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Background: Spinal cord injury (SCI) is a traumatic disease that is associated with high morbidity,
disability, and mortality worldwide. The animal spinal cord contusion model is similar to clinical SCI;
therefore, this model is often used to study the pathophysiological changes and treatment strategies for
humans after SCI. The present study aimed to introduce a novel, minimally invasive technique to establish
an SCI model, and to evaluate its advantages compared with conventional methods.

Methods: Incision length, blood loss, length of time, and model success rate during the operation were
recorded. Postoperative hematuria, incision hematoma, scoliosis [detected by micro computed tomography
(Micro-CT)] and mortality were analyzed to evaluate surgical complications. The visual observation
of the tissue was used to compare the effect of laminectomy by 2 methods on the scar hyperplasia at
the injured site. Basso-Beattie-Bresnahan (BBB) score and catwalk automated quantitative gait analysis
were conducted to measure behavioral function recovery. To evaluate the nerve function recovery of rats
postoperatively, somatosensory evoked potential (SEP) and motor evoked potential (MEP) were studied by
electrophysiological analyses.

Results: The results of operation-related parameters of the two models (conventional surgery group vs.
minimally invasive surgery group) were as follows: surgical incision length: 23.58+1.58 versus 12.67+1.50 mm
(P<0.05), blood loss: 3.96x1.05 versus 1.34+0.87 mL (P<0.05), and total operative time: 12.67+1.78 versus
10.33£1.92 min (P<0.05). In addition, the success rate of the 2 models was 100%. Surgical complications
(conventional surgery group vs. minimally invasive surgery group) were as follows: hematuria: 25% versus
8.3%, kyphosis: 25% versus 0%, incision hematoma: 30% versus 9%, and mortality: 25% versus 8.3%.
Micro-CT indicated severe scoliosis in the conventional surgery group. Gross tissue results showed that
the conventional surgery group had more severe fibrous scar hyperplasia. The results of the BBB scores,
catwalk automated quantitative gait analysis, and electrophysiology showed that the difference between the
two groups was statistically significant in terms of behavioral recovery and neuroelectrophysiology.
Conclusions: The minimally invasive technique has the advantages of small incision and reduced tissue

damage and surgical complications, and may be used as an alternative spinal cord contusion method.
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Introduction

Spinal cord injury (SCI) is a debilitating disease with
no function recovery following the injury, as effective
treatments are currently limited (1-5). The study of the
underlying pathological mechanism and the exploration
of new repair strategies of SCI are inseparable, and the
SCI animal model is an important basis for experimental
research. In the past few decades, various animal models
have been developed to develop an understanding of
the complex biomedical mechanisms of SCI and to
develop therapeutic strategies for this condition (6). An
ideal animal model should have several characteristics,
including relevance to the pathophysiology of human SCI,
reproducibility, availability, and the potential to generate
various severities of injury (7).

The animal models currently used are the rat, mouse,
cat, dog, pig, and primate model, with the rat model being
the most frequently used. The pathological characteristics
between rats and humans are similar after SCI, and large
cysts are formed at the injured site. Rats not only have a
clear anatomical structure of the spinal cord but relatively
rare local infections and a high survival rate. In addition,
rats have the following advantages such as low cost, easy
care, mature function analysis technology (8). For these
reasons, rats are often used for pathological studies of SCI.
Because mouse genes are similar to human genes, mice are
often used in genetic research (9). The spinal cord tissue of
primates is closer to that of humans, so it is more suitable
for SCI research. However, because of the high cost and
ethical issues involved, it has not been generally used (10).
The question remains as to whether large animals, such
as pigs and dogs, can be used as animal models. The type
(cervical and thoracic spinal cords) used in SCI research
needs further verification (11). Both the cervical and
thoracic spinal cords of rats can be used for SCI models.
The cervical SCI model often leads to higher mortality (12).
The thoracic spinal cord slices are easier to stain and
observe the changes in gray matter and white matter than
the cervical spine slices (13,14), and the thoracic lamina bite
is more convenient and easier to operate, so the SCI model
mostly chooses thoracic SCL

Different rat SCI models are usually used to explore the
corresponding injury mechanisms of different SCI, which
are mainly divided into contusion, transection, and crush
injuries (13,15,16). The animal spinal cord contusion model
is similar to clinical SCI, so this model is often used in the
study of pathophysiological changes and treatment strategies
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of humans after SCI. Research on the experimental
SCI model can be traced back to 1911, when Allen used
the “weight-dropping” method to construct the SCI
contusion model for the first time (17). This method has
the advantages of simplicity, low production cost, and easy
copying, but the model also has the disadvantages of not
being able to accurately determine the point of landing (18).
Allen’s method is the most commonly used to construct
SCI animal models. Other SCI models caused by impact
are also improved and optimized on this basis, and mainly
include the application of the New York University INYU)/
Multicenter Animal Spinal Cord Injury Study (MASCIS)
impactor, Infinite Horizon impactor, and air gun impactor
to construct animal SCI models (19-22). Regardless of
which impactor is used to construct a spinal cord contusion
model, the paravertebral muscles and ligaments, as well as
the laminas need to be removed, which causes additional
surgical damage to the animal.

However, the injury process of human SCI does not
involve laminectomy and other injuries. At present, the
construction of animal SCI models requires the removal of
the lamina to expose the spinal cord, regardless of blower
application. In the case of rats, the T9-T10 laminas are
generally removed. The effect of the size of the wound and
the operation method of laminectomy on the postoperative
state and degree of injury of the rat is currently unknown.
Therefore, the purpose of the present study was to
construct an SCI model with a minimally invasive method
and to evaluate its effect. We present the following article in
accordance with the ARRIVE reporting checklist (available
at http://dx.doi.org/10.21037/atm-21-2063).

Methods
Animals

Adult female Wistar rats weighing 210+10 g were purchased
from the Laboratory Animal Center of the Academy of
Military Medical Sciences (Beijing, China).

Experimental groups

The experimental groups were the minimally invasive
surgery group and conventional surgery group, each with
12 rats according to observation parameters by simple
random sampling. Huiquan Duan was aware of the group
allocation at the different stages of the experiment. The rats
were maintained in a temperature- and humidity-controlled
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environment with a 12:12 light-dark cycle, and allowed free
access to food and water. All experiments were approved by
the Ethics Committee of the Institute of Radiation Medicine,
Chinese Academy of Medical Sciences & Peking Union
Medical College (approval number: IRM-DWLL-2020095),
and were performed according to the National Institutes
of Health in the Guide for the Care and Use of Laboratory
Animals (NTH Publications No. 85-23, revised 1996).

SCI

The MASCIS Impactor Model IIT (W.M.Keck Center for
Collaborative Neuroscience, Rutgers, The State University
of New Jersey, USA) was applied to establish spinal cord
contusion model of the two groups (23). The animals
were weighed and anesthetized by isoflurane inhalation
anesthesia. The skin on the dorsal side of the rat was
prepared, sterilize with an iodophor cotton ball, and covered
with surgical towels. A novel, minimally invasive technique
was developed by our team to establish the SCI model. The
thoracic vertebra 10 (T'10) spinous process was located.
A 0.8 cm-long skin incision was made along the dorsal
midline, and the incision length of each rat was recorded.
Ophthalmic scissors were used to cut off the superficial
fascia. The T10 spinous process was located again, and a
scalpel was used to make a transverse incision between the
T10 and T11 spinous process. The purpose was to mark
the T10 spinous process and separate the ligament and
muscle between the T10 and T11. Longitudinal incisions
were made on both sides of the paraspinal muscles, and
ophthalmic scissors were used to slightly bluntly separate
them to form an H-shaped incision with the transverse
incision between T10 and T11. T10 lamina was exposed
after removal of the T10 spinous process and the attached
muscles of the lamina by the rongeur. The laminectomy of
half T10 was performed to expose the T11 cord. For the
conventional surgery group, the incision length was 2.5 cm,
and the T9 and T10 laminas were exposed. Paraspinal
muscles were cut about 1 mm wide on both sides to expose
the T10-11 cords. Subsequently, contusion of the T11
cord was conducted with a height of 25 mm. At this point,
rats presented with hindlimb twitching and tail flicking,
indicating that the SCI model was successfully established.
Moreover, the corresponding computer software (Impactor
v8.0) recorded the contusion process to further confirm
whether the attack was successful. Muscles and skin
were sutured. Subcutaneous saline was conducted for
dehydration, and a prophylactic antibiotic was used for
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7 days. Standard bladder care included daily bladder empty
and Baytril for recurrent bladder infections.

Record of operation-related parameters

We recorded the incision length, blood loss, time, and
model success rate during the operation. Postoperative
hematuria was observed and counted during artificial
urination. Postoperative incision hematoma was mainly
evaluated by observation and touch, and the use of a
5-mL syringe to decompress the hematoma achieved a
good therapeutic effect. This step can also confirm the
reoccurrence of hematoma. Because lamina decompression
will cause instability of the spine, it is prone to kyphosis
or scoliosis. Kyphosis can be observed by touch and naked
eyes, and Micro-CT can be used to confirm the occurrence
of kyphosis. In addition, we measured the body weight
of the rats in both groups after the operation every day.
The success rate of model construction and postoperative
mortality of experimental animals were also observation
indicators rather than exclusion criteria. Taking into account
the impact of laminectomy, scar hyperplasia will occur at
the exposed spinal cord segment. The visual observation of
the tissue was used to compare the effect of laminectomy by
2 methods on the scar hyperplasia at the injured site.

Basso-Beattie-Bresnaban (BBB) score

To assess function recovery, behavioral tests were blindly
performed from day 0 to day 42 after surgery and evaluated
by BBB score. BBB score was used to evaluate the hindlimb
movement for 5 min in an open field.

Catwalk automated quantitative gait analysis

The catwalk automated quantitative gait analysis system
was used to assess the locomotor gait dynamics of the rats
(Noldus Information Technology, the Netherlands). The
rats were tested 6 weeks postoperatively. Each rat obtained
at least 3 uninterrupted crosses training. The footprint of
each animal was manually marked, and gait parameters were
automatically calculated by catwalk gait analysis software
(CatWalk XT 10.6). Stride length and regularity index were
considered markers of hindlimb function after SCI.

Electrophysiological detection

To evaluate the nerve function recovery of rats after surgery,
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Figure 1 Conventional surgery was used to establish a spinal cord contusion model. (A) Skin incision and superficial fascia excision; (B)

separation of the paraspinal muscles of T8-T11 and removal of 1-mm of paraspinal muscles from both sides; (C) T9 and T10 laminas were

exposed; (D) spinous process fixation of T8 and T11.

somatosensory evoked potential (SEP) and motor evoked
potential (MEP) were studied by electrophysiological
analyses. Rats were anesthetized with pentobarbital, and
the skin was prepared for the probe electrode, including the
head and neck, between the ears, the center of the back, and
the posterior sides of the hindlimbs. When measuring the
SEP, the stimulating electrode was placed percutaneously in
the gastrocnemius muscles of the lower limbs, the ground
electrode was placed under the mid-back, and the recording
and reference electrodes were placed under the skin of the
head and neck between the ears. When measuring the MEP,
the stimulating and reference electrodes were placed under
the skin between the ears, the ground electrode was placed
under the skin of the center of the back, and the recording
electrode was placed percutaneously in the gastrocnemius
muscle of the lower limbs. The SEP and MEP of each rat
were recorded separately.

Statistical analyses

Statistical analyses were performed, and graphs were
plotted using the GraphPad Prism version 8 software.
Data were presented as means + standard deviations. Two-
group comparisons were analyzed using the unpaired
t-test. Analysis of the differences among multiple groups

© Annals of Translational Medicine. All rights reserved.

or between the groups over time was done using 1-way
or 2-way analysis of variance with Tukey’s post-hoc test.
P<0.05 was considered statistically significant.

Results

MASCIS Impactor Model 111 application to establish the
spinal covd contusion model by conventional surgery

The incision length was about 2.5 c¢m, and the T9 and
T10 lamina were exposed (Figure 14). To expose the T10-
11 cords and prevent interference of the paravertebral
muscles, paraspinal muscles about 1 mm wide on both sides
should be cut off (Figure 1B,C). The spinous processes of
T8 and T11 were used for rat immobilization (Figure 1D).
This conventional surgical method will expose the spinal
cord more thoroughly and facilitate the positioning of the
impact rod, but will cause more tissue damage.

Successful construction of the spinal cord contusion model
by a novel, minimally invasive technique

The length of the surgical incision and the additional tissue
removal may have a certain effect on the postoperative
state of the experimental rat. The current fixation of rats
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Figure 2 Novel, minimally invasive technique to establish the spinal cord contusion model. (A) Skin incision and superficial fascia excision; (B)

separation of the paraspinal muscles of T9-T11, but paraspinal muscles were not removed. (C) T10 lamina was exposed; (D) laminectomy

of 1/2 T10; (E) enlarged view of exposed spinal cord; (F) spinous process fixation of T'9 and T'11; (G) spinal cord hematoma after successful

modeling.

before impact usually requires fixation of the upper and
lower spinous processes, therefore, the incision should not
be too small, otherwise it will affect the spinous processes
fixation and surgical operation. Based on years of practice
and improvement, our team shortened the surgical incision
to about 0.8 ¢m, and removed only the lamina of half T10,
so as to achieve the successful establishment of SCI animal
models. We termed this the “minimally invasive” method.

© Annals of Translational Medicine. All rights reserved.

We established a contusion SCI by a novel, minimally
invasive technique. After making an incision about 1 ¢m in
length and following superficial fascia removal (Figure 2A),
we made a transverse incision between T10 and T11
and longitudinal incisions on both sides of the paraspinal
muscles, forming a H-shaped incision (Figure 2B). Figure 2C
shows the spinous process of T10 removal, and T11 spinal
cord exposure after the laminectomy of half T10 is shown

Ann Transl Med 2021;9(10):881 | http://dx.doi.org/10.21037/atm-21-2063
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Figure 3 Operation-related parameters of the two spinal cord injury models. (A) Incision length of the conventional surgery group and

minimally invasive group; (B) blood loss of the two groups; (C) operation time of the conventional surgery group and minimally invasive

group; (D) model success rate of the two groups. Data were presented as means = standard deviations. The comparisons were analyzed using

the unpaired #-test. **, P<0.01; ***, P<0.001. n=12.

in Figure 2D and E. The MASCIS Impactor Model III was
applied to establish the SCI model (Figure 2F). Figure 2G
shows a red hematoma on the spinal cord after impact.
These results indicate that the minimally invasive technique
can establish a successful spinal cord contusion model.

Comparison of operation-related parameters of the two
SCI models

To compare the advantages of the minimally invasive
method with previous conventional methods, we recorded
the incision length, blood loss, time, and model success
rate during the model construction process. The surgical
incision lengths of the two models were as follows:

© Annals of Translational Medicine. All rights reserved.

conventional surgery group: 23.58+1.58 mm and minimally
invasive surgery group: 12.67+1.50 mm. Statistical analysis
showed that the difference was statistically significant
(P<0.001) (Figure 3A). The results indicated that blood loss
in the minimally invasive surgery group was significantly
lower than that of the conventional surgery group. Blood
loss of 2 models was as follows: conventional surgery
group: 3.96x1.05 mL and minimally invasive surgery
group: 1.34+0.87 mL (P<0.001) (Figure 3B). In terms of
operation time, the minimally invasive group had more
advantages than the traditional group, and it took less time,
thereby improving the efficiency of the model (Figure 3C).
In addition, the success rate of the two models was 100%
(Figure 3D), indicating that although the minimally invasive

Ann Transl Med 2021;9(10):881 | http://dx.doi.org/10.21037/atm-21-2063
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method required a small surgical incision and a smaller area
of exposed spinal cord, it did not affect the success rate of
the model.

Comparison of the early complications of surgery between
the 2 methods

Stress hematuria and hematoma at the surgical incision
are common postoperative complications. In addition, the
removal of paravertebral muscles and laminas leads to spinal
instability and increases the risk of scoliosis. We analyzed
the incidence of stress hematuria, incision hematoma, and
scoliosis to compare differences in early complications of
surgery between the two groups. The incidence of stress
hematuria in the two model methods was as follows:
conventional surgery group: 25% and minimally invasive
surgery group: 8.3% (Figure 44). The incidence of kyphosis
was 25% in the conventional surgery group, but no rats
suffered from kyphosis in the minimally invasive surgery
group (Figure 4B). The results of the incidence of incision
hematoma in the two model methods were as follows:
conventional surgery group: 30% and minimally invasive
surgery group: 9% (Figure 4C).

We weighed the rats every day to observe the effects
of the two operations. The weight of the rats in the two
groups was lowest on day 2, and then began to increase.
However, by days 5 and 6, the weight decreased again
and did not increase thereafter. Except for the significant
difference on day 3, there was no statistical difference in
weight between the two groups (Figure 4D). In addition,
our team also calculated the mortality of rats with the
two model methods (time node: 28 days after surgery),
and the results were as follows: conventional surgery
group: 25% and minimally invasive surgery group:
8.3% (Figure 4E). Minimally invasive method mortality
was found to be significantly lower than that in the
conventional method group. These results indicated that
the minimally invasive method has a lower incidence of
early surgical complications and mortality compared with
the conventional method.

Comparison of late postoperative complications

In previous experiments, we found that SCI rats were prone
to developing kyphosis or scoliosis. In the present study, we
considered whether the minimally invasive method would
reduce the occurrence of scoliosis, because this method
only removes half of the lamina. Micro-CT was conducted
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to observe scoliosis or kyphosis in rats. The findings
indicated that obvious scoliosis occurred in the rats in the
conventional surgery group (Figure 5A,B,C), while the spine
shape of the rats in minimally invasive group was close to
that of the normal group, and there was no visible scoliosis
(Figure 5D,E,F). This result indicated that excessive removal
of paravertebral muscles and laminas can cause instability
and scoliosis of the spine.

Spinal cord tissues are often prepared for pathological
slices, and the morphology of the tissue after sampling from
rats will affect the quality and esthetics of the images after
staining and photography. Because of the exposure of spinal
dura after laminectomy, a large number of fibrous scars
will grow into and adhere to dura. It is easy to damage or
even break the spinal cord due to the traction of the scar.
Therefore, we observed the proliferation of epidural fibrous
scars of the above two model methods and compared them
with the general morphology of the tissue. The results
indicated that more fibrous scars adhered to the spinal
cord in the conventional surgery group compared with the
minimally invasive group (Figure 5G), and the scars adhered
firmly, unless they were cut off with ophthalmic scissors.
However, the scars in the minimally invasive group were
smaller.

Evaluation of function recovery of rats with the two model
methods

To compare the effects of the two model methods on the
behavioral recovery of SCI rats, BBB score and catwalk
automated quantitative gait analysis were evaluated. The
results of BBB scores indicated that the two model methods
had no difference in behavioral recovery (Figure 64).
Catwalk automated quantitative gait analysis showed that
the difference between the two groups was not statistically
significant (Figure 6B,C,D). This indicated that the size of
the exposed area of the spinal cord had no visible difference
in the degree of damage to rats. "To further confirm sensory
and motor function improvement, electrophysiological
analysis was performed postoperatively (Figure 6E). There
was no significant difference in the amplitude and latency
of SEP and MEP between the conventional surgery group
and minimally invasive group (Figure 6F,G,H,I). This
further confirms that the minimally invasive surgery model
is uniform and stable, and has the same degree of damage
as the conventional injury group. The conventional method
is also stable, as long as the spinal cord is not accidentally
damaged during laminectomy.

Ann Transl Med 2021;9(10):881 | http://dx.doi.org/10.21037/atm-21-2063



Page 8 of 13

Duan et al. Novel technique to establish SCI model

A 100+ C
100 100
S . g 807 S 80+
o « ©
b € o
E 60 i
° g 6o s 60
3 5 E
[ - R
g 0 T 40 o 404
[} o 7]
T o) 8
20+ E 20 % 20—
0 T l 0 T [ T I 0
1 1
o0 N\ N N\
\ o° ¢© N (O o° O}OOQ g‘o\)‘)
PO o RSP
(2 \l\\(\ \‘g(\ e e(\’\.\ o
00<\ 00<\ W GO(N @\
D E
100+
@® Conventional group
240 m Bl Minimally group 80—
2\, 60_
oy
I
5 220=- S 404
o =
5 |& *
2 i 20
200= i E I I
T o
O O
(&g(o \\\\g(o
180 Q@
T 1 1 1 1 1 1 1T 1T T1T1 o W
do di d2 d3 d4 d5 d6 d7 di4 d21 d28 ¢

Figure 4 Early complications of surgery between the two methods. (A) Hematuria rate of conventional surgery group and minimally invasive
group; (B) hematoma in the two groups; (C) incidence of kyphosis; (D) daily weight of rats to observe the effects of the two operations; (E)
mortality of rats with the two model methods. Data were presented as means = standard deviations. The comparisons were analyzed using

the unpaired #-test. ¥, P<0.05. n=12.

Discussion

In the present study, we introduced a novel, minimally
invasive technique to establish an animal model of SCI
and to evaluate its advantages compared with conventional
methods. We compared operation-related parameters, early
complications of surgery, late postoperative complications,
and behavioral recovery after SCI. The results showed
that the standard minimally invasive technique has the
advantages of a small surgical incision and reduced tissue
damage and surgical complications, and may be used as an
alternative spinal cord contusion method.

© Annals of Translational Medicine. All rights reserved.

Contusion is caused by a physical transient impact on
the spinal cord; therefore, contusion model is clinically
relevant. There are currently three types of devices that
can produce SCI in the animal model. These are as follows:
weight dropping, electromagnetic impactor, and the air
gun. The weight-dropping method was first used by Allen
to construct the SCI model. The NYU impactor was then
introduced by Gruner in about 1992. The original NYU
impactor included a metal rod weighing 10 g, when it
was dropped on the exposed spinal cord tissue to induce
SCI. The NYU impactor allowed induction of a defined

Ann Transl Med 2021;9(10):881 | http://dx.doi.org/10.21037/atm-21-2063
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Conventional group Minimally group

Conventional group

Minimally group

Figure 5 Comparison of the late postoperative complications between the two groups. (A,B,C) Micro-computed tomography was used to
observe scoliosis or kyphosis in rats in conventional group; (D,E,F) micro-computed tomography was used to observe scoliosis or kyphosis
in rats in minimally group; (G) the visual observation of the tissue was used to compare the effect of laminectomy by 2 methods on the scar

hyperplasia at the injured site.
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Figure 6 Function recovery of rats with the 2 model methods. (A) Basso-Beattie-Bresnahan score; data were presented as means =+ standard

deviations. Analysis of the differences among three groups was done using 2-way analysis of variance with Tukey’s post-hoc test. n=6; (B)

catwalk automated quantitative gait analysis of minimally invasive technique and conventional method; (C,D) stride length and regularity

index of catwalk; data were presented as means = standard deviations. The comparisons were analyzed using the unpaired #-test. n=3; (E)

somatosensory evoked potential (SEP) and motor evoked potential (MEP); (F,G) quantification of latency (ms) of SEP and MEP. (H,I)

quantification of amplitude (uV) of SEP and MEP. Data were presented as means = standard deviations. The comparisons were analyzed

using the unpaired 7-test. n=3.

severity of SCI by adjusting the impact height. The
NYU impactor was renamed to the MASCIS impactor.
Parameters, including height, velocity, and biomechanical
response of the spinal cord, can be recorded for analysis
or verification. The MASCIS impactor has been updated
twice, and the most recent version is the MASCIS III. The

© Annals of Translational Medicine. All rights reserved.

MASCIS HI was first introduced in 2012 and included both
electromagnetic control function and digital recording of
the impact-related parameters. The MASCIS Impactor
Model is now widely used worldwide, as it can establish

a standardized SCI model. However, due to the special
structure of the MASCIS Impactor Model III, it is
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important to fully expose the spinal cord to facilitate the
precise positioning of the impact rod. The T9 and T10
laminas should be removed to expose the T10-11 cords,
and at least 1-mm of paraspinal muscles on both sides
should be removed to prevent the interference of paraspinal
muscles on the impact rod. The spinous processes of T8
and T11 are used for rat immobilization; therefore, the
incision will be long. After several years of practice and
improvement, our team gradually shortened the surgical
incision to about 0.8 cm. In addition, our team found that
the monitoring electrode does not have to be in contact
with the spinal cord; it can also perform its function when
it contacts the paraspinal muscles or lamina. Therefore, we
can remove only half T'10 of the lamina, which can achieve
the successful establishment of an SCI animal model, that
is, the minimally invasive method.

To evaluate the advantages of the minimally invasive
method compared with previous conventional methods, we
recorded the incision length, blood loss, time, and model
success rate during the model construction process. The
results showed that the minimally invasive method required
a shorter incision length than that of the conventional
group. During the operation, we found that the shorter
incision length did not affect the surgery operation and
spinous processes fixation. Blood loss of the minimally
invasive surgery group was significantly lower than that of
the conventional surgery group. The conventional surgery
group had more bleeding due to greater tissue damage, with
an average bleeding volume of 3.96+1.05 mL. According
to the formula of related research, the blood volume of
a rat (200 g) is about 11.68-14.08 mL (24). Blood loss of
the conventional surgery group was about one-third of
the blood volume of the rat, which was likely to affect the
postoperative state of the rat. However, blood loss of the
minimally invasive group was nearly one-sixth of the blood
volume of the rat. The minimally invasive group had a
shorter operation time because the exposed lamina was
smaller, thereby improving the efficiency of the model.
In addition, the success rate of the two models was 100%,
indicating that although the minimally invasive method
required only a small surgical incision and a smaller area of
exposed spinal cord, it did not affect the success rate of the
model.

Stress hematuria and hematoma at the surgical incision
are common postoperative complications. In addition, the
removal of paravertebral muscles and laminas leads to spinal
instability and increases the risk of scoliosis. The incidence
of stress hematuria in the conventional surgery group was

© Annals of Translational Medicine. All rights reserved.
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25%; however, it was 8.3% in the minimally invasive group.
The incidence of kyphosis was 25% in the conventional
surgery group, but no rat suffered from kyphosis in the
minimally invasive group. The results of the incidence of
incision hematoma in the two models were 30% for the
conventional surgery group versus 9% for the minimally
invasive group. We recorded the mortality of rats in the
two groups. Roy er al. demonstrated that the mortality of
SCI experimental animal models within 1 week can be as
high as 50-70% (25). In the present study, we reported
the mortality rate in the conventional surgery group was
25%, and it was only 8.3% in the minimally invasive group.
These results indicated that the minimally invasive method
has a lower incidence of early surgical complications. We
weighed the rats every day to observe the effects of the two
operations. The weight of the rats in both groups was lowest
at day 2 and then began to increase, but by days 5 and 6,
the weight tended to decrease again, and then gradually
increase thereafter. With the exception of the statistical
difference on the day 3, there was no statistical difference
in weight between the rats in the two groups. We found
that the reason for the postoperative weight loss in rats was
due to the reduction in food and water intake, while the
slow weight loss in the conventional surgery group was due
to greater surgical trauma, severe disturbance to the spine
and nerve roots, and bladder and gastrointestinal emptying
disorders. For late postoperative complications, micro-CT
was used to observe scoliosis or kyphosis in the rats. The
results showed that obvious scoliosis occurred in the rats
in the conventional surgery group, while the spine shape
of the minimally invasive group was close to the normal
group, and there was no visible scoliosis. This indicated that
the excessive removal of paravertebral muscles and lamina
can cause instability and scoliosis of the spine. Because
of the exposure of the spinal dura after laminectomy, a
large number of fibrous scars will grow into and adhere
to dura. It is easy to damage or even break the spinal cord
due to the traction of the scar. Therefore, we observed
the proliferation of epidural fibrous scars of the above two
models and compared them with general tissue morphology.
The results showed that more fibrous scars adhered to the
spinal cord in the conventional surgery group than in the
minimally invasive group, and the scars adhered firmly,
unless they were cut off with ophthalmic scissors. However,
the scars in the minimally invasive group were smaller.
These results indicated that the minimally invasive method
can reduce the formation of fibrous scars.

BBB score and catwalk automated quantitative gait
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analysis were conducted to evaluate the effects of the two
models on the behavioral recovery of SCI in rats. The
results of the BBB scores and catwalk automated quantitative
gait analysis showed that the two models had no difference
in behavioral recovery. To further confirm sensory and
motor function improvements, electrophysiological analysis
was performed postoperatively. There was no significant
difference in the amplitude and latency of SEP and MEP
between the two groups. This further confirms that the
minimally invasive model is uniform and stable, and can
achieve the same degree of damage as the conventional
operation method. The conventional method is also stable,
as long as the spinal cord is not accidentally damaged during
the laminectomy. However, the limitation of this study is
that because it compares the related parameters of two kinds
of surgery, the difference of the surgical procedure is bound
to be an unavoidable confounder.

Conclusions

The minimally invasive method of constructing SCI
has certain advantages compared with the conventional
model method, including operation-related parameters,
early complications of surgery, and late postoperative
complications. The minimally invasive model will not affect
the degree of injury and the postoperative recovery process
of SCI in rats; therefore, it can be used as a novel invasive
surgery to establish a stable contusion model.
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