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Abstract
Excessive radiation exposure may lead to edema of the spinal cord and deterioration of the nervous system. Magnetic resonance imaging 
can be used to judge and assess the extent of edema and to evaluate pathological changes and thus may be used for the evaluation of spinal 
cord injuries caused by radiation therapy. Radioactive 125I seeds to irradiate 90% of the spinal cord tissue at doses of 40–100 Gy (D90) were 
implanted in rabbits at T10 to induce radiation injury, and we evaluated their safety for use in the spinal cord. Diffusion tensor imaging 
showed that with increased D90, the apparent diffusion coefficient and fractional anisotropy values were increased. Moreover, pathological 
damage of neurons and microvessels in the gray matter and white matter was aggravated. At 2 months after implantation, obvious patho-
logical injury was visible in the spinal cords of each group. Magnetic resonance diffusion tensor imaging revealed the radiation injury to 
the spinal cord, and we quantified the degree of spinal cord injury through apparent diffusion coefficient and fractional anisotropy. 
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Introduction
Spinal metastasis is the most common bone metastasis, 
and 70% of spinal metastases occur in the thoracic segment 
(Aydinli et al., 2006). In recent years, brachytherapy with 125I 
radioactive seeds has been widely used in the treatment of a 
variety of malignant tumors (Jiang et al., 2010; Xiang et al., 
2015; Yorozu et al., 2015; Shi et al., 2016; Song et al., 2017). 
There are also related studies and reports on the treatment 
of spinal metastases (Rogers et al., 2002; Zhang et al., 2013c; 
Liu et al., 2014; Yao et al., 2016; Yu et al., 2016). Brachyther-
apy with 125I radioactive seeds is characterized by a small ir-
radiated area and a concentrated killing effect on tumor tis-
sue (Wang et al., 2010a). The number of 125I seeds implanted 
in the metastatic site ranges from approximately 10 to dozens 
(Bilsky et al., 2004; Huang et al., 2004; Wieners et al., 2006; 
Wright et al., 2006; Yang et al., 2009; Feng et al., 2015). The 
spinal cord is less resistant to irradiation than other tissues, 
so excessive exposure may cause tissue edema and deteriorate 
neurological symptoms (Kirkpatrick et al., 2010). How to 
select appropriate numbers of radioactive seeds but avoid ra-
diation injury to the spinal cord, to obtain the greatest killing 
effect deserves our in-depth study (Guan et al., 2016). How-
ever, data on brachytherapy for spinal metastases are limited, 
and only a few studies concern the safety issues for the spinal 
cord (Wang et al., 2013; Lu et al., 2015). 

This study sought to observe spinal cord function through 
behavior, diffusion tensor imaging (DTI) and spinal cord 
neuropathology after irradiation with different doses for 
90% spinal cord tissue (D90) values of 125I radioactive seeds 
in the rabbit spinal cord. We investigated the application 
of DTI to assess radiation injury to the spinal cord and an-
alyzed dynamic changes in DTI parameters and their rela-
tionship with limb function and spinal cord pathology.

Materials and Methods
125I seeds 
Radioactive 125I seeds were provided by China Isotope & Ra-
diation Corporation, China National Nuclear Corporation. 
Precise parameters were: closed 125I radionuclide source, 4.5 
mm × φ0.8 mm cylinder, 27.4–31.5 keV γ source, half-life 
of 59.6 days, tissue penetration capacity of 1.7 cm, and half 
value thickness of 0.025 mm lead. The surface was wrapped 
with titanium alloy. The initial dose rate was 0.13 Gy/min. 
One week later, the cumulative dose was higher than the 
conventional accelerator does of 10 Gy. 

Determination of radiation dosimetry 
A 5-mm-thick computed tomography (CT) scan was per-
formed a week before 125I brachytherapy in all rabbits. These 
images were imported to a Treatment Planning System 
(Brachy Pro v3.02, Fei Tian Zhao Ye Technology Co., Ltd., 
Beijing, China) to determine the dose of radioactive seeds to 
be implanted at the site. The paravertebral soft tissue of the 
non-transverse plane of the thoracic 10 (T10) vertebra was set 
as the hypothetical tumor region. A careful delineation of the 
gross tumor volume and surrounding vital organs was made 

in every CT slice. The prescription dose for the “hypothetical 
tumor” was 80 Gy. At the same CT levels, D90 was 40, 60, 80 
and 100 Gy in the different groups (Figures 1 and 2). 

Animals 
All surgical procedures and postoperative care were per-
formed in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee of Jilin University, 
China (approval No. 20150625). Thirty-two clean adult New 
Zealand rabbits of both sexes (50% each), at the age of 1–1.5 
years and weighing 3.5–4.5 kg were provided by Medical 
Laboratory Animal Center, Jilin University, China (license 
No. SCXK (Ji) 2013-0002). Their diet, exercise, reactions 
and urination were normal. Rabbits were acclimated for one 
week before model establishment. 

By using randomization, self-pairing, and double-blind 
methods, rabbits were equally divided into four groups ac-
cording to D90: 40 Gy, 60 Gy, 80 Gy and 100 Gy groups, 
with eight rabbits in each group. The 0.8 mCi 125I seeds were 
implanted at T10 next to the vertebral lamina. Rabbits were 
executed by euthanasia on schedule and their spinal cords 
were aseptically removed for pathological observation. 

Radioactive 125I seed implantation next to the vertebral 
lamina 
Rabbits were acclimated and fed with complete feed and tap 
water. Their eating and activities were observed. After fasting 
for 12 hours and water deprivation for 6 hours, rabbits were 
weighed and a CT scan was performed. The dose was calcu-
lated using the Treatment Planning System before surgery. 
The D90 on the test areas were 40, 60, 80 and 100 Gy. Rabbits 
were anesthetized with 10% chloral hydrate through the ear 
vein, and fixed on the table. After shaving, sterilizing with po-
vidone iodine, and draping the rabbits, physicians wore lead 
glasses, lead gloves, a lead scarf and lead protective clothing, 
and contact time was minimized during implantation. Seeds 
were implanted at T10 next to the vertebral lamina according 
to the Treatment Planning System plan. CT scans and the 
Treatment Planning System were utilized for verification 
during and after surgery. Thus, the actual number of implant-
ed seeds met the designed range of D90 ± 5% (Figures 1 and 
2). After surgery, rabbits underwent intramuscular injection 
of penicillin (400,000 U) for 3 consecutive days. 

Behavioral observation of spinal cord nerve injury
Rabbits in each group were housed under the same condi-
tions. After seed implantation, behaviors were observed, 
recorded and scored once a week. Previous studies have 
evaluated motor function in spinal cord injury models using 
the Basso, Beattie and Bresnahan (BBB) locomotor scale and 
the oblique plate test, which cannot fully reflect the changes 
in animal models after radioactive spinal cord injury for as-
pects of exercise, sensation, and urination. In this study, ac-
cording to a previous method (Song et al., 2004), the scoring 
criteria were set as follows: 
(1) Motor function: (A) No abnormality; (B) incomplete 
paralysis: limited movement, walking but no jumping, hind 
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Figure 1 Rabbit with D90 brachytherapy of 60 Gy. 
(A) Plan before seed implantation: The red dots are the projected sites 
of seed implantation. They appear orange when overlapped with the 
yellow coordinate points. (B) Verification after seed implantation: The 
red dots are the actual sites of seed implantation. The red arrow shows 
the spinal cord. D90: Doses for 90% spinal cord tissue.

limb trembling; (C) paralysis: hind limbs cannot move. A = 
3 points; B = 2 points; C = 1 point. 
(2) Hind limb pain sensation: pain response of the hind 
limbs after stimulation with a needle. (A) Normal response; 
(B) reduced response; (C) no response. A = 3 points; B = 2 
points; C = 1 point. 
(3) Urination: (A) Normal; (B) urine retention: if urine re-
tention occurred, the urinary bladder was gently squeezed 
until urination, otherwise a urethral catheter was used. A = 
3 points; B = 1 point.

Magnetic resonance detection 
Magnetic resonance imaging (MRI) and DTI were conducted 
with a GE 1.5T Signa TwinSpeed MR system (Waukesha, WI, 
USA). MRI took coils on the surface of the knee as radiofre-
quency transmitting and receiving coils. T10 was considered as 
the center of the scanner field. T2 weighted imaging (T2WI), 
diffusion weighted imaging (DWI), and DTI sequences on the 
horizontal axis were performed. Scan parameters: horizontal 
axis of T2WI, FRFSE-XL, repetition time/echo time (TR/TE): 
3,000/101.8 ms, field of view (FOV): 180 × 144 mm², slice 
thickness: 3.0 thk/0.5 sp, NEX: 4.00. DTI, spin echo-echo 
planar imaging (SE/EPI), TR/TE: 4,000/105.0 ms, FOV: 240 
× 240 mm², slice thickness: 3.0 thk/0.5 sp, NEX: 4.00, b value: 
600 s/mm², 16 diffusion gradient directions. DWI, SE/EPI, 
TR/TE: 4,000/62.4 ms, FOV: 260 × 195 mm², slice thickness: 
3.0 thk/0.5 sp, NEX: 8.00, b value: 600 s/mm². 

Images were processed with a GE AW4.2 workstation. 
DWI and DTI data were processed with Functool software. 
Hand-drawn regions of interest were measured (9–11 mm2). 
Each region was measured three times, and the average val-
ue was calculated. Cerebrospinal fluid artifacts were avoided 
during measurement where possible. Apparent diffusion co-
efficient (ADC) and fractional anisotropy (FA) values were 
obtained. Foci were analyzed by two experienced physicians. 
Imaging changes in the spinal cord were observed in a 6 cm 
range from seed implantation (upper 3 cm to lower 3 cm).

Neuropathological observation of the spinal cord
At 2 and 4 months after 125I radioactive seed implantation, 
one rabbit from each group was sacrificed. All rabbits were 
sacrificed at 6 months for pathological observation. A total of 

50 mL of air was infused through an ear vein. Using CT, the 
position of the seeds was fixed with a needle. After exposure 
of the spinal cord, 6 cm of spinal cord containing the seeds 
was harvested as the radiation area for pathological obser-
vation. Spinal cord 2 cm proximal was used as a control to 
observe the pathological changes in normal spinal cord.

The spinal cord was cut into blocks and fixed in pre-formu-
lated fixative. Thus, tissue and cell proteins were denatured 
and solidified to prevent cell autolysis or decomposition by 
bacteria after cell death, and to maintain the original morpho-
logical structure of the cells. Specimens were dehydrated with 
alcohol from a low concentration to a high concentration, 
treated with xylene, embedded in wax, sliced into sections 
and slide-mounted. The sections were dried in a 45°C incuba-
tor and then stained with hematoxylin and eosin. 

Histopathological changes were observed under a light 
microscope (Leica DM2500; Wetzlar, Hesse-Darmstadt, 
Germany), including the degree of tissue damage, inflam-
mation, necrosis, edema and hemorrhage. Indicators for 
morphological changes were demyelination, vacuolar degen-
eration, microvascular changes and glial cell proliferation.

Statistical analysis 
The data, expressed as the mean ± SD, were analyzed using 
the SPSS 13.0 software (SPSS Inc., Chicago, IL, USA), using 
repeated measures analysis of variance. Paired comparisons 
were conducted using the least significant difference test. A 
value of P < 0.05 was considered statistically significant. 

Results
Behavioral observation of spinal cord injury
Rabbits in each group were housed under the same condi-

Figure 2 Real dose intensity of D90.
Dose-volume histograms (DVH) for the number 2 rabbit in the 60 Gy 
group. (A) The prescription dose was 80 Gy during the planning. A to-
tal of D90 received 61.8 Gy. The D90 was 11.5 Gy in the aorta. (B) After 
125I seed implantation, the dose intensity was verified; the D90 was 60.8 
Gy and 24.1 Gy in spinal cord and aorta, respectively. D90: Doses for 
90% spinal cord tissue.
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tions. After seed implantation, behaviors were observed. 
Clinical performance scores were significantly lower in the 
100 Gy group than in the 40 Gy, 60 Gy and 80 Gy groups 
6 months after 125I seed implantation (7.67 ± 0.82 (100 Gy 
group) vs. 8.83 ± 0.41 (40 Gy group, 60 Gy group, 80 Gy 
group); F = 7.000, P < 0.05). Rabbits in the 40 Gy and 60 Gy 
groups displayed normal physiological activities and motor 
functions were not affected. However, at 5 months, pain 
sensitivity in response to needle stimulation decreased in 
one rabbit in the 60 Gy group, and at 6 months, pain sensi-
tivity decreased in one rabbit in the 40 Gy group. In the 80 
Gy group, rabbits showed normal physiological activities, 
decreased pan sensitivity and diminished eating, but motor 
function was good in one rabbit at 4 months. In the 100 Gy 
group, rabbits were normal for the first three months but 
pain sensitivity decreased and urine retention appeared in 
some rabbits at 4, 5 and 6 months. By the end of the exper-
iment one rabbit suffered from dyskinesia-induced incom-
plete paralysis (Table 1). The above findings confirmed that 
with increased D90, motor function and pain sensitivity 
gradually diminished and when the D90 was 100 Gy, spinal 
cord function was noticeably impaired. 

DTI observation 
T2WI and DTI sequences were performed preoperatively, 
and at 2, 4, 6, 8, 10, 12, 16, 20, and 24 weeks postoperatively. 
Imaging changes in the spinal cord were observed in the 6 cm 
range of seed implantation (upper 3 cm to lower 3 cm). ADC 
and FA values were obtained in the range of seed irradiation. 

Table 1 Clinical symptoms of rabbits in each group at various time 
points after 125I seed implantation

Group 
Motor function 
changes

Pain sensation 
changes

Urine 
retention Score

40 Gy
0–8 weeks 0/8 0/8 0/8 9±0
9–10 weeks 0/7 0/7 0/7 9±0
12 weeks 0/7 0/7 0/7 9±0
16 weeks 0/6 0/6 0/6 9±0
20 weeks 0/6 0/6 0/6 9±0
24 weeks 0/6 1/6 0/6 8.83±0.41
60 Gy
0–8 weeks 0/8 0/8 0/8 9±0
9–10 weeks 0/7 0/7 0/7 9±0
12 weeks 0/7 0/7 0/7 9±0
16 weeks 0/6 0/6 0/6 9±0
20 weeks 0/6 1/6 0/6 8.83±0.41
24 weeks 0/6 1/6 0/6 8.83±0.41
80 Gy
0–8 weeks 0/8 0/8 0/8 9±0
9–10 weeks 0/7 0/7 0/7 9±0
12 weeks 0/7 0/7 0/7 9±0
16 weeks 0/6 1/6 0/6 8.83±0.41
20 weeks 0/6 1/6 0/6 8.83±0.41
24 weeks 0/6 1/6 0/6 8.83±0.41
100 Gy
0–8 weeks 0/8 0/8 0/8 9±0
9–10 weeks 0/7 0/7 0/7 9±0
12 weeks 0/7 0/7 0/7 9±0
16 weeks 0/6 1/6 0/6 8.83±0.41
20 weeks 0/6 1/6 1/6 8.50±0.84
24 weeks 1/6 2/6 2/6 7.67±0.82

Data on motor function changes, pain sensation changes and urine 
retention represent the number of animals with positive symptoms/
total number of animals. The score value is expressed as the mean ± SD. 

Figure 3 ADC (red arrows) and FA (black arrows) reconstruction of 
spinal cord in radiation injury rabbits at different time points after 
implantation. 
Radioactive seeds were implanted in the tenth thoracic vertebra of 
rabbits in the 100 Gy group. The anatomical location of the spinal cord 
was identified according to T2 weighted imaging. ADC: Apparent dif-
fusion coefficient; FA: fractional anisotropy. 

Figure 4 Pathological changes in the spinal cord in radiation injury 
rabbits after 125I radiative seed implantation (hematoxylin-eosin 
staining). 
(A) The nuclei of neurons in the spinal cord were large, round and 
centrally located on the control side at 6 months after 125I seed irra-
diation. Axons and axon hillocks displayed dendrites that extended 
from the upper right of the cell, and glial nuclei were found between 
dendrites and axons. (B) Spinal microvascular changes on the control 
side at 6 months after 125I seed irradiation. (C) Glial cells around spinal 
cord neurons on the control side at 6 months after 125I seed irradiation. 
(D) Neuronal disintegration and necrosis of the anterior horn of the 
spinal cord, with vague contours of residual cells and karyolysis, and 
disappearance of Nissl bodies in the cytoplasm at 4 months after 125I 
seed irradiation. (E) Microvascular proliferation and local endothelial 
cell swelling at 2 months after 125I seed irradiation. (F) Fuzzy neuron 
nuclear membrane, vacuolar nucleus degeneration, and perinuclear 
halo at 4 months after 125I seed irradiation. (G) Nuclear vacuolar de-
generation, Nissl body degeneration, peripheral glial cell proliferation, 
and destruction of neurons by phagocytic cells at 6 months after 125I 
seed irradiation. (H) Axonal degeneration and disintegration, signifi-
cant glial cell proliferation, and myelinated nerve fiber demyelination 
at 6 months after 125I seed irradiation. Original magnification: 200× in A, 
C, E and 400× in B, D, F–H.
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Repeated measures analysis of variance compared ADC val-
ues at various times points (F = 7.536, P < 0.001) in each dose 
group (F = 0.294, P = 0.829). Repeated measures analysis of 
variance also compared the FA values at various time points (F 
= 11.916, P < 0.001) in each dose group (F = 1.441, P = 0.252). 
Results are shown in Tables 2 and 3, and Figure 3. 

In each group, the T2WI sequence did not reveal abnor-
mal spinal cord morphology or signal. DTI demonstrated 
an alteration in ADC values in the 60 Gy, 80 Gy and 100 Gy 
groups. With prolonged time after implantation, ADC val-
ues gradually increased and were significantly different at 10 
weeks postoperatively compared with preoperatively in the 
60 Gy and 80 Gy groups (P < 0.05). ADC values were signifi-
cantly different at 4 weeks postoperatively until the end of 
the experiment compared with preoperatively in the 100 Gy 
group (P < 0.05). ADC values gradually reduced, but were 
still higher than preoperatively, and with increased D90, 
ADC values were increased. 

The changes in FA values were not as remarkable as the 
ADC values. With prolonged time, FA values decreased, 
beginning to diminish at about 12 weeks until the end of the 
experiment in the 100 Gy group (P < 0.05, vs. preoperative-
ly). In the 80 Gy group FA values began to significantly de-
crease at about 20 weeks compared with preoperative values 
(P < 0.05). 

Neuropathological observation of the spinal cord
Results of hematoxylin-eosin staining showed that the num-
ber of neuronal cells in the gray matter of the spinal cord was 
reduced and some neurons were damaged in the 40 Gy and 
60 Gy groups. The neuronal cell loss increased, the nuclear 
membrane was blurred in some neurons, and some cells were 
damaged in the 80 Gy group. In the 100 Gy group, there was 
neuronal demyelination, pyknosis, cytoplasmic eosinophilic 
changes, cytolysis, cell disappearance, ghost cells, and cyst 
formation. Early changes in the white matter of the spinal 
cord included microvascular changes, edema and exudation 
around blood vessels. The white matter presented nerve fiber 
swelling, demyelination, degeneration, and disintegration. At 
2 months after implantation, the main microvascular chang-
es included microvascular dilation, vascular endothelial cell 
swelling, and microvascular disorder. At 4–6 months, edema 
and exudation around microvessels, and a sparse microvascu-
lar distribution were visible in the irradiated area. The above 
changes suggested that pathological damage of the spinal 
cord was increased with increased D90 (Figure 4). 

Discussion
Brachytherapy with 125I radioactive seeds is the application 
of atomic physics to clinical medicine. Implantation of 125I 

Table 2 Comparison of apparent diffusion coefficient (× 10–3 mm/s2) in the rabbit spinal cord at various time points after seed implantation 

40 Gy group 60 Gy group 80 Gy group 100 Gy group 

Preoperatively 1.142±0.193 1.116±0.184 1.142±0.173 1.135±0.203
Postoperatively 

2 weeks 1.177±0.230 1.169±0.221 1.167±0.236 1.178±0.214
4 weeks 1.215±0.245 1.233±0.304 1.225±0.265 1.237±0.242##
6 weeks 1.224±0.221 1.262±0.244 1.343±0.224 1.326±0.273##
8 weeks 1.308±0.219 1.340±0.283 1.352±0.306 1.412±0.285##
10 weeks 1.382±0.254 1.397±0.265# 1.431±0.291# 1.461±0.316##
12 weeks 1.303±0.263 1.352±0.251# 1.405±0.253# 1.453±0.263##
16 weeks 1.295±0.246 1.348±0.250# 1.362±0.272 1.395±0.228##
20 weeks 1.266±0.252 1.335±0.218# 1.311±0.246 1.334±0.184##
24 weeks 1.261±0.231 1.272±0.249 1.283±0.195 1.319±0.211##

Data are expressed as the mean ± SD and were analyzed by repeated measures analysis of variance; #P < 0.05, ## P < 0.01, vs. preoperatively.

Table 3 Comparison of fractional anisotropy values in the rabbit spinal cord at various time points after seed implantation  

40 Gy group 60 Gy group 80 Gy group 100 Gy group 

Preoperatively 1.142±0.193 1.116±0.184 1.142±0.173 1.135±0.203
Postoperatively 

4 weeks 0.618±0.031 0.62±0.026 0.622±0.028 0.618±0.027
6 weeks 0.617±0.022 0.628±0.031 0.618±0.031 0.613±0.032
8 weeks 0.605±0.027 0.621±0.022 0.611±0.026 0.608±0.024
10 weeks 0.603±0.025 0.613±0.026 0.605±0.024 0.609±0.028
12 weeks 0.592±0.019 0.606±0.031 0.596±0.029 0.586±0.022#
16 weeks 0.578±0.025 0.595±0.024 0.593±0.031 0.584±0.023#
20 weeks 0.594±0.023 0.594±0.029 0.584±0.028# 0.576±0.030#
24 weeks 0.585±0.024 0.588±0.035 0.588±0.027# 0.577±0.026#

Data are expressed as the mean ± SD and analyzed by repeated measures analysis of variance; #P < 0.05, vs. preoperatively.
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seeds is a new kind of treatment method for tumors and is 
complementary to surgery and external radiotherapy. Under 
the surveillance of B ultrasound and CT, 125I radioactive seeds 
are implanted for persistent radiation therapy of tumors us-
ing a puncture technique. This method is characterized by a 
small amount of trauma, a precise target center, and low-dose 
sustained gamma radiation (Guan et al., 2016). The activity 
of 125I is low and the penetration force is weak, so it is easy 
to protect other tissues with brachytherapy. Spinal metasta-
sis is one of the most common complications of cancer. At 
present, 125I seeds are used to treat spinal metastases but the 
evaluation and research of their safety are relatively lagging. 
Tolerance of the spinal cord to radioactive 125I seeds and the 
effects of excess radiation on spinal cord injury remain poorly 
understood. In particular, there is a lack of large-sample ran-
domized controlled trials. It is unclear how to avoid radiation 
injury to the spinal cord yet obtain a high tumor control rate. 
The main contraindication is that the spinal cord is not very 
resistant to radiation, so excessive exposure may cause tissue 
edema, resulting in neurological deterioration. 

Previous studies on radiation injury to the spinal cord 
have investigated the tolerance dose and the short-term and 
long-term pathological changes of the spinal cord. However, 
the premise of the studies was constant dose irradiation with 
Body Gamma Knife (Yu et al., 2000) or a linear accelerator 
(Medin et al., 2012). The pathological changes of the spinal 
cord were analyzed and studied according to different irradi-
ation doses. Radioactive 125I seed therapy is characterized by 
small-range, continuous uniform irradiation after implan-
tation, which is different from conventional radiotherapy 
(Wang et al., 2010b; Liu et al., 2011). This study established 
rabbit models implanted with 125I radioactive seeds, investi-
gated the application of DTI to assess radiation injury, and 
analyzed dynamic changes of DTI parameters and their rela-
tionship with limb function and pathology. 

Our results showed that spinal cord microvessels of all 
specimens were altered, mainly presenting microvascular 
dilation and vascular endothelial cell swelling. The num-
ber of microvessels was noticeably increased, but vascu-
lar morphology was different from normal blood vessels, 
mainly presenting microvascular disorder. This is not the 
same as reported in a study of single irradiation-induced 
injury to the spinal cord, indicating that the mechanism of 
radiation injury to the spinal cord induced by 125I seeds is 
different from that of conventional radiotherapy (Zhang et 
al., 2013b). In the middle and late stages of the experiment, 
edema and exudation around microvessels, and sparse mi-
crovascular distribution were seen in the irradiated area. 
The degree of neuronal damage was different among groups. 
Some neurons were enlarged or lost in the 40 Gy and 60 
Gy groups. The proportion of neuronal loss was increased 
and the nuclear membrane was obscure in the 80 Gy group. 
Pyknosis, cytoplasmic eosinophilic changes, cytolysis, cell 
disappearance, ghost cells and cyst formation were observed 
in the 100 Gy group. Pathological observation demonstrat-
ed that microvessels, especially vascular endothelium, were 
most sensitive to seed irradiation. Vascular endothelial cell 

swelling was found in the early stage. The early changes 
of the white matter of the spinal cord mainly involved the 
changes of microvessels, edema, and exudation around the 
microvessels. The white matter showed nerve fiber swelling 
and demyelination, degeneration and disintegration. Simul-
taneously, neuronal swelling, degeneration, and cyst forma-
tion were visible. This is not consistent with a previous study 
(Zhang et al., 2013a) in a model of single irradiation-in-
duced injury to the spinal cord, which reported that the 
number of neurons was significantly decreased in the early 
stage after irradiation. The above findings suggest that the 
mechanism of radiation injury to the spinal cord induced by 
125I seeds is different from that of conventional radiotherapy. 

Radiation injury to the spinal cord has been classified into 
three types (Schultheiss et al., 1990): type I, only involving 
white matter or slight vascular changes, not enough to pro-
duce symptoms; type II, vascular changes that can cause 
secondary change to the white matter; type III, white matter 
and blood vessels are damaged. In accordance with patho-
genesis and pathological characteristics of radiation injury 
to the spinal cord, magnetic resonance can be used to as-
sess the extent of edema (Kerkovský et al., 2012; Jirjis et al., 
2013), the damage of fiber bundles (Kozlowski et al., 2008; 
Mohamed et al., 2011; Gasparotti et al., 2013; Naismith et al., 
2013; Yin et al., 2014) or the continuity of their distribution 
(Hobert et al., 2013; Koskinen et al., 2013; Ulmer et al., 2014; 
Patel et al., 2016), and areas of vascular injury or bleeding 
(Shanmuganathan et al., 2008; Chalian et al., 2011). There-
fore, T2WI and DTI can be used as effective sequences for 
the evaluation of radiation injury to the spinal cord. DTI is 
a magnetic resonance imaging technique that measures the 
restricted diffusion of water in tissue, and is a noninvasive 
technique. Thus, the application of this method to evaluate 
the changes in the spinal cord has unique characteristics 
and advantages (Gao et al., 2013; Mondragon-Lozano et 
al., 2013; Mulcahey et al., 2013; Ohn et al., 2013; Jang and 
Seo, 2015; Kim et al., 2015; Ouyang et al., 2015). Many pre-
vious studies focused on mechanical damage and radiation 
injury to the spinal cord (Ratanatharathorn et al., 1999; Li 
et al., 2016). The functional recovery of the spinal cord was 
assessed by comparing the changes in ADC and FA values 
preoperatively and postoperatively (Kim et al., 2010; Zhang 
et al., 2015). Previous studies also showed the changes in 
the nervous system evaluated by DTI after radiotherapy. 
Nevertheless, few studies have addressed the changes in the 
spinal cord after 125I seed implantation around vertebral 
bodies. The radiation characteristics and manner of use of 
radioactive seeds in the spinal cord are different from those 
of conventional radiotherapy, so the effects of 125I seeds on 
the spinal cord deserve further investigation and evaluation 
(Medin and Boike, 2011). 

Our results showed that ADC values altered in each 
group. With prolonged time of implantation, ADC values 
gradually increased and were significantly different at 10 
weeks postoperatively compared with preoperatively in 
the 60 Gy and 80 Gy groups. ADC values were significant-
ly different at 4 weeks postoperatively until the end of the 
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experiment compared with preoperatively in the 100 Gy 
group. The above findings indicated that the spinal cord 
had an early injury at 4 or 10 weeks. Pathological changes 
demonstrated microvascular dilation, vascular endothelial 
cell swelling, and microvascular disorder in the spinal cord 
at 1 and 2 months. Therefore, the changes in ADC values 
mainly reflected the changes in spinal cord microvessels. 
During this period, FA values did not change significantly, 
indirectly reflecting that the white matter fiber distribution 
did not change remarkably. With prolonged time, FA val-
ues were decreased, and began to diminish from about 12 
weeks until the end of the experiment in the 100 Gy group. 
In the 80 Gy group, FA values began to decrease at about 
20 weeks, and were significantly different between 20 weeks 
postoperatively compared with preoperatively. Pathological 
analysis revealed edema and exudation around microvessels, 
and a sparse microvascular distribution was visible in the 
irradiated area in the middle and late stages of the experi-
ment. Glial cell proliferation was seen in the 100 Gy group. 
Therefore, we believed that the decrease in FA values was 
associated with the changes in fiber tracts within the white 
matter at the irradiated area, which is consistent with a pre-
vious study (Zhao et al., 2016), possibly because perivascular 
exudation or gliosis caused changes in the structure of fiber 
tracts within the white matter, thereby resulting in limb and 
spinal cord dysfunction. Our results also demonstrated that 
clinical performance scores were significantly lower in the 
100 Gy group than in the 40 Gy, 60 Gy and 80 Gy groups 6 
months after 125I seed implantation. When the D90 was 100 
Gy, spinal cord function was noticeably impaired. The time 
of this change is basically consistent with the time point of 
the FA change, suggesting that the change of FA value may 
be associated with the appearance of clinical symptoms.

In conclusion, 125I radioactive seed implantation next to 
the vertebral lamina in rabbits for 2 months can result in 
microvascular dilation and vascular endothelial cell swelling 
and may develop into radiation injury of the spinal cord. The 
degree of injury increased with increasing D90. Magnetic 
resonance DTI sequencing can sensitively detect early radia-
tion injury and has the advantage that it can display the state 
and structure of the white matter fibers in the spinal cord. 
DTI sequencing can also assess the degree of radiation injury 
through the changes in ADC and FA values, is useful for the 
evaluation of spinal cord changes after seed implantation, and 
quantifies the number of implanted seeds in the treatment of 
malignant tumors. However, this study is only a preliminary 
exploration of the possible effects of 125I seeds on spinal cord 
injury. Because of the small sample size, it cannot fully reflect 
the changes of the spinal cord. Because of the magnetic field 
intensity, this study cannot accurately describe the changes of 
the white and gray matter of the spinal cord. With the limita-
tion of observation time, the long-term changes of the spinal 
cord after irradiation could not be provided. These problems 
need to be further studied in future research. 
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