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ABSTRACT. The aim of the study was to optimize the biological safety
scheme of spinal image-guided radiotherapy (IGRT) by determining the
expression of caspase-3 in spinal cord neurons after IGRT. Thirty-six
adult male beagles were assigned according to a random number table
and subjected to IGRT to the 7th-12th canine thoracic vertebral bodies
under a total dose of 80 Gy over 5 weeks. An immunohistochemical
method was used to detect the expression of caspase-3 protein in spinal
cord tissues, and real-time quantitative RT-PCR with SYBR Green I
was used to detect the expression of caspase-3 mRNA in spinal cord
tissues. Analysis of the orthogonal experiment results showed that
caspase-3 expression in the spinal cord neurons was lowest when a
single dose of 16 Gy was applied at a dose rate of 4 Gy/min, and field
number of 9, with ray angle being equal. Thus, spinal IGRT showed
high biological safety, and the best radiotherapy scheme for biological
safety was single dose of 16 Gy at 4 Gy/min, with 9 fields and equal
ray angle.

Key words: Image-guided radiotherapy; Spinal cord neuron; Caspase-3;
Spinal biological safety; Orthogonal experiment
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INTRODUCTION

Currently, the control and treatment effect of spinal tumors is still not satisfactory.
In recent years, image-guided radiotherapy (IGRT) has been widely used in clinical practice
in tumor radiotherapy on account of its remarkable physical advantages (Tsai et al., 2009).
IGRT of the spine is a four-dimensional radiation therapy technology, where a time factor is
added to three-dimensional radiotherapy technology. It fully considers the motion of the spinal
metastatic tumor during treatment and the displacement error of the fractionated therapy, such
as with breathing and peristaltic movement, daily setup error, target area contraction caused
by change of dose distribution and the influence on the treatment scheme and other aspects of
the situation. Advanced imaging equipment is used in patients before and during treatment,
real-time monitoring of the spinal metastases and spinal cord, where it is possible to adjust
treatment conditions according to the organ position, which enables the irradiation field “to
follow” the spinal metastases closely, and achieve accurate radiotherapy for spinal, simulta-
neously implementing radical radiotherapy and avoiding radiation injury to normal tissue,
making it a relatively ideal treatment method (Gerszten and Burton, 2008). But the clinical ap-
plication of intensity-modulated radiotherapy is relatively new, the spinal anatomy is complex,
and there are so many factors that influence the spinal IGRT scheme, which can greatly reduce
spinal biological safety (Xilin et al., 2009).

Hence, this study, based on fundamental animal research and using the orthogonal princi-
ple, aimed to optimize the spinal IGRT scheme by determining spinal biological safety after IGRT.

MATERIAL AND METHODS
Experimental animals

This experiment was a random, orthogonal design animal experiment, which was car-
ried out in the Key Laboratory of Xinjiang Medical University Affiliated Tumor Hospital from
January 2012 to January 2013. The experiment was approved by the animal Ethics Committee
of the Tumor Hospital (No. 20110301A41).

Thirty-six adult male beagles, aged 1 to 1.5 years, weighing 12 + 1.5 kg, and 60 = 5 cm
in length, were provided by the Experimental Animal Research Academy of Medical Sciences,
Sichuan Province (license No. SCXK 2004-15). The dogs were housed in single cages and given
complete feed and clean water. Environmental temperature was 20°-23°C and relative humidity
40-60%, conditions ensuring adequate sleep. The handling of experimental animals was in ac-
cordance with the requirements of the “guidance on well-being of laboratory animals”, which was
promulgated by the Ministry of Science and Technology of the People’s Republic of China (2006).

Number of experimental animals

According to an L12 (3 x 23) orthogonal experiment (Table 1), requiring 12 beagles and
3 repeated experiments, the experiment included 36 beagles; each dog was subjected to IGRT at
the 7th-12th thoracic level and every group was given a total radiotherapy dose of 80 Gy.

Analysis of experimental factors and levels

The 5th, 7th, 9th radiation fields and 3 levels were as follows: fractional dose 1.8 Gy,
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Table 1. L12 (3 x 23) orthogonal design table.

Treat Column number
1 2 3 4
1 1 1 1 1
2 1 2 1 2
3 1 1 2 2
4 1 2 2 1
5 2 1 1 2
6 2 2 1 1
7 2 1 2 1
8 2 2 2 2
9 3 1 1 1
10 3 2 1 2
11 3 1 2 2
12 3 2 2 1
Table 2. Influence factors and levels of canine spinal image-guided radiotherapy.
Level Factor
Radiation field number (field) (A) Each radiation dose (Gy) (B) Dose rate (Gy/min) (C) Radiation angle (D)
1 5 16 4 Equal angle
2 7 20 6 Unequal angle
3 9

2 Gy 2 levels; dose rate 6 Gy/min, 9 Gy/min 2 levels; equal radiation angle, unequal radiation
2 levels (shown in Table 2).

Radiotherapy intervention method

Thirty-six beagles were grouped according to a random number table, and the 7th to
12th thoracic vertebral bodies were determined for spinal radiotherapy, aided by CT (Cleve-
land CT, Cleveland, OH, USA) and computer. The accurate radiation target area was delin-
eated and the radiotherapy scheme was drafted (Table 3, Figure 1). The dogs were arranged
on the canine fixed mold after intravenous anesthesia and subjected to IGRT scheduled for 5
weeks (on work days, not Saturday and Sunday). The dogs of fractional dose 20 Gy underwent
radiotherapy once a week for a total of 4 weeks, and then still using the same anesthesia were
given blank treatment in the Sth week (to eliminate the system error of different fractional dose

Table 3. Canine spinal image-guided radiotherapy plan orthogonal experiment table.

Radiotherapy method number N Factor
No. of radiation fields (field) Radiation dose each time (Gy) Dose rate (Gy/min) Radiation angle

1 3 5 16 4 Equal

2 3 5 20 4 Unequal

3 3 5 16 6 Equal

4 3 5 20 6 Equal

5 3 7 16 4 Unequal

6 3 7 20 4 Equal

7 3 7 16 6 Equal

8 3 7 20 6 Unequal

9 3 9 16 4 Equal
10 3 9 20 4 Unequal
11 3 9 16 6 Unequal
12 3 9 20 6 Equal
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Figure 1. Accurate radiation target areas were delineated and radiotherapy schemes were drafted. A. CT scanning
graph. B. Radiotherapy scheme of radiation target area.

groups). In 5 weeks, the 36 dogs were subjected to spinal IGRT on 7th-12th thoracic vertebral
bodies.

Sampling and pretreatment in 7th-12th segments of thoracic spinal cord

The beagle dogs were killed under anesthesia at the end of 3 months after radiothera-
py, and the 7th-12th segments of the thoracic spinal cord were removed under a microscope.
A portion of the spinal cord tissue was fixed with 10% formaldehyde and embedded in paraf-
fin, and afterwards 4-um sections were prepared for immunohistochemistry. A portion of the
spinal cord tissue was quick-frozen in liquid nitrogen and preserved in a -86°C freezer for total
RNA extraction.

Expression of caspase-3 protein in the spinal cord tissue detected by
immunohistochemical staining

The SABC method was used for immunohistochemical staining (Manorajan et al.,
2010). The paraffin sections were dewaxed, rehydrated, and subjected to immunohistochemi-
cal assay according to the SABC kit, with the first antibody being rabbit anti-canine mono-
clonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) (1:100, 4°C, 2 h) and the
second antibody rabbit anti-canine monoclonal antibody (Santa Cruz Biotechnology) (1:100,
37°C, 1 h). The slides were examined under a light microscope (Leica, Wetzlar, Germany),
and the BT-2000 color pathological image analysis system was applied. Ten fields were ran-
domly selected from each of the two spinal anterior horn areas, the positive staining area were
automatic measured, and the mean percentage of positive staining area in vision area was used
as the expression quantity of caspase-3 protein.
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Expression of caspase-3 mRNA detected in spinal cord tissue by SYBR Green 1
real-time quantitative RT-PCR

Trizol reagent (Santa Cruz Biotechnology) was used to extract the RNA in dif-
ferent spinal cord tissues, which showed an A, /A, ratio of 1.8-2.0. A 2-ug sample was
used to carry out reverse transcription reaction, and DNA after reverse transcription, was
detected by real-time quantitative PCR. The PCR mixture was 50 pL, with 1 pL SYBR
Green | reagent (Santa Cruz Biotechnology). The reaction conditions were as follows:
95°C for 2 min and 35 cycles of 94°C for 1 min, 58°C for 30 s and 72°C for 30 s, with the
temperature change rate set at 20°C/s, where the melting curve ranged 70°-95°C. During
the PCR amplification process, the cycle number (threshold cycle, Ct) corresponding to the
inflection point was used as the detection critical point, in which the fluorescence signal
increased from the background to the exponential growth phase. Real-time monitoring of
the whole PCR process was through fluorescence signal accumulation, the cycle number
observed or Ct value was recorded as the fluorescence signal in each reaction reaching the
preset threshold. In the negative control, CDNA was not added to the reaction system, us-
ing deionized water to add up to a total volume of 50 pL, and 3 replicate tubes were used
for each sample, where the mean value was taken as the Ct value. Relative quantitative
analysis was used.

Statistical analysis

The above data were statistically evaluated using the SPSS 19.0 software package
(SPSS, Chicago, IL, USA), and all data are reported as means + SD. Caspase-3 protein
and mRNA in the spinal cord neurons were statistically analyzed by variation analysis
of the orthogonal experiment, oo = 0.05, where P < 0.05 was considered to be statistically
significant.

RESULTS
Expression of caspase-3 protein in 7th-12th segments of spinal cord tissues

Caspase-3 positive products appeared reddish brown or brownish yellow, which
were seen in the anterior horn of spinal cord neurons and localized in the cytoplasm of
neurons and processes by subcellular localization. The nucleus was not stained or weakly
stained.

Immunohistochemistry was used to detect the expression of caspase-3 protein in the
spinal cord nerve cells of each experimental group of dogs, which showed that weakly positive
expression of caspase-3 protein was evident in a small amount of spinal cord neurons and that
positive expression in spinal neurons was mainly centralized in the anterior horn of spinal cord
and white matter (electron microscopy results shown in Figure 2).

Caspase-3 protein expression levels are shown in detail in Figure 2 and in each spinal
cord neuron (Table 4), and the results were analyzed by ANOVA of the orthogonal experiment.
(shown in Figure 2).
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Figure 2. Expression of caspase-3 protein in the spinal cord tissue. A. Immunohistochemistry (caspase-3 400X) of
No. 3 dog. B. Immunohistochemistry (caspase-3 400X) of No. 6 dog. C. Immunohistochemistry (caspase-3 400X)
of No. 9 dog. D. Immunohistochemistry (caspase-3 400X) of No. 12 dog.

Scheme number ~ Radiation field ~ Fractional =~ Doserate  Radiation No. First group Second number  Third number
No. No. (Gy/min) caspase-3 caspase-3 caspase-3
1 5 16 4 Equal angle 434 4.41 443
2 5 20 4 Unequal angle 491 5.00 5.18
3 5 16 6 Unequal angle 4.71 4.73 4.75
4 5 20 6 Equal angle 5.32 5.34 5.36
5 7 16 4 Unequal angle 431 4.32 433
6 7 20 4 Equal angle 4.9 491 4.92
7 7 16 6 Equal angle 4.6 4.62 4.64
8 7 20 6 Unequal angle 522 523 5.24
9 9 16 4 Equal angle 4.19 4.21 4.23
10 9 20 4 Unequal angle 4.78 4.8 4.82
11 9 16 6 Unequal angle 4.52 4.53 4.54
12 9 20 6 Equal angle 5.09 5.12 5.16
k1 4.87 4.46 4.61 4.76
k2 4.77 5.07 4.92 4.77
k3 4.66
R 0.21 0.61 0.31 0.01

Checked the F value table, obtaining F0.05, 1, 2 = 18.5, the F values of field number,
single dose, dose rate and time in analysis of variance table were higher than F0.05, 1, 2, which
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were statistically significant (P < 0.05), whereas the F value of ray angle was less than F0.05,
1, 2, which proved that the results were not statistically significant (P > 0.05) by analysis of
variance of orthogonal experiments.

By intuitive analyses from Table 4, the ascending order of range values was RA =
0.21, RB = 0.61, RC = 0.31, RD = 0.01, where the influencing order was B>C>A>D. The
main influence factors were fractional dose and dose rate, followed by radiation field, and the
influence of radiation angle was minimal.

Analysis of variance of Table 5 results showed that there were significant differences
between different levels of factors A, B, and C (P < 0.05), and that factor D showed no signifi-
cant difference (P > 0.05). Combined with the optimal combination of K value B1>C1>A3,
with factor D being equal or unequal angle, the influence on radiotherapy plan showed no
significant difference, and considering the economic principle, the D factor being equal angle
was more reasonable. The optimal combination scheme was B1>C1>A3>D].

Table 5. Analysis of variance of caspase-3 protein expression quantity in beagle spinal cord neurons.

Source Factor Mean square SS Degree of freedom Value F Value P
Radiation field (A) 0.258 2 0.129 74.752 0.000
Single dose (B) 3.294 1 3.294 1906.421 0.000
Dose rate (C) 0912 1 0912 527.804 0.000
Radiation angle (D) 0.000 1 0.000 0.272 0.606

Expression quantity of caspase-3 mRNA in 7th-12th thoracic segments of spinal
cord tissues

The expression level of caspase-3 mRNA in each group of canine spinal neurons is
shown in Figure 2 in detail, and the results were analyzed by analysis of variance of the or-
thogonal experiment.

Checked the F value table, obtaining F0.05, 1, 2 = 18.5, the F values of field number,
single dose, dose rate and time in analysis of variance table were higher than F0.05, 1, 2, which
were statistically significant (P < 0.05), whereas the F value of ray angle was less than F 0.05,
1, 2, which proved that the results were not statistically significant (P > 0.05) by analysis of
variance of orthogonal experiments.

By intuitive analyses from Table 6, the ascending order of range values was RA=4.9,
RB=14.14, RC =8.72 and RD = 0.45, with the influencing order being B>C>A>D. The main
influence factors were fractional dose and dose rate, followed by radiation field, and the influ-
ence of radiation angle was minimal.

Analysis of variance results of Table 7 showed that there were significant differences
between different levels of factors A, B, and C (P < 0.05), and factor D has no significant
difference (P > 0.05). Together with the optimal combination of K value B1>C1>A3, the
factor D being equal or unequal angle, the influence on radiotherapy plan was not significant,
and considering the economic principle, the D factor being equal angle was more reasonable.
The optimal combination scheme was B1>C1>A3>D1.

Immunohistochemical assay and SYBR Green I real-time quantitative RT-PCR were
used to detect the expression quantity of caspase-3 in spinal cord tissues, which produced the
following results. The sequence of each factor influencing canine spinal biological safety was
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B>C>A>D, and the main influence factors were fractional dose and dose rate, followed by
radiation field, and the influence of radiation angle was minimal. The two levels of radiation
angle (angle, unequal angle) on spinal cord injury showed no statistical significance. With a
single dose of 16 Gy, dose rate of 4 Gy/min, field number of 9, and radiation angle being equal,
the expression of caspase-3 in spinal cord neurons was lowest and the biological safety was
highest, which provided the most optimal spinal IGRT scheme.

Table 6. Orthogonal experiment calculating table of the expression of caspase-3 mRNA in canine spinal cord
neurons (%).

Scheme No. Radiation field Fractional dose Radiation angle First group Second group Third group
No. (Gy) (Gy/min) caspase-3 mRNA caspase-3 mRNA caspase-3 mRNA
1 5 16 4 Equal angle 13.91 13.85 13.97
2 5 20 4 Unequal angle 30.02 30.16 30.31
3 5 16 6 Unequal angle 26.52 26.64 26.53
4 5 20 6 Equal angle 37.78 36.99 37.92
5 7 16 4 Unequal angle 12.06 12.17 12.46
6 7 20 4 Equal angle 28.14 28.21 29.01
7 7 16 6 Equal angle 18.47 18.05 18.68
8 7 20 6 Unequal angle 35.21 3591 36.04
9 9 16 4 Unequal angle 11.98 12.03 12.14
10 9 20 4 Unequal angle 19.55 19.69 19.47
11 9 16 6 Equal angle 16.97 16.85 17.021
12 9 20 6 Equal angle 33.13 33.54 33.77
k1 20.28 16.68 19.4 23.98
k2 17.77 30.82 28.12 23.53
k3 15.38
R 4.90 14.14 8.72 0.45

Table 7. Analysis of variance of the expression quantity of caspase-3 mRNA in beagle dogs’ spinal cord neurons.

Source Factor Mean square SS Degree of freedom Value F Value P
A No. of radiation field 256.544 2 128.272 28.244
B Single radiation dose (Gy) 1799.866 1 1799.866 396.311
C Dose rate (Gy/min) 683.744 1 683.744 150.553
D Radiation angle 1.773 1 1.773 0.390
DISCUSSION

The principle of experimental animals states that those selected should be as close
as possible in resemblance to the human spinal cord anatomy (Xilin et al., 2009), with the
sequence being monkeys, dogs, pigs, rabbits, cats, rats, and others. The current literature (Xi-
lin et al., 2009) notes that cells cultured are mostly used in the laboratory study of radiation-
induced cell injury, while large mammals, relative to existing laboratory cells, have more
advanced characters in cell injury induced by radiation. This research adopted adult, male
purebred beagle dogs as the experimental animal. The beagle is an ideal internationally rec-
ognized experimental animal, where data reliability is high; the spinal anatomy of the adult
beagle resembles that of humans, and the beagle’s vertebral volume is larger than that of small
animals, with the vertebral canal volume being large and the gap between spinal dural and
osseous tissue being large, which can ensure the accuracy of sketching the target area and
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accurate radiotherapy. The composition of beagle’s vertebral body, disc and spinal cord are
very similar to that of humans, and the pathological degree of spinal cord injury and the clini-
cal manifestations resemble closely the radiation injury of the spinal cord in clinical patients,
which is of greater benefit to the study of pathological detection in laboratory (Chen et al.,
2011). In addition, radiotherapy can reduce the immunity of experimental animals and thereby
cause a decrease in resistance to infection and disease, while adult beagle dogs in this repect
are far better than the smaller animals, which can guarantee the research proceeding smoothly
(Dahele et al., 2011; Bujold et al., 2012).

Radiation myelopathy is also called radiation myelitis, which is a kind of disease that
is triggered by the neuron denaturation and necrosis, while the spinal cord is subjected to ir-
radiation combined with multiple factors. Radiation myelopathy relates to the normal spinal
tissue subjected to high dose irradiation (Xilin et al., 2009). In conventional radiotherapy for
spinal tumors, the spinal cord is subjected to equal irradiation dose as the target area. To avoid
radiation myelitis from occurring, the radiation dose must be controlled in a certain range to
protect the spinal cord. However, the dose may be inadequate and the dose distribution may
not be ideal for tumor treatment, which may affect curative efficacy. Therefore, radiation in-
jury of the spinal cord has become a limitation in the clinical use of IGRT.

A total radiation dose of 80 Gy was the choice for spinal IGRT in this study, which
was based on previous study (Kliton et al., 2012) that determined the tolerance dose of the
spinal cord in dogs, where the total radiotherapy dose of spinal IGRT was 50-80 Gy. In that
study, beagles did not show double lower limb nerve symptoms of radiation myelitis, and neu-
ron cell morphology was basically normal with no occurrence of obvious radiation myelitis.
As the total radiotherapy dose of spinal IGRT was increased to 90-100 Gy, the dogs showed
double lower limb neurological symptoms, even paraplegia, with most neuron cells losing
normal morphology and the development of extensive neuronal apoptosis and serious radia-
tion myelitis. Therefore, if the total radiotherapy dose of spinal IGRT is greater than 80 Gy,
biological safety of the spinal cord cannot be guaranteed.

In the late 1990s, with the rapid development of computer technology, medical imag-
ing technology (such as CT, MRI), and image processing technology, radiotherapy techniques
developed from the simple conventional 2D radiotherapy to sophisticated stereotactic radio-
therapy, based on three-dimensional conformal radiotherapy technique, and there was a rapid
development of three-dimensional conformal and intensity-modulated radiotherapy treatment
and IGRT. The advent of IGRT boosted the effect of radiotherapy and greatly reduced the in-
jury to normal tissue, so that the quality of life of patients was substantially improved. IGRT
is regarded as a revolution in the history of radiation oncology by American and European
fellow investigators, which is the mainstream of radiotherapy in twenty-first century. (Chang
et al., 2012; Handsfield et al., 2012; Kliton et al., 2012; Kry et al., 2012; Park et al., 2012a,b;
Wang et al., 2012; Zelefsky et al., 2012; Stoiber et al., 2013). IGRT of the spine is a four-di-
mensional radiation therapy technology, which has added the time factor to three-dimensional
radiotherapy technology, fully considering the spinal metastatic tumor motion during treat-
ment and the displacement error of the fractionated therapy, such as breathing and peristaltic
movement, daily setup error, target area contraction caused by change in dose distribution
and the influence on the treatment planning and other aspects of the situation, using advanced
imaging equipment in patients before and during treatment. Accordingly, there is real-time
monitoring of the spinal metastases and spinal cord, making it possible to adjust parameters
correspondingly and to achieve accurate treatment. The advantage of IGRT in radiation phys-
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ics is obvious, because IGRT can achieve a consistent shape of high dose region and tumor
target area and equal dose distribution at the three-dimensional level, and different doses can
be distributed to different tumor target areas in one irradiation process.

However, determining IGRT planning must consider the single dose and dose rate,
followed by radiotherapy field and radiation angle (Xu et al., 2012). How do we combine or
choose the level of the above factors, so we can reach the optimal spinal cord biological safe-
ty? The problem needs a prompt solution. It is because of the existence of some differences
between the IGRT advantage in radiation physics and the purpose of radiation biology that the
radiological technology problems such as the economic and optimization scheme of spinal
IGRT must be resolved by radiation biology results through real observations, the detection of
spinal cord pathological changes, and expression of apoptosis factors (Xu et al., 2009; Deng et
al., 2012; Qin et al., 2012; Tamura et al., 2012).

The expression of caspase-3 in spinal cord neurons was determined to optimize a high
biological safety scheme for spinal IGRT. Caspase-3 expression in the spinal cord neurons was
lowest with a single dose of 16 Gy, dose rate of 4 Gy/min, field number of 9, and ray angle be-
ing equal, which could be an optimal spinal IGRT scheme with high biological safety. In this
study, spinal cord biological safety was the index for selecting the optimal treatment plan of
spinal IGRT. The experimental results can provide experimental evidence for IGRT to improve
the clinic dose rate and shorten the exposure time, so as to improve the local control of tumor.
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