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Purpose: To develop animal models of penetrating thoracic injuries and to observe the effects of the
animal model-based training on improving the trainees’ performance for emergent and urgent thoracic
surgeries.
Methods: With a homemade machine, animal models of lung injuries and penetrating heart injuries
were produced in porcine and used for training of chest tube drainage, urgent sternotomy, and emergent
thoracotomy. Coefficient of variation of abbreviated injury scale and blood loss was calculated to judge
the reproducibility of animal models. Five operation teams from basic-level hospitals (group A) and five
operation teams from level III hospitals (group B) were included to be trained and tested. Testing
standards for the operations were established after thorough literature review, and expert questionnaires
were employed to evaluate the scientificity and feasibility of the testing standards. Tests were carried out
after the training. Pre- and post-training performances were compared. Post-training survey using 7-
point Likert scale was taken to evaluate the feelings of the trainees to these training approaches.
Results: Animal models of the three kinds of penetrating chest injuries were successfully established and
the coefficient of variation of abbreviated injury scale and blood loss were all less than 25%. After
literature review, testing standards were established, and expert questionnaire results showed that the
scientific score was 7.30 ± 1.49, and the feasibility score was 7.50 ± 0.89. Post-training performance was
significantly higher in both group A and group B than pre-training performance. Post-training survey
showed that all the trainees felt confident in applying the operations and were generally agreed that the
training procedure were very helpful in improving operation skills for thoracic penetrating injury.
Conclusions: Animal model-based simulation training established in the current study could improve the
trainees’ performance for emergent and urgent thoracic surgeries, especially of the surgical teams from
basic-level hospitals.

© 2022 Chinese Medical Association. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Trauma continues to be a major public health problem world-
wide as it is associated with high morbidity and mortality both in
developed and developing countries. Trauma is also reported to be
the leading cause of death, hospitalization, and long-term
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disabilities in the first four decades of life.1 Thoracic trauma com-
prises 10%e15% of all traumas in civilian setting,2 and 8.6%e11.7%
during wartime depending on the weapons used and the intensity
of the war.3e7 Fortunately, over 80%e90% of thoracic injuries can be
managed non-operatively utilizing tube thoracostomy, appropriate
analgesia and aggressive respiratory therapy.8,9 Only 10%e20% will
require operative intervention. However, since there are so many
important tissues and organs in the chest cavity, operations needed
for thoracic injuries are always emergent or urgent.

There are many different classification systems for thoracic
operations as far as the urgency is concerned. It can be an emergent
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procedure performed as part of emergency room resuscitation, an
urgent operation as a way of damage control strategy, or a late
intervention usually due to complications.10 Emergency depart-
ment thoracotomy (EDT) was performed immediately for casualties
alive at the initial assessment who lost signs of life during transport
or during management in shock room. A quick left thoracotomy or
clamshell thoracotomy was used aiming to open pleura and peri-
cardium, and achieve an internal cardiopulmonary resuscita-
tion.10,11 In contrast to EDT, urgent thoracotomy (UT) is generally
defined as a surgical thoracic intervention performed in the oper-
ating room within the first 48 h after admission.10e12 UT is usually
carried out as a mean of damage control, and the indications of it
are as following: (1) penetrating thoracic injury with large hemo-
thorax; (2) evacuation of more than 1000 mL of blood immediately
after tube thoracostomy; (3) repeated blood transfusions required
to maintain hemodynamic stability.10e12 UT is also considered as a
life-saving tool for penetrating cardiac injury and critically injured
patients “in extremis” such as traumatic cardiac arrest.

As far as injury mechanism is concerned, chest injuries can be
generally been divided into blunt injuries and penetrating injuries.
The formers are more common in civilian setting, whereas the
latter are more common in combat settings.5,8,10 Although not
universal, the average injury severity of penetrating chest injuries is
usually higher than that of blunt chest injuries, and the former is
more urgent than the latter.5e7 As far as we know, proper EDT and
UT procedures help to save lives, however, the mastery of EDT and
UT skills are not so sufficient. In civilian settings, the incidence of
penetrating chest injuries is rare and thus it is difficult for the
surgeons to be familiar with its treatment and have less chance to
practice this kind of injuries. The military settings are also facing
the similar challenges. Thus, training in surgeries for penetrating
thoracic injuries is obviously needed.13e16

Due to such reasons as limited patient encounters and a focus on
patient safety, simulation training has gained popularity and has
shown a promising outcome in recent years.17 Currently, there are
various kinds of simulation training methods in medical education,
and the most often used ones include live tissue, live animal model,
high-fidelity training simulators, trained live actor-patients, virtual
reality, etc. Each method has its own advantages and disadvan-
tages,17,18 and until now, animal model-based simulation training is
the most ideal method for training of surgery because it can carry
out a practical procedures.19,20 However, there is not an ideal ani-
mal model for training of EDT and UT. The current study aimed to
develop animal models of penetrating thoracic injuries with a
custom-made machine that can simulate gunshot and blast-
fragment injury mechanisms. Then the effects of the developed
animal models on improving the trainees' performance were
explored.

Methods

All procedures involving animals were approved by the Ethics
Committee of Army Medical University of Chinese People's Liber-
ation Army and were performed in accordance with relevant reg-
ulations of Ethics Committee of ArmyMedical University of Chinese
People's Liberation Army.

The development of animal models of penetrating thoracic injuries

After extensive literature reviews, it was found that the 3
commonest emergent and urgent operations for penetrating
thoracic injury were chest tube drainage for moderate lung injury,
urgent thoracostomy for major intrathoracic bleeding and air
leakage in severe lung injury, and thoracostomy for penetrating
heart injury.3e7,10,11,20 Thus, totally 3 kinds of penetrating chest
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injuries included moderate lung injuries, severe lung injuries and
penetrating heart injuries were produced by the homemade ma-
chine in the present study (Supplementary Fig. 1A), and were used
for training of chest tube drainage, urgent thoracostomy, and
emergent thoracotomy, respectively.

The mechanism of the machine was that the air was highly
compressed and the pressure could increase from 20 kPa to
600 kPa. The pressure then was guided through the thin-plaster
coned steel tube to produce blast injury, or guided through thin-
plaster coned steel tube containing simulated fragments to pro-
duce combined blast-fragment injury (Supplementary Fig. 1B). An
infrared based targeting systemwas embedded into the machine to
ensure the precision of wounding (Supplementary Fig. 1C).

Eighteen adult mini-musk swine of either sex were randomly
and evenly divided into 3 groups to produce the abovementioned 3
kinds of injury patterns. The body weight of the swine was
(25.6 ± 1.59) kg, and their age was (7.2 ± 0.4) months. After the
swine were sedated with an intramuscular injection of 20 mg/kg
ketamine and 2 mg/kg xylazine, the animals were exposed to
different kinds of injures as abovementioned. One author who
accepted veterinary training for 3 days in Center of Animal Exper-
iment, Army Medical University was responsible for managing the
animals.

Different from human, the heart of which is located on left side,
swine's heart locates in the middle of the body. And the upper
boundary locates in the upper border of sternum, and the lower
boundary locates in the 4th/5th intercostal space of swine. Thus,
when penetrating cardiac injuries were intended to be produced,
the animal was targeted at the middle line of the sternum and 3 cm
below the upper edge of the sternal notch. After firing, the pro-
jectile penetrated the sternum and pericardium, forming pene-
trating heart injury and pericardial tamponade. When moderate
lung injury was intended to be produced, the right lung was tar-
geted and injured by simulated fragment and pipe outlet pressure
of 100 kPawas applied.When severe lung injuries were intended to
be obtained, both side of the lung were targeted and injured by
combined blast-fragment mechanisms; and the pipe outlet pres-
sure of 300 kPa was applied. A small-sized pressure sensor was
placed at the abovementioned targeted areas to measure the actual
loading pressure over the animal.

Before the injuries were produced and 10 min after injury, pe-
ripheral vein blood was harvested and routine blood test were
measured using an automatic blood analyzer (BC-5180 CRP,
Mindray Inc, Shengzhen, China). The amount of blood loss was
calculated according to formula: blood loss (mL) ¼ (hematocrit
before the injuries were produced - hematocrit after the operations
were performed) ÷ hematocrit before the injuries were produced �
weight of the animal (kg) � 8% �1000: After taking of blood sam-
ples, the swinewere sacrificed by intravenous injection of overdose
potassium chloride, and autopsy was performed. Pictures of the
injured tissues were taken, and were used to assess the abbreviated
injury scale (AIS).21 The AIS scores in the swine were recorded and
the cumulative AIS scores were used for analysis.

Then coefficient of variation (CV) of cumulative AIS scores and
blood loss was calculated to judge the reproducibility of animal
models. A CV value less than 25%was considered to be significant.22

The lower the CV value, the higher the reproducibility of the animal
model. The CV value of AIS score was calculated as follows:

CV ¼ s

M
� 100 %

where M was the arithmetic mean, and s was the standard devia-
tion. The calculation formula of M was:
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where Cwere the AIS score, and mwas the number of animals. The
calculation formula of s was:
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Establishment of the test standards for emergent and urgent
operations of penetrating thoracic injuries

An extensive literature reviewwas performed to identify the key
factors for assessing the procedure and outcome of main emergent/
urgent surgeries of thoracic penetrating injuries, and testing stan-
dards for main emergent/urgent surgeries of thoracic penetrating
injuries were then established. Keywords were the same as those
used in the part “The development of animal models of penetrating
thoracic injuries”. Literature directly related to the training, testing
and assessment of emergent/urgent surgeries of thoracic pene-
trating injuries were preferentially selected, while papers con-
taining key elements of emergent/urgent surgeries of thoracic
penetrating injuries were also selected. All the parameters were
extracted for the establishment of test standards for emergent and
urgent operations of penetrating thoracic injuries, and different
points were given to each parameter and all the weighted coeffi-
cient factors were put at 1.0.

Expert questionnaires were employed to evaluate the scienti-
ficity and feasibility of the testing standards. For the evaluation of
scientificity, scores of 1, 3, 5, 7 and 9 indicate that the scientificity
was very low, low, fair, high, and very high, respectively, which
simultaneously indicate that the testing standards were non-
feasible, fairly non-feasible, feasible, fairly feasible and highly
feasible, respectively. In total, 20 well-known experts from 12
military hospitals were invited to complete the questionnaire.

Training procedure and test procedure

In May 2019, 5 operation teams from basic-level hospitals
(group A) and 5 operation teams from level III hospitals (group B)
were trained and tested to observe the effect of the animal model-
based training. Each group consisted of 1 anesthetist, 2 surgeons
and 1 nurse.

The training process consisted of 2 parts: half day for theory
training and 2 days for practice training. In the theory lecture,
epidemiology, indications, and procedures of emergent/urgent
thoracic operations along with basic principles and procedure of
damage control resuscitation were taught. In animal model-based
simulation training, each injury model was trained 3 times. All
teams were tested before the training, and the scores got were set
as baseline. Tests were carried out after the training. The group
were trained 3 times and tested as a whole, and the performance
was assessed based on the test standards established in the present
study.

Based on different animal models, emergent or urgent opera-
tions were trained of the standard operation procedure.10,11,22,23 For
chest tube drainage, a horizontal skin incision was made just
anterior to the mid-axillary line at the 4th or 5th intercostal space,
and blunt dissection was continued through the intercostal mus-
cles. Then a finger was inserted to make certain that pleuro-
pulmonary adhesions were not present, and then the tip of the
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clamped chest tube was introduced and advanced into the thoracic
cavity until the side holes were well inside the pleural space. While
an assistant holded the chest drain in place, it was connected to
bubble tubing leading to a closed drainage system with an under-
water seal containing normal saline. Then the tube was secured by
suture. For emergent thoracotomy, midline incision was made, and
the sternum was cut either by electric saws to expose the heart
quickly. Cardiac massage and cardiac suture were exercised. For
urgent thoracostomy for severe lung injuries, after entering the
chest cavity through intercostal space, the lung wound was
explored and quickly searched, and direct suturing or packing was
performed according to the injury. During the training process,
enough hydroxyethyl starch and Ringer's lactate were available for
resuscitation. The trainees were allowed to select the type and
amount of fluid by themselves based on their own judgment to
ensure satisfying resuscitation outcome. One hour after the oper-
ation, 6 mL arterial blood were taken to test blood coagulation
using automatic coagulation analyzer (Rayto, Shenzhen, China) and
blood gas using parameters I-STAT Analyzer (Flextronics
Manufacturing, Singapore), respectively.
Post-training survey

After the training and testing, all participants rated agreement
to a series of survey items on a 7-point Likert scale (1 ¼ strongly
agree, 2 ¼ agree, 3 ¼ somewhat agree, 4 ¼ undecided,
5 ¼ somewhat disagree, 6 ¼ disagree, 7 ¼ strongly disagree).24 The
research measures and questions are shown in Table 1.
Statistics

All data were expressed as the mean ± standard deviation.
KolmogoroveSmirnov test was used for the normal distribution of
all data. Multi-group comparisons were conducted by one-way
ANOVA. Statistical analysis was performed using SPSS statistics
software, version 17.0 (SPSS Inc., Chicago, IL, U.S.A.). The confidence
interval was set at 95% (95% CI). A p < 0.05 was considered
significant.
Results

Animal models of penetrating thoracic injuries were successfully
developed

When pipe outlet pressure of 100 kPa was applied, the actual
pressure applied on the chest was (78.32 ± 4.52) kPa. Under this
injury condition, there was a small entry and small area of contu-
sion in the lung. The AIS score was 3.00 ± 0.63, and the CV value
was 21.1%; the volume of blood loss was (58.45 ± 4.74) mL, and the
CV value was 8.11%. When pipe outlet pressure of 300 kPa was
applied, the actual pressure applied on the chest was
(258.36 ± 13.24) kPa. Under this injury condition, there was a large
entry and large area of contusion in the lung (Fig. 1A). The AIS score
was 4.00 ± 0.63, and the CV value was 15.8%; the volume of blood
loss was (248.68 ± 17.74) mL, and the CV value was 7.14%. When the
heart was targeted, a hole could be found in heart (Fig. 1B), and a
large amount of blood and clot were found in pericardium (Fig. 1C),
resulting in cardiac tamponade. The AIS score was 4.67 ± 0.52, and
the CV value was 11.1%; the volume of blood loss was
(322.47 ± 20.34) mL, and the CV value was 6.31%. These data
indicated that animal models of the 3 kinds of penetrating thoracic
injuries were successfully developed with high reproductivity.



Table 1
Post-training survey rating for evaluation of confidence, helpfulness and usefulness.

Research measures Questions

Confidence helpfulness and simulation effect 1. I feel confident in performing emergent and urgent surgeries of penetrating thoracic injuries after training.
2. I feel the animal model established in the current study could simulate the main thoracic penetrating injury types.
3. I feel the training procedure is close to the actual operations in human.
4. I feel the test standards are reasonable.
5. I feel the whole training procedures are very help in improving operation skills for thoracic penetrating injury.

Fig. 1. Representative pictures of animal models. (A) Combined blast-fragment mechanism resulted in penetrating lung injury (arrow) and extensive lung contusion. In animal
model for penetrating heart injuries; (B) a hole could be found in heart (arrow) and (C) a large number of clots were found in pericardium (arrow).
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Establishment of the test standards for emergent and urgent
operations of penetrating thoracic injuries

A literature search found that there were no studies directly
related to test standards for emergent and urgent operations of
penetrating thoracic injuries, however, there were 189 studies
related to the procedure of emergent and urgent operations of
penetrating thoracic injuries. Thorough analysis of the literature
retrieved, the core indicators reflecting emergent and urgent op-
erations of penetrating thoracic injuries, i.e., team cooperation,
operation procedure, resuscitation, and final outcome.3e7,10,11,19,20

On this basis, we formulated the assessment criteria for emergent
and urgent operations of penetrating thoracic injuries (Table 2). The
evaluation method has a total score of 100 points, which is divided
into 4 major parts: leadership and team cooperation, surgical
procedure of emergent and urgent operations, resuscitation effect,
and final outcome and effect.

A total of 20 questionnaires were sent out to 20 experts, and all
the questionnaires were collected. The scientific score was
7.30 ± 1.49, and the feasibility score was 7.50 ± 0.89. These results
revealed that the experts agreed with the assessment criteria.

Training outcomes and post-training survey

All the 5 operation teams from 5 basic-level military hospitals
made a huge improvement after 3 rounds of training (Table 3). All
the trainees had no or little experience in thoracic or cardiac trauma
surgery, and they scored 46.04 ± 9.27 before training, indicating
that they barely knew how to perform emergent and urgent op-
erations for penetrating thoracic injuries. After 3 rounds of training,
they scored 80.42 ± 6.44, significantly higher than the score they
got before training. The pre-training scores in group B was signif-
icantly higher than that in group A; and the post-training scores in
group B was higher than that in group A, however, the difference
did not show statistically significance (Table 3).

Post-training survey showed that all the trainees felt confident
in applying emergent and urgent operations for penetrating
thoracic injuries (Fig. 2). As for simulation effect, the trainees
agreed that the animal model established in the current study
could simulate the main thoracic penetrating injury types and the
training procedure was close to the actual operations in human
(Fig. 2). And they agreed that the whole training procedure were
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very helpful in improving skills of thoracic penetrating injury
(Fig. 2).

Discussion

Over 80% of thoracic injuries can be managed non-operatively,
and only 10%e15% will require operative intervention. However,
since there are so many important tissues and organs in chest
cavity, operations needed for thoracic injuries are always emergent
or urgent. However, it is hard for surgeons to master the emergent
or urgent surgeries for thoracic wound because of the low inci-
dence of thoracic injuries, especially penetrating thoracic injuries.
As a result simulation training with a focus on patient safety has
gained popularity and shown a promising outcome in civil medical
education in recent years. Currently, there are various kinds of
simulation training methods in medical education, and the most
often used ones for surgery training include cadaver dissections,
live tissue surgical procedures, and live animal surgical training,
high-fidelity training simulators, trained live actor-patients, and
virtual reality.17e19,24e30 Each method has its own advantages and
disadvantages. Using live tissues or organs such as the chest wall or
trachea of swine covering with skin of swine is employed to train
invasive first aid skills such as needle decompression and thyro-
cricocentesis.25,26 The main advantage of this method is that it can
carry out practical operation, and the operation feel is similar to the
actual operation on human body, which is also economical and
affordable. It is suitable for the training of basic first aid skills, but
not suitable for surgical procedure. Virtual reality technology can
simulate the real environment and scene, and has advantages of
real scene, immersion, and simple operation,17,27 however, the
disadvantages are also obvious, e.g., it cannot perform actual skill
training.17,27,28 With the introduction of biomedical engineering,
computer technology, information technology and other new
technology, many kinds of high-fidelity training simulators such as
SimMan, SimBaby, and Emergency Care Simulator, etc., were
developed.18,29 These mannequins have real physical examination
findings, such as bleeding, spinal fluid leaks with skull fracture, and
abnormal lung, heart, and bowel sounds, and the simulators permit
the performance of invasive procedures. Additionally, simulators
physiologicallymodel human responses to intervention, permitting
real utilization of monitoring equipment in medical training.30

More recently, many more advanced simulators have been



Table 2
Test standards for emergent and urgent thoracic surgeries established in the current study.

Major parts General requirements Score indicators and score standards Points

Leadership and team
cooperation (Total score: 10
points)

Team leader organized the whole process in an orderly
manner, and team members worked together to ensure an
orderly treatment procedure.

Team members had a clear division of labor and performed their
respective duties (5 points).
Language communication between team members was smooth. If
there were arguments, the team members could discuss and reach an
agreement (5 points).

Surgical procedure of
emergent and urgent
surgeries (Total score 60
points)

Chest tube drainage (Total score: 20 points): performed the
procedure smoothly and correctly.

All the materials and equipment needed were well prepared and
placed in order. One point was deducted for each missing item; 5
points were deducted if items were placed disorderly or if operation
was negatively affected by these disorders.
Selected the right incision, e.g., at the 4/5 intercostals space in the
axillary midline. Deduct 5 points if the position of incision was
incorrect.
Correct and smooth separation procedure, e.g., separated muscles
bluntly to enter the pleural cavity; and used fingers to penetrate the
pleural cavity and separated the potential gaps upward. Deduct 1e5
points if the separation method was incorrect.
Connected the end of the rubber tube with the long tube of the water
seal bottle, placed the water seal bottle at a lower level than the
wounded, loosened the hemostatic forceps, and observed the
fluctuation of the liquid level of the water seal bottle. Deduct 5 points
if the drainage was blocked or the drainage effect was bad.

Emergency department thoracotomy for penetrating
cardiac injury (Total score: 20 points): perform the
procedure smoothly and correctly.

All the materials and equipment needed were well prepared and
placed in order. One point was deducted for each missing item; 5
points were deducted if items were placed disorderly or if operation
was negatively affected by these disorders.
Selected the right incision, e.g., midline incisionwas selected. Deduct 5
points for wrong choice of surgical incision.
Right procedure for different kinds of injury states: if there was a
cardiac tamponade, cut the pericardium and removed the hematoma
or blot; if there was a cardiac penetrating injury, sutured thewound; if
there was a cardiac arrest, performed cardiac massage. Deduct 5e10
points if the injury was not handled properly.
The whole procedure should be as fast as possible, and usually was
completed in less than 30 min. For every 5 min over the required time,
1 point was deducted out of 5 points maximum.

Urgent thoracotomy for severe lung injuries (Total score:
20 points): perform the procedure smoothly and correctly.

All the materials and equipment needed are well prepared and placed
in order. One point was deducted for each missing item; 5 points were
deducted if items are placed disorderly or if operation was negatively
affected by these disorders.
Select the right incision, e.g., intercostal incision is selected. Deduct 5
points for wrong choice of surgical incision.
Right procedure for different kinds of injury states: suture, packing
and lobectomy could be carried out for large lung injury. Deduct 5e10
points if the injuries were not handled properly.
The whole procedure should be as fast as possible, and usually was
completed in less than 40 min. For every 5 min over the required time,
1 point was deducted out of 5 points maximum.

Resuscitation (Total score: 10
points)

No coagulation dysfunction and acidosis developed. No coagulation dysfunction occurred (5 points). If international ratio is
greater than 2, 5 points were deducted; if international ratio is
between 1.5 and 2, 3 points were deducted.
The base deficit was in the normal range (5 points). If the value of the
base deficit is less than �5 mmol/L, 5 points were deducted; if the
value of the BE is between �2.5 and e 4.9 mmol/L, 3 points were
deducted.

Final outcome and effect (Total
score: 20 points)

No preventable deaths occur. If the animal died due to preventable deaths, deduct 20 points.

Total score

Signature of referee or evaluator.
Date of evaluation.

Table 3
Pre- and post-training performance in group A and group B

Variables Group A Group B p value

Pre-training 46.04 ± 9.27 60.18 ± 7.48 0.032
Post-training 80.42 ± 6.44 86.21 ± 8.23
p value 0.006 0.024
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developed, such as virtual reality simulators. This kind of simulator
involves the computer-generated simulation of three-dimensional
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images or environments with which the learner can interact in a
seemingly real or physical way. Currently, there are more than 400
models available. However, most operations procedure cannot be
performed on these simulators and there are currently no specific
training simulators for the emergent or urgent operations of
penetrating thoracic injuries. Because cadaver dissections and live
tissue surgical procedures cannot simulate real injury situations,
such as hemorrhage and organ injuries, their usage in surgery
training is less promising. In comparison, the use of live animal
models can simulate various kinds of injury and provide the op-
portunity for hands-on management in a safe situation.



Fig. 2. Post-training survey. Scores of the trainees gave to each question listed in
Table 1.

W.-Q. Du, X. Zhong, R.-Q. Jiang et al. Chinese Journal of Traumatology 26 (2023) 41e47
The current study intended to establish series animal models for
the training of emergent and urgent operations for penetrating
thoracic injuries. Based on the epidemiology data from both civilian
and military settings, it was found that the most often performed
procedure for penetrating thoracic injuries were chest tube
drainage, urgent thoracostomy for massive lung contusion, EDT for
penetrating heart injury and pericardium. By employing a home-
made machine, these animal models were successfully developed
with high productivity. All the trainees highly agreed that the an-
imal model could highly simulate emergent or urgent thoracic in-
jures, and are suitable for training the relative skills. And it was
found that these live animal model-based trainings effectively
improved the trainees’ performance (Table 3). And all the trainees
felt more confident in performing related surgeries after training
(Fig. 2).

There are several advantages of the current training method.
Firstly, the animal models are close to the real human injury state,
and the live animal could react to the operation and resuscitation.
Unlike the high-fidelity simulator of which the reaction was pro-
grammed and simulated, the reactions of animal to treatment are
real and are closer to human being. Secondly, the assessment
criteria are objective and could reflect the key steps of the whole
procedure. In the process of establishing the assessment criteria,
we selected core indicators that can reflect the process and
outcome of the operations, such as organizational ability, team
cooperation ability, the ability to perform concise surgery, opera-
tion time, whether there are coagulation dysfunction and acidosis,
and so on (Table 2). Common surgical skills such as hand washing,
wound preparation and dressing were not included in the assess-
ment indicators. At the same time, we tried to use objective in-
dicators as much as possible, such as alkali residue, an international
standardized ratio and other laboratory indicators, which can not
only reflect the effect of operation but also avoid subjective factors.
In addition, the trainees were allowed to select the type and
amount of fluid for resuscitation based on their own judgement,
and the outcome of resuscitation was assessed by lab tests.
Different resuscitation protocols that the trainees used will have
different effects on the parameters of lab examinations, such as
coagulation test and full blood count, reflecting the outcomes for
the different resuscitation protocols. This provides an objective test
of the trainees’ real ability of resuscitation and mastery of relevant
knowledge.

There are several limitations of the current study. Firstly,
thoracic penetrating injuries are usually caused by gunshot, frag-
ment and sharp weapons such as knife. Animal models established
in the current study were based on simulated fragment, and were
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not based on sharp weapons. The mechanisms, pathophysiological
changes and treatment of sharp weapons might be different from
fragment.31 Secondly, due to lack of other methods for surgical
procedures training for penetrating thoracic injuries, there was no
positive control group in the current study. Furthermore, it was
impossible to test the training effects in clinical practices. Only pre-
and post-training performances were compared in the present
study, which is an inherent shortcoming. Fourthly, the present
study mainly focused on the technical skills and only parts of non-
technical skills such as leadership and team cooperation. Other
parts of non-technical skills such as situation awareness and deci-
sion making are also important for the training of emergent and
urgent operations of penetrating thoracic injuries31 and were not
included in the current study. We will include these parameters
into the test standards when the technical skills improved to a
satisfactory level in the basic-level hospitals.

In summary, animal models of moderate lung injuries, severe
lung injuries and penetrating heart injuries were developed, and
test standards for emergent and urgent thoracic surgeries were
established in the current study. These animal model-based
simulation trainings could improve the performance of the
trainees, especially of the surgical teams from basic-level hospitals.
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