the maximum range of motion is less than half of the nor-
mal range of motion; 2: the maximum range of motion is
equal to or greater than half of the normal range of motion.
Score = the times of NBA within 1 minute + (the times of
BA within 1 minute X 2)] X range of motion. Finally, all the
scores were averaged. A higher score indicated better motor
function (Guertin, 2004). Because of differences in circadian
activity in rats, all scores were recorded after 8:00 p.m.

MRI and DTI examination

After hindlimb motor function scores were calculated, the
spinal cord in the rats was detected using a conventional 3.0
T MRI scanner and a 3.0 T DTI scanner.

Conventional 3.0 T MRI scan

Using a 3.0 T Signa MRI machine (GE Medical Systems,
Milwaukee, WI, USA), a phased array spinal cord coil
was customized. Conventional three-dimensional T2WI
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Figure 1 MRI images of the spinal cord in a rat model of spinal cord transection.
Conventional MR T1- and T2-weighted images show that the signals at the injured spinal cord were decreased after spinal cord transection injury
occurred, and the low signals were more common as the time post-injury increased. White arrows refer to the spinal cord injury site.

Figure 2 Fiber tractography images of the spinal cord in a rat model of spinal cord transection.
(A) 24 hours before spinal cord injury, i.e., normal spinal cord; (B) 6 hours post-injury; (C) 1 week post-injury; (D) 5 weeks post-injury. Spinal
cord nerve fibers were arranged in a disorderly fashion and the transection gap was widened along with the post-injury time.
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Figure 3 Correlation between diffusion tensor imaging and hindlimb function scores in a rat model of spinal cord transection (Pearson

correlation analysis).

(A) Fractional anisotropy (FA) value was negatively correlated with the apparent diffusion coefficient (ADC) value, and the correlation was linear (r
=-0.856, P < 0.01). (B) FA values were positively correlated with the average combined score (ACOS) values and the correlation was linear (r= 0.943,
P <0.01). (C) ADC values had a negative and linear correlation with ACOS (r=-0.949, P < 0.01).

Table 1 Fractional anisotropy (FA), apparent diffusion coefficient
(ADC) (10”° mm®/s) and average combined scores (ACOS) of rats
before and after spinal cord transection injury

FA ADC ACOS
24 hour before injury 0.592+0.001 1.001£0.006 300.00£3.25
(normal)
6 hour post-injury ~ 0.150£0.009°  2.768+0.099°  0.00+0.00"
1 week post-injury ~ 0.16140.008"  2.333+0.064"  7.00%0.95"
2 weeks post-injury ~ 0.188+0.009°  2.187+0.016°  10.08+0.79"
3 weeks post-injury  0.21240.012°  2.008+0.019"  12.50+1.00"
4 weeks post-injury  0.269+0.015  1.891+0.018"  19.33+0.89"
5 weeks post-injury  0.30240.028"  1.793+0.020°  23.33%1.07"

Data are expressed as the mean + SD of 12 rats at each time point.
The difference was tested using analysis of variance, and pairwise
comparisons among each time point were conducted using the least
significant difference method. *P < 0.05, vs. previous time point.

(repetition time (TR) 2,600 ms, echo time (TE) 120 ms) and
T1WI (TR 560 ms, TE 11.3 ms) scans were performed on
the spinal cord. The thickness of both sagittal sections and
cross-sections = 1.5 mm, the space = 0, field of view (FOV)
= 8, acquisition matrix = 320 x 224.

3.0 T DTI scan

The 3.0 T DTTI scan was performed using a 3.0 T Signa MRI
machine (GE Medical Systems) at the same loci with a con-
ventional MRI scan. The diffusion-weighted coefficient (b
value) was 1,000 s/mm’, the diffusion-sensitive gradient was
15 different directions, TR = 3,500 ms, TE = 87.5 ms, thick-
ness = 2.4 mm, space = 0, FOV = 10, acquisition matrix =
64 x 64. All the data were input into a separate worksta-
tion, Advantage Windows 4.2 (GE Healthcare). Based on
the FA map, the region of interest (the spinal cord tissue)
was placed in the inferior medulla and the inferior oblon-
gata. The morphological reconstruction of the spinal cord
nerve fiber bundle was plotted using FuncTool software (GE
Healthcare). The ROI was selected by two independent tes-
ters, and the ADC and FA values were obtained.

Statistical analysis

Statistical analysis was performed using SPSS 20.0 soft-
ware (IBM Corporation, Armonk, NY, USA) and data are
expressed as the mean + SD. Differences were tested using
analysis of variance, and pairwise comparisons among each
time point were conducted using the least significant dif-
ference method. A P < 0.05 level was considered statistically
significant. Pearson correlation analysis was applied to an-
alyze FA, ADC and ACOS, and P < 0.01 as the criterion of
statistical significance.

Results

General condition of a spinal cord transection rat model
All rats regained consciousness from anesthesia within 2
hours after spinal cord transection injury, and presented
with complete paraplegia, no activity in the hindlimb and
tail, and voiding dysfunction. No defecation disorder was
found. Rats had no response to acupuncture and were in
good general condition. There were no deaths during the ex-
periment.

Hindlimb motor function score of a spinal cord
transection rat model

The ACOS was significantly decreased after spinal cord tran-
section (P < 0.05), and gradually increased with time (P <
0.05; Table 1).

MRI and FT images of a spinal cord transection rat model

Conventional MRI findings showed that the spinal cord was
smooth with uniform signals at 24 hours before spinal cord
injury, with high signs in cerebrospinal fluid observed on
T2-weighted images. Conventional MR T1-weighted images
showed obvious reduction of the signals at the transection
site with a clear boundary 6 hours post-injury, but the center
was unclear. At 1 week post-injury, low signals were visible at
the injury site; at 5 weeks post-injury, the signals at the inju-
ry site were still lower than those in the normal spinal cord.
The overall signal did not change significantly. Conventional
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MR T2-weighted images showed spinal cord transection
clearly at 6 hours post-injury, but cerebrospinal fluid was not
visualized; at 1 week post-injury, the transection was unclear
with low signals; at 5 weeks post-injury, low signals at the
transection site were more common, and the signals were
lower than those in normal spinal cord tissue (Figure 1).

All rats had a clear spinal cord structure and showed no
obvious image distortion at 24 hours before injury, as de-
tected by DTI. FT images showed that the white matter fiber
bundle was intact and traveled with normal morphology in
the normal spinal cord. At 6 hours after spinal cord injury,
the fibers at the injury site were disorderly, but no transec-
tion was visible. At 1 week post-injury, obvious transected
nerve fibers were observed. At 5 weeks post-injury, spinal
cord nerve fibers were fractured and disorderly, and the
transection injury had deteriorated, but a small amount of
nerve fibers were still visible (Figure 2).

Changes of FA values and ADC values of a rat model of
spinal cord transection

FA values significantly decreased (P < 0.05), while the ADC
value increased significantly (P < 0.05) after spinal cord
transection. As the post-injury time, FA values gradually
increased (P < 0.05) and the ADC value decreased (P < 0.05;
Table 1).

Correlation between DTI and hindlimb function score in a
rat model of spinal cord transection

Pearson correlation analysis showed that FA values were
negatively correlated with ADC values in the rat model of
spinal cord transection (r = —0.856, P < 0.01; Figure 3A),
which was consistent with our expectations because of the
similar formula of FA and ADC values (Cortez-Conradis
et al., 2013). FA values had a positive and linear correlation
with ACOS (r = 0.943, P < 0.01; Figure 3B); ADC values
were negatively correlated with ACOS and the correlation
was linear (r=-0.949, P < 0.01; Figure 3C).

Discussion

Spinal DTI technology

DTI was first used in 1994 to measure the diffusion size
and direction of nerve cells, and provide image information
about the diffusion of water molecules for the three-dimen-
sional reconstruction of white matter fiber bundles. There
are two important parameters in DT, namely FA and ADC.
FA values reflect the degree of spatial displacement of water
molecules and are associated with the direction that the wa-
ter molecules diffuse; a higher FA value indicates a stronger
anisotropy. The ADC value is an indicator of the diffusion
displacement of water molecules, independent of the diffu-
sion direction. Based on these two parameters, DTI can be
used to visualize the direction and displacement of water
molecule diffusion (Chen et al., 2013). Therefore, DTI can
sensitively reflect axonal necrosis and degeneration, glial cell
regeneration and demyelination after spinal cord injury oc-
curs, and display changes of the microstructure of the spinal
cord in vivo (Fenyes and Narayana, 1999; Foong et al., 2000).
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DTI and FT assessment of spinal cord transection injury
Spinal cord transection may cause a series of changes, such
as the destruction of cell membranes and myelin, the disap-
pearance of the water molecule diffusion barrier, a reduction
in diffusion resistance, and an increase in diffusion displace-
ment (Li et al., 2013; Xu et al., 2013). Because of the presence
of axonal fracture, the diffusion of water molecules has no
direction, thus decreasing the anisotropy. In this study, ADC
values significantly increased and FA values significantly
reduced after SCI, showing an obvious correlation. As as-
trocytes are involved in the inflammation process, gradually
forming a glial scar and constructing a physical barrier at the
injury site, the degree of the diffusion of water molecules re-
duces. The proliferating glial cells at the injury site encase the
regenerating axons, and partially increase the diffusion an-
isotropy of water molecules. Our findings showed decreased
ADC values and increased FA values following SCI, which
was consistent with previous work reporting the reduction
of FA values at the injury site in clinical trials (Shanmugana-
than et al., 2008; Petersen et al., 2012).

Conventional MRI and FT failed to clearly display spinal
cord transection at 6 hours post-injury, possibly because of
postoperative bleeding and nearness to the stump, but FA
values significantly decreased. At 1 week post-injury, spinal
cord transection was still unclear on MRI, while FT images
visualized fiber bundle breakage and gaps clearly. At 5 weeks
post-injury, the MRI low signal area was expanded, and the
FT image showed that spinal cord nerve fibers were arranged
in a disorderly fashion with the transection gap widened, but
a small amount of nerve fibers were visible. Therefore, con-
ventional MRI can display SCI, but cannot visualize more
details; there was no significant difference at 6 hours and at 5
weeks post-injury. FT imaging has obvious superiority over
conventional MRI in visualizing spinal cord fibers.

DTI and hindlimb function score

The ultimate goal of SCI treatment is to achieve the com-
plete recovery of spinal cord functions, therefore motor
function after SCI in animals has been regarded as an indi-
cator of assessing therapeutic efficacy. The commonly used
assessment methods include the BBB score, the combined
behavior scores (CBS) and the ACOS. The BBB scoring
system is initially proposed to evaluate hindlimb function-
al restoration after thoracic SCI in rats (Basso et al., 1995;
Basso et al., 1996), and is currently used in the evaluation of
complete transection and hemisection of the spinal cord (Lu
et al., 2002; Qin et al., 2006). The CBS, established in 1985,
is a scale covering a wide range of sensory, motor and reflex
functions, but it is difficult to promote (Gale et al., 1985).
The subsequent modifications make up for some deficiencies
in the CBS, such as the application of sports, toe extension
and touchdown reflection, contraction reflexion, turning
back reflexion, inclined plate tests and swimming tests (Hara
et al., 2000). Some qualitative methods such as BBB and CBS
are primarily applicable to the detection of incomplete SCI,
and insensitive to evaluate complete SCI. Guertin et al. (2004)
proposed the ACOS semi-quantitative scoring method. To
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better evaluate the hindlimb functional recovery in SCI rats,
we used the ACOS system, which is more sensitive and com-
prehensive (Zhang et al., 2007). Comparing FA values, ADC
values and ACOS after SCI, we found that FA values and
ADC values had a good correlation with the ACOS, which is
prone to an objective assessment of the spinal cord transec-
tion model in rats.

In summary, DTI can detect SCI earlier than conventional
MRI. DTT has more precise parameters and good correlation
with neurological function scores, thus it can be used as a
quantitative and objective assessment method of recovery
after SCL.
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