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 Background: Olfactory ensheathing cell transplantation is a promising treatment for spinal cord injury. Diffusion tensor im-
aging has been applied to assess various kinds of spinal cord injury. However, it has rarely been used to eval-
uate the beneficial effects of olfactory ensheathing cell transplantation. This study aimed to explore the fea-
sibility of diffusion tensor imaging in the evaluation of functional recovery in rats with olfactory ensheathing 
cell transplantation after contusive spinal cord injury.

 Material/Methods: Immunofluorescence staining was performed to determine the purity of olfactory ensheathing cells. Rats re-
ceived cell transplantation at week 1 after injury. Basso, Beattie, and Bresnahan score was used to assess 
the functional recovery. Magnetic resonance imaging was applied weekly, including diffusion tensor imaging. 
Diffusion tensor tractography was reconstructed to visualize the repair process.

 Results: The results showed that olfactory ensheathing cell transplantation increased the functional and histological re-
covery and restrained the secondary injury process after the initial spinal cord injury. The fractional anisotropy 
values in rats with cell transplantation were significantly higher than those in the control group, while the ap-
parent diffusion coefficient values were significantly lower. Basso, Beattie, and Bresnahan score was positively 
and linearly correlated with fractional anisotropy value, and it was negatively and linearly correlated with ap-
parent diffusion coefficient value.

 Conclusions: These findings suggest that diffusion tensor imaging parameters are sensitive biomarker indices for olfactory 
ensheathing cell transplantation interventions, and diffusion tensor imaging scan can reflect the functional re-
covery promoted by the olfactory ensheathing cell transplantation after contusive spinal cord injury.
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Background

Spinal cord injury (SCI) is a severe form of trauma in the central 
nerve system (CNS). In the search for treatments to promote 
recovery after SCI, cell-based therapies have been shown to be 
effective [1]. Among a series of candidate cell types, olfactory 
ensheathing cells (OECs), which are derived from olfactory bulb 
and nasal mucosa [2], have demonstrated beneficial effects 
in the functional recovery of SCI after transplantation [3–10].

Conventional magnetic resonance imaging (MRI) is a widely used 
noninvasive technique in the diagnosis of SCI. However, the mor-
phological changes and the signal variations in the conventional 
MRI images after SCI are not reliable or accurate enough to as-
sess the functional integrity of the injured spinal cord. Diffusion 
tensor imaging (DTI) is a novel quantitative imaging method 
based on the diffusion of water molecules in 3 dimensions [11]. 
DTI has been reported to be more sensitive than convention-
al MRI in detecting pathophysiology processes and predicting 
the severity of the injury after SCI [12–19]. Fractional anisotro-
py (FA), which reflects the anisotropy of the diffusion, and ap-
parent diffusion coefficient (ADC), which reflects the magnitude 
of the diffusion, are 2 of the most commonly used DTI parame-
ters [13,20]. DTI scans can be reconstructed to generate diffusion 
tensor tractography (DTT), also known as fiber tractography (FT). 
DTT is able to identify the injury epicenter, reveal the damaged 
fiber bundle, and discriminate the interrupted nerve fiber from 
the intact tracts after various types of SCI [21].

Due to their high sensitivity and accuracy, DTI and DTT have 
been applied to assess recovery after SCI, with results dem-
onstrating that the DTI parameters are significantly correlated 
with Basso, Beattie, Bresnahan (BBB) scores [12,15,20]. DTT 
has been recommended to assess recovery of the injured spi-
nal cord after various kinds of interventions [13]. Moreover, a 
recent study has demonstrated the morphological and func-
tional changes induced by neural stem cells (NSCs) transplan-
tation after SCI can be detected by DTI [22]. However, DTI and 
DTT have rarely been applied in the evaluation of OEC-based 
cell therapies for SCI.

Therefore, the present study was undertaken to explore the 
feasibility of DTI in the evaluation of functional recovery in 
rats with OECs transplantation after contusive SCI, especially 
their correlation with BBB score.

Material and Methods

OEC culture and characterization

Olfactory bulbs were aseptically removed from 2-day-old rats 
and the meninges and blood vessels were stripped off with 

fine forceps under a microscope. Tissues were then dissect-
ed into small pieces and enzymatically digested with 0.25% 
trypsin (Sigma) for 5 min at 37°C and 5% CO2. After the ter-
mination of digestion, cells were recovered by centrifugation 
and then placed into culture flasks (25 cm2, Nunclon, Thermo 
Scientific, Waltham, MA, USA) within the medium consisting of 
DF-12 medium (1: 1 mixture of DMEM and Ham’s F-12), 10% 
fetal bovine serum, and 1% penicillin-streptomycin (Sigma). 
The differential cell adhesion method was applied to puri-
fy the primary OECs [23]. OECs were cultured for 7 days, af-
ter which they were transplanted into the injured spinal cord. 
Immunofluorescence was applied to determine the purity of 
OECs. After purification and primary culture for 7 days, OECs 
were fixed in 4% paraformaldehyde (PFA) for 20 min. Non-
specific protein binding was blocked by a 60-min incubation 
with 10% goat serum albumin (Sigma). After that, cells were 
incubated overnight at 4°C with primary antibody (a rabbit an-
ti-rat P75NTR monoclonal antibody, 1: 50 Proteintech, Chicago, 
IL, USA), followed by incubation for 60 min at room tempera-
ture with the secondary antibody (a goat anti-rabbit DyLight 
488 antibody, 1;500, Boster, China). DAPI (100 ng/mL) was add-
ed for 10 min at room temperature. Then, cells were mount-
ed in 50% glycerol.

Establishment of contusive SCI model and cells 
transplantation

A total of 48 healthy adult male Sprague-Dawley rats, aged 
8 weeks and weighing 250–300 g, were provided by the 
Experimental Animal Center of Xi’an Jiaotong University of 
China. The experiment was approved by the Medical Ethics 
Committee of Xi’an Jiaotong University. Rats were randomly 
chosen and separated into the control group (n=24) and the 
OECs group (n=24).

Rats were placed on an electrical heating pad to maintain 
the body temperature through the entire procedure of anes-
thesia and operation. Operations were performed under so-
dium pentobarbital anesthesia (40 mg/kg i.p.) and laminec-
tomy was performed in T9–10 vertebra to expose the spinal 
cord. The contusive SCI was caused at the T10 segment by us-
ing the NYU weight-drop impactor (New York University, New 
York, USA) with a 10-g rod dropped from a height of 25.0 mm. 
Immediately after the contusion, hemorrhage and edema in the 
injured area appeared and rats exhibited tail wagging, hindlimb 
fluttering, and, eventually, flaccid paralysis. Afterwards, the 
muscles and skins were sutured in separate layers. Rats were 
maintained with free access to food and water and artificial 
urination was performed twice every day until normal function 
returned. Buprenorphine (0.01 mg/kg i.p.) and Gentamicin (5 
mg/kg i.p.) were administered immediately after the surgery 
and then daily for 3 days and 7, days respectively.
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One week after the injury, all the rats were anesthetized with 
40 mg/kg i.p. sodium pentobarbital and the injury site was ex-
posed. Rats in the OECs group (n=24) received the OECs trans-
plantation. A total of 2 μl suspension containing 1×106 OECs 
was injected into the epicenter of the contused area during a 
time course of 6 min using a 10-μl Hamilton syringe (Hamilton 
#701; Hamilton, Reno, NV, USA) with a glass pipette (100 μm 
diameter) held in a micromanipulator. The injection pipette 
was kept in place for an additional 3 min to avoid liquid with-
draw. Rats in the control group (n=24) were injected with 2 
μl culture medium. After the injection, the muscle layers and 
the skin were closed separately.

Hindlimb motor function assessment

Motor behavior during open-field walking was evaluated by 
2 independent and blinded researchers at 2 h, day 3, week 1, 
week 2, week 3, week 4, week 5, week 6, week 7, and week 
8 after injury according to the Basso, Beattie, and Bresnahan 
(BBB) scale [24], ranging from 0 (no movement) to 21 (nor-
mal movement).

MRI and DTI scan

A total of 12 rats (6 rats per group) were randomly chosen to 
undergo MRI and DTI scanning at week 2, week 4, week 6, week 
8 after injury. An electrical heating pad was used to maintain 
the body temperature through the entire procedure of anes-
thesia, and all the scans were performed in the affiliated hos-
pital with an air conditioning system. After the sodium pento-
barbital anesthesia (40 mg/kg i.p.), rats were placed in supine 
position within a specialized coil, which was able to maintain 
the uniformity of the magnetic field and fix the rats to a set-
tled place. All the scans were performed using a 3.0 Tesla MR 
scanner (Signa, GE Medical Systems, Milwaukee, WI, USA).

Conventional 3.0 T MRI scan

SE sequence was used to complete the conventional MRI scan, 
which includes T1-weighted and T2-weighted images (T1WI 
and T2WI). The total scan time of T1WI and T2WI for a rat was 
5 min. The repetition time (TR) and echo time (TE) for T1WI 
were 560 ms and 11.3 ms, respectively. TR 2600 ms and TE 
120 ms were applied for T2WI. The image matrix for both T1 
WI and T2WI was 256×256, slice thickness was 1.5 mm, and 
contiguous slices=6.

3.0 T DTI scan

After the localization of the injury area by conventional MRI scan-
ning, auto-prescan was conducted to accommodate the unifor-
mity of the magnetic field at the scan region. Then, single-shot 
spin-echo planar imaging (EPI) sequence was applied to perform 

the 3.0 T DTI scan from 1 segment rostral of the injury site to 
1 segment caudal of the injury site (3 segments in total). The 
total scan time of DTI for a rat was about 12 min. The relevant 
parameters for DTI scan were: TR=4000 ms, TE=88 ms, slice 
thickness=3 mm, b factor=1000 s/mm2, band width=200 kHz, 
25 gradient encoding directions, acquisition matrix=64×64, and 
field of view=10×10 mm. All data were transferred to a separate 
workstation (Advantage Windows Workstation, version 4.2, GE 
Healthcare, Waukesha, WI, USA) to generate the quantitative 
DTI parameter (FA value and ADC value). DTT was reconstruct-
ed using the FACT algorithm implemented in Volume-One soft-
ware with FA threshold <0.2 and stopping angle >25. The FA 
value and ADC value in the region of interest (spinal cord inju-
ry epicenter), which was selected by 2 independent research-
ers, were recorded to explore their correlations with BBB score.

Perfusion and tissue processing

Rats were randomly chosen and sacrificed at week 2, week 4, 
week 6, and week 8 after injury (n =6 for each group at each 
time point). After deep anesthesia by sodium pentobarbital 
(40 mg/kg, i.p.), rats were transcardially perfused with 0.9% 
saline followed by 4% paraformaldehyde. The spinal cord seg-
ment from 1 cm caudal to 1 cm rostral of the injury site was 
extracted from the vertebral column and then post-fixed in 4% 
paraformaldehyde overnight at 4°C. The spinal cord segments 
were dehydrated through an ascending series of ethanol so-
lutions, cleared with xylene, and then embedded in paraffin. 
Afterwards, the paraffin blocks were cut into transverse seri-
al sections of 7-μm thickness.

Hematoxylin-eosin staining

Sections were immersed in xylene, rehydrated by decreasing 
series of ethanol, and washed in PBS, then submerged in he-
matoxylin for 4 min. The sections were washed in water fol-
lowed by 1% HCl in ethanol solution for 30 s. After staining 
with eosin for 6 min, sections were dehydrated through in-
creasing concentrations of ethanol and xylene.

Statistical analysis

Injury areas on T1WI and T2WI were quantified and calculat-
ed using Image Pro Plus 6 (Media Cybernetics, USA). Statistical 
analysis was performed using SPSS 23.0 software (SPSS Inc, 
Chicago, IL, USA). Results are presented as mean ±SD with n 
representing the number of replicates. Student’s unpaired t-
test was used to evaluate statistical significance between 2 
groups at a certain time point and two-way ANOVA was used 
for multiple comparison. Pearson correlation analysis was ap-
plied to explore the correlation between FA, ADC, and BBB 
score. P<0.05 was considered as the criterion of statistical sig-
nificance in all the comparisons.
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Results

Characterization of olfactory ensheathing cells by 
immunofluorescence

Random areas (n=5) were photographed under 200× magni-
fication using a fluorescence microscopy. The percentage of 
P75NTR-positive cells was calculated by comparing the num-
ber of DAPI-labeled nuclei with the number of P75NTR immu-
noreactive cells. Our data indicated 91±2.66% of cells were 
P75NTR-positive (Figure 1).

Hindlimb motor function recovery evaluated by BBB score

The BBB score was significantly decreased after contusive SCI 
and gradually increased with time (Figure 2). There were sig-
nificant differences between the 2 groups over time (two-way 
ANOVA, P<0.05). At day 3 and week 1 after injury, there were no 
significant differences between the control group and the OECs 
group. However, at week 2 after injury (1 week after the OECs 
transplantation), the BBB score of the OECs group was signifi-
cantly higher than in the control group (P<0.05) and the signif-
icant difference was retained to week 8 after injury (P<0.05).

Effective effects of the transplanted OECs visualized by 
MRI and DTT images

Conventional MRI showed the injury area, which was represent-
ed as the hypointense region in the T1WI (Figure 3). Compared 
to the OECs group, the injury area in the control group was 
significantly larger at week 4, week 6 and week 8 after inju-
ry (P<0.05) (Figure 4A). The injury area increased significant-
ly in the control group (P<0.05) and decreased significantly in 
the OECs group (P<0.05) at week 4 and week 6 (Figure 4B). 
Conventional MRI T2WI clearly revealed the repair process af-
ter SCI and also the difference between the 2 groups (Figure 5). 
After the injury, a hyperintense region, which indicated the in-
jury area, was seen in both groups. The injury area in the OECs 

group was significantly smaller than in the time-matched con-
trol group at week 4 to week 8 (P<0.05) (Figure 6A). Moreover, 
the injury region in the OECs group depicted a significant shrink-
age at week 4 and week 6 (P<0.05) (Figure 6B). However, the 
injury region in the control group extended significantly from 
the injury site at week 4 and week 6 (P<0.05).

Spinal cord structure was clearly detected by DTT (Figure 7). At 
week 2 after surgery, DTT of both groups showed the interrup-
tion of nerve fibers. At week 4 after injury, besides the irreg-
ularity of the nerve fiber, depression at the injured site of the 
spinal cord appeared. At week 6 and week 8 after injury, the 
disruption of the fiber tracks and the depression at the injury 
site were still obvious. Compared to the OECs group, the spi-
nal cord depression at week 6 and week 8 after injury in the 
control group seemed to be more severe.

Figure 1.  Immunofluorescence staining of OECs. OECs in culture with immunostaining of nuclear (DAPI) and P75NTR (×200). Scale bar 
is 50 μm.

DAPI P75NTR Merge

Figure 2.  BBB score of rats after contusive spinal cord injury. The 
number of rats (n) for each group at each time point 
is 24. Data are represented as mean ±SD. The result 
indicated significant differences between 2 groups 
after OECs transplantation (two-way ANOVA, P<0.05). 
Student’s unpaired t-test was performed between 2 
groups at each time point. * P<0.05 OECs group vs. 
time-matched control group.
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Figure 3.  T1-weighted images (T1WI) of the spinal cord after contusive spinal cord injury. T1WI showed that the signals at the injury 
site were decreased after contusive spinal cord injury. Red circles refer to the spinal cord injury site.
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Figure 4.  The injury area of T1WI after contusive spinal cord injury. Data of rats for each group (n=6) at each time point after injury 
were analyzed and are presented as mean ±SD. (A) The injury area of T1WI between 2 groups were compared at week 2, 
week 4, week 6, and week 8 after injury. (B) Comparisons were performed between 2 adjacent time points in each group. * 
P<0.05 OECs group vs. time-matched control group. # P<0.05 current time point vs. previous time point.
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Figure 5.  T2-weighted images (T2WI) of the spinal cord after contusive spinal cord injury. T2WI revealed a hyperintense region at the 
injury area after contusive spinal cord injury. Red circles represent the spinal cord injury site.
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Figure 6.  The injury area of T2WI after contusive spinal cord injury. The injury area of T2WI in each group (n=6) at each time point 
were calculated and data are presented as mean ±SD. (A) Comparisons of the injury area between 2 groups at each time 
after injury were conducted. (B) The injury areas of 2 consecutive time points in each group were analyzed. * P<0.05 OECs 
group vs. time-matched control group. # P<0.05 current time point vs. previous time point.
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Changes of FA and ADC values after OECs transplantation 
determined by DTI

FA values increased gradually while ADC value decreased gradu-
ally (Figure 8). There were significant differences between the 2 
groups after the OECs transplantation in both FA and ADC values 
(two-way ANOVA, P<0.05). From 1 week after the OECs transplan-
tation (week 2 after injury to week 8 after injury), FA values in the 
OECs group were significantly higher than in the control group 
(P<0.05) (Figure 8A), while ADC values in the OECs group were 
significantly lower than in the control group (P<0.05) (Figure 8B).

Correlation between DTI parameters and hindlimb function 
score after contusive spinal cord injury

Pearson correlation analysis indicated that in the control group, 
FA values had a positive and linear correlation with BBB scores 

(r=0.910, P<0.01; Figure 9A). ADC values were negatively cor-
related with BBB scores and the correlation was linear (r=–
0.947, P<0.01; Figure 9B). FA values and ADC values were neg-
atively and linearly correlated (r=–0.869, P<0.01; Figure 9C).

Correlation between DTI parameters and hindlimb function 
score after OECs transplantation

FA values of the OECs group were positively and linearly cor-
related with BBB score (r=0.954, P<0.01; Figure 10A), while 
ADC values were negatively and linearly correlated with BBB 
score (r=–0.947, P<0.01; Figure 10B). FA values and ADC val-
ues of the OECs group were negatively and linearly correlat-
ed (r=–0.915, P<0.01; Figure 10C).
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Figure 7.  Diffusion tensor tractography (DTT) images of the spinal cord after contusive spinal cord injury. DTT depicted the overall 
shape of the injury area. Spinal cord nerve fibers were interrupted and the injury sites are marked by red circles.
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Figure 8.  The fractional anisotropy (FA) value and apparent diffusion coefficient (ADC) (10–3 mm2/s) at the lesion segment after 
contusive spinal cord injury. Data of rats (n=6) for each group at each time point are represented as mean ±SD. (A) FA values 
increased gradually after SCI and there were significant differences between the 2 groups after OECs transplantation (two-
way ANOVA, P<0.05). (B) ADC values gradually decreased after SCI and there were significant differences between the 2 
groups after OECs transplantation (two-way ANOVA, P<0.05). Student’s unpaired t-test was performed to compare 2 groups 
at each time point. * P<0.05 OECs group vs. time-matched control group.
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Histological changes of the injury site revealed by 
hematoxylin and eosin (HE) staining

HE staining revealed the histological changes at the injury epi-
center under 100× magnification (Figure 11). At week 2 and 
week 4 after injury, disorganization of the injured spinal cord, 
infiltration of the inflammatory cells, and the formation of the 
cavity were confirmed in both groups, and the differences of 
the histological changes between the control group and OECs 
group were not apparent. However, at week 6 after injury, com-
pared to the control group, the infiltration of the inflamma-
tory cells was clearly alleviated in the OECs group. At week 6 
and week 8 after injury, the scar formation in the OECs group 
was more obvious than in the control group.

Discussion

Cell-based therapy has been considered as a promising candi-
date for the treatment of SCI [1]. The therapeutic effects of the 
grafted cells are mainly assessed by hindlimb function scores 

and histopathological findings. Radiological exams, which are 
noninvasive and commonly used in the clinical diagnosis of 
SCI, have rarely been applied in the evaluation of cell-based 
therapies for SCI. Due to the higher sensitivity and accuracy 
than conventional MRI, DTI has been used to detect function-
al recovery after various kinds of SCI [12,16,20,21] and the 
beneficial effects of NSCs transplantation after SCI have also 
been confirmed by DTI scan [22]. In the present study, DTI scan 
and its parameters (FA and ADC values) at the lesion epicen-
ter were used to assess hindlimb functional recovery of con-
tusive SCI after OECs transplantation. The results of this study 
indicate that DTI scan is sensitive to the therapeutic effects of 
OECs transplantation. The functional recovery promoted by the 
cell transplantation was accompanied by higher FA values and 
lower ADC values in the OECs group than in the control group. 
The correlations between DTI parameters and BBB score, DTT, 
which is reconstructed by the DTI scan, clearly identified the 
injury site and discriminated the interrupted nerve fiber from 
the intact tracts. To the best of our knowledge, this is the first 
study performed to assess the feasibility of DTI scan in the 
evaluation of functional recovery after OECs transplantation.

Figure 9.  Correlation between DTI parameters and BBB score in the control group (Pearson correlation analysis). (A) FA values in the 
control group were positively correlated with BBB scores and the correlation was linear (r=0.910, P<0.01). (B) ADC values 
had a negative and linear correlation with BBB scores (r=–0.947, P<0.01). (C) FA values and ADC values were negatively and 
linearly correlated (r=–0.869, P<0.01).

FA value

R2 linear (L)=0.828

0.25 0.30 0.35 0.40 0.45

21
18
15
12

9
6
3
0

BB
B S

co
re

FA value

R2 linear (L)=0.755

0.25 0.30 0.35 0.40 0.45

2.0

1.8

1.6

1.4

1.2

AD
C S

co
re

ADC value

R2 linear (L)=0.897

1.3 1.4 1.5 1.6 1.7 1.8 1.9

21
18
15
12

9
6
3
0

BB
B S

co
re

A B C

Figure 10.  Correlation between DTI parameters and BBB score in the OECs group (Pearson correlation analysis). (A) The correlation 
between FA values and BBB scores in the OECs group were positive and linear (r=0.954, P<0.01). (B) ADC values were 
negatively and linearly correlated with BBB scores (r=–0.947, P<0.01). (C) FA values and ADC values had a negative and 
linear correlation in the OECs group (r=–0.915, P<0.01).
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The therapeutic outcomes of OECs transplantation are signif-
icantly affected by the culture method and timing of trans-
plantation. It has been recommended that short-term cultured 
OECs purified with the method of differential cell adhesion 
could have better therapeutic effects [25–27]. Therefore, in 
the present study, OECs were purified by the differential cell 
adhesion method and cultured for 7 days before transplan-
tation. The purity of OECs at day 7 in culture was verified to 
be 91±2.66% by P75NTR immunofluorescence staining. Due 
to the severe inflammatory response, which is hostile to the 
transplanted cells at the acute stage of SCI, 1 week after ini-
tial trauma has been widely used as a delayed transplanta-
tion time point [6,28,29]. The BBB score indicated all the rats 
were paralysed at 2 h after the surgery, which affirmed the 
successful modeling of contusive SCI. Functional recovery of 
rats in the 2 groups was demonstrated by the gradual increase 
of BBB scores. Moreover, the therapeutic effect of the grafted 
OECs in promoting hindlimb functional recovery was confirmed 
by the higher BBB scores in the OECs group. However, due to 
the laminectomy without stabilization at the injury segment, 
lordosis occurred in all rats and hampered the plantar step-
ping and limited the functional recovery to a certain extent.

Conventional MRI is considered as the criterion standard ra-
diological method in the clinical diagnosis of SCI. In the pres-
ent study, the spinal cord injury region in T1WI and T2WI of 
the control group extended significantly at both rostral and 
caudal directions at week 4 and week 6 after injury. This ex-
tension demonstrated the pathological changes after SCI and 
indicated the secondary injury process after the initial spinal 
cord trauma [30–32]. However, the injury area in T1WI and 
T2WI of the OECs group was significantly smaller than in the 
time-matched control group. Moreover, the statistical anal-
ysis revealed a significant shrinkage over time of the injury 

region in T1WI and T2WI of the OECs group. The smaller inju-
ry area, along with its shrinkage, verified the therapeutic ef-
fects of OECs transplantation to limit secondary spinal cord 
injury. Corresponding to the signal changes in conventional 
MRI scans, the alleviation of the inflammatory cells and the 
acceleration of the repair process revealed by our HE staining 
results confirmed the histological recovery promoted by the 
OECs transplantation. DTT was applied in this study to pro-
vide additional information that conventional MRI cannot of-
fer. Our DTT results revealed the overall shape of the injury 
epicenter and presented the axonal integrity and depression 
of the spinal cord. Due to the edema after cell transplanta-
tion, the depression was not obvious at week 2. However, the 
interrupted nerve fibers after SCI and the depression of the 
injured spinal cord at week 4 to week 8 after injury indicat-
ed that DTT has superiority over conventional MRI in visual-
izing spinal cord fibers.

Compared to the conventional MRI, DTI scanning demonstrat-
ed the superiority as its parameters provide quantitative infor-
mation about tissue microstructure and DTT visualized the in-
jury epicenter and depicted the interrupted spinal cord tracts. 
It has been reported that axonal structure can limit the dif-
fusion resistance and diffusion displacement of water mol-
ecules, which makes DTI parameters correlated with nerve 
degeneration and axonal loss [33,34]. Studies have demon-
strated a significant decrease of FA values and an increase of 
ACD values at the injury site right after the injury [13,16,35]. 
The change patterns of DTI parameters are mainly caused by 
the disintegration of myelin and axonal degeneration. In ad-
dition, the increased blood-spinal cord barrier (BSCB) perme-
ability, efflux of the intracellular ions, and the microperfusion 
disturbances are also related to the variations of DTI parame-
ters immediately after SCI [36]. In the recovery progression of 
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Figure 11.  Hematoxylin and eosin (HE) staining of lesion site. HE staining revealed the histological changes at the injury area after 
contusive spinal cord injury. All cell nuclei were stained dark purple. Cytoplasm was stained pink. Scale bar is 200 μm.
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SCI, FA values gradually increase and ADC values gradually de-
crease due to the axonal regeneration, ion flux across axons, 
and glia scar formation, which reduce the diffusion of water 
molecules [20,21]. Results of the present study confirmed the 
changed patterns of DTI parameters after SCI, and the higher 
FA values and lower ADC values in the OECs group after SCI 
demonstrated the DTI parameters were sensitive to the ben-
eficial effects of OECs transplantation.

BBB scores in this study were verified to be correlated with 
the FA values and ADC values. DTI results can be affected by 
inflammation after SCI because the myelin disintegration and 
axonal degeneration are related to the inflammatory response 
after the initial spinal cord trauma. Functional measurements 
are also affected by inflammatory pathology because the spared 
axons and the influx of phagocytic cells probably mediate the 
early recovery of locomotor function [37]. Therefore, the cor-
relation between DTI parameters and BBB scores was proba-
bly mediated by the inflammatory pathology. Our results indi-
cate that DTI parameters can be used to assess the functional 
recovery after OECs transplantation in rats with SCI.

Our study has some limitations. First, the beneficial effects 
of OECs transplantation were confirmed by the promotion of 
functional recovery, signal changes of MRI, variation of DTI and 
DTT, and the histological results of HE staining. More research 

is needed to explore the therapeutic effects of grafted cells. 
Second, axon staining, myelin staining, and neuron staining 
should be performed to further explore the correlation be-
tween DTI and neural regeneration after OECs transplantation.

Conclusions

The present study demonstrates the DTI parameters are use-
ful biomarker indices for OECs transplantation interventions 
after SCI, and DTI scan can be used as a sensitive and quan-
titative measurement in the evaluation of functional recov-
ery after OECs transplantation. This study is an initial step to-
ward the application of DTI scan in the assessment of OECs 
transplantation. Our results are encouraging and warrant fur-
ther research.
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