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Abstract

Objective To introduce a novel laparoscopic training sys-

tem with a continuously perfused ex-vivo porcine liver for

hepatobiliary surgery.

Background Existing models for laparoscopic training,

such as box trainers and virtual reality simulators, often fail

to provide holistic training and real haptic feedback. We

have formulated a new training system that addresses these

problems.

Methods Real-Liver Laptrainer consists of a porcine liver,

customized mannequin, ex-vivo machine perfusion system,

and monitoring software. We made a detailed comparison

of Real-Liver Laptrainer with the LapSim virtual reality

simulator and the FLS Trainer Box systems. Five laparo-

scopic surgeons assessed the new system on multiple fea-

tures. We assessed the performances of 43 trainees who

used the new system to perform laparoscopic cholecys-

tectomy (LC) three times.

Results Real-Liver Laptrainer offered more functions and

better tactile feedback than the FLS or LapSim system. All

five surgeons graded the quality of the new system as

realistic. The utility of the system for training was scored

as 3.6 ± 1.1 on a scale of 1–5. Between the first and third

attempts, the number of successfully performed LCs

increased (9 vs 14 vs 23; P = .011), while the numbers of

liver damage incidents (25 vs. 21 vs. 18, P = .303) and

gallbladder perforations decreased (17 vs. 12 vs. 9,

P = .163). The mean LC operation time significantly

decreased (63 vs. 50 vs. 44, P\ .0001).

Conclusion Real-Liver Laptrainer is a feasible, stable, and

practical training model that has potential for improving

the laparoscopic skills of surgeons.

Keywords Laparoscopic surgery � Simulation education �
Porcine liver � Ex-vivo perfusion

Laparoscopy has become the standard approach for many

conditions in most surgical specialties, driven by the desire

for less surgical trauma, faster postoperative recovery,

shorter hospital stay, and better cosmetic results [1, 2].

However, laparoscopy training offers some challenges,

including the ‘‘fulcrum effect’’ (i.e., the direction of

movement of the hands is opposite to the direction of

movement of the instrument [3]), limited tactile feedback

or haptics, two-dimensional vision [4], and narrow expo-

sure of the operative site. Learning and building these skills

in the operating room is not ideal [5].

Many new techniques for laparoscopic training have

been explored. Today, the most basic skills can be acquired

in a box trainer, which is simple structure that is easily

manipulated [6, 7]. Specific operation models can be

trained in virtual reality (VR) simulators [8, 9]. However,

these models are inadequate in providing advanced surgical

skill training [7, 10] and unable to provide haptic sensa-

tions through force feedback [11], which are fundamental
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in the simulation of surgical realities [12]. Live animal

models can also be used to acquire laparoscopic skills. In

practical use, however, animal models are costly and

inconvenient, as they require specialized personnel and

permission from local bioethics committees [11, 13]. In

view of the shortage and high costs of simulators, the

development of new models for clinical training in

laparoscopy has gained considerable importance.

In the present study, we describe our development of a

more effective and affordable system, Real-Liver Lap-

trainer, to help trainees acquire a wide range of skills in

performing laparoscopic surgery. Real-Liver Laptrainer

combines the use of a porcine liver, customized man-

nequin, ex-vivo machine perfusion, and computer moni-

toring to provide a more holistic and realistic environment

for trainees to learn skills.

Methods

Procurement and preservation of porcine livers

The porcine livers used in this study were from Zhaoyang

Slaughter House in Xi’an, China. As the slaughterhouse

forbade us from injecting anticoagulant into the live pig

before liver procurement, we faced the issue of thrombo-

genesis in the porcine liver vessels. Pigs in the slaughter-

house were executed by cardiac bloodletting. The time

spent on the procedure from bloodletting to portal vein

catheterization and perfusion was controlled to be within

10 min. This time period is sufficiently short to protect

most of the blood vessels in the liver from thrombosis.

Then, we used a liver acquisition technique that is used in

liver transplantation procedures when heparinization is not

performed in advance.

Customized mannequin

The customized mannequin was designed to simulate the

human anatomical structure, particularly the pneumoperi-

toneum, during laparoscopic surgery. An artificial abdom-

inal wall was designed and customized to reduce the

complexities of training. Real pneumoperitoneum is diffi-

cult to achieve, as it would require the use of a CO2

insufflator and related instruments. The customized

abdominal wall was a dome-like cushion made from

medical silica and wire mash, which was wrapped into

silica gel before it was heated and formed. The molded and

silica-embedded wire mash can be used to simulate the

elasticity and rigidity of the abdominal wall under the state

of pneumoperitoneum. Four snap fasteners, though which

the cushion could be installed and removed easily from the

mannequin, were placed at the two sides of the artificial

abdominal wall. These fasteners also provided the fulcrum

around which the laparoscopic instruments were operated

(Fig. 1).

Ex-vivo machine perfusion system

An ex-vivo machine perfusion system was designed to

simulate the virtual blood cycle, blood supply to the liver,

and hemorrhaging during the operation. The system con-

sisted of four parts: two peristaltic pumps (Longer Pump

Co.), tubes, a vacuum extractor (SMAF Co.), and two

reservoirs. Different peristaltic pump models were used to

simulate the physiological blood flow dynamics through

the human portal vein (T300 pump; flow rate range:

0–1200 ml/min) and the hepatic artery (T-S107 and JY15-

12 pumps; flaw rate range: 0–170 ml/min). Tubes com-

municated between the reservoirs and pumps, as well as

between the pumps and discharge points, which were

adapted to be associated with the porcine liver. We used

customized tubes having similar diameters, thicknesses,

and elasticities to the portal vein, postcava, and hepatic

artery. The purpose of the vacuum extractor was to collect

leaking fluid in the artificial abdominal cavity during

training. Collected fluid was treated as hemorrhage during

the operation. One of the two reservoirs played the role of

the heart, which circulated the fake blood. The other

reservoir contained the collected fluid. The mass of this

fluid, measured by an electronic scale, was used in the

monitoring software to calculate the bleeding volume

(Fig. 1).

Monitoring software

The monitoring software was written based on LabVIEW

8.6. The software consisted of four modules for regulating

Fig. 1 Real-Liver Laptrainer: a laparoscopic training system with a

continuously perfused ex-vivo porcine liver for hepatobiliary surgery
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flow, displaying the hemorrhage volume, displaying the

portal vein and postcava pressures, and displaying the

laparoscopic image. With this software, trainees could

easily regulate the ‘‘blood flow’’ to any clinical status they

wanted to simulate, while directly monitoring pressure

changes and hemorrhaging. Moreover, because the soft-

ware could display the laparoscopic image, there was no

need for a specific monitor for the laparoscope (Fig. 2).

Training procedures on the real-liver Laptrainer

Installing and connecting porcine liver

The trainee removed the liver from the organ cluster and

fixed the plastic connectors to the inside of the vessels. The

trainee fixed the other point of the connectors to the inside

of the corresponding tube. Finally, the trainee installed the

liver (Fig. 3).

Using the ex-vivo machine perfusion system

The trainee properly positioned the tubes and clicked the

training program to start the pump. The trainee gradually

increased the speed of the pumps according to the change

in liver shape, until the human blood flow rate was

reached.

Locating and placing trocars

The trainee selected the type and size of trocars needed,

and placed the trocars in their proper places. The model

allowed the trainee to start the procedure from the skin

incision and trocar insertion to simulate clinical realities.

Inspecting the abdominal cavity and locating

the gallbladder

The trainee practiced simple laparoscopy to inspect the

abdominal cavity and locate the gallbladder.

Selecting and utilizing instruments

One goal of the training system was to train students in

choosing the right laparoscopic instruments for laparo-

scopic cholecystectomy (LC) and how to use them properly

in operation. Therefore, the trainee used laparoscopic

training instruments in this simulator as they would do

clinically.

LC training procedures

The trainee could be trained in the major procedures of LC

in this simulator, including: identifying, grasping, and

Fig. 2 Parameter monitoring software, consisting of modules for A Regulating flow, B Displaying hemorrhage volume, C Displaying portal vein

and postcava pressures, and D Displaying the laparoscopic image
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retracting the gallbladder fundus, dissecting Calot’s Tri-

angle, clipping the cystic duct and cystic artery, and

removing the gallbladder (Fig. 4).

Comparison of functions on the real-liver

Laptrainer, FLS trainer box, and LapSim

Training functions of the Real-Liver Laptrainer, the FLS

Trainer Box (Limbs & Things Ltd.), and the LapSim (Sur-

gical Science Ltd.) VR simulators were compared in terms

of basic and advanced skills, team training, surgery type, and

real tactile feedback. Parameters and data were obtained

from the simulator devices and the product brochures.

Evaluation of real-liver Laptrainer by expert

surgeons

Five attending surgeons were asked to evaluate the devel-

oped simulator. Each surgeon had at least 5 years’

experience in performing LCs or had performed at least

500 LC procedures. After performing LC in the Real-Liver

Laptrainer, each surgeon graded the quality of the man-

nequin with porcine liver and the perfusion system from

the perspectives of the anatomical simulation, the operative

action, and the reaction of tissues to actions (as realistic or

nonrealistic), the haptics during operation (as poor, fair,

good, or excellent), and the laparoscopic performance (as

successful, difficult, or impossible). On a scale of 1–5, they

were asked to compare the procedure in the simulator with

LC in the operating room, and to quantify their impression

of the value of the simulator for training. Criteria of these

evaluations are given in Table 1.

Application of real-liver Laptrainer in laparoscopic

training and outcomes

We enrolled 43 first-year surgery students without any

experience of laparoscopic surgery from Xi’an Jiaotong

Fig. 3 A Plastic connectors were placed into the suprahepatic vena

cava, portal vein, and bile duct. B Porcine liver was assembled in the

abdominal cavity of the mannequin through connecting the

corresponding vessels with plastic connectors. C Porcine liver was

successfully assembled

Fig. 4 A Cystic artery was identified, clipped with tiny titanium clips, and cut. B. Gallbladder fundus was grasped and dissected with an

electrotome. C Bleeding vessels were cauterized from the gallbladder bed
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University Medical College. Each participant performed

LC thrice in the Real-Liver Laptrainer system. Their per-

formances were evaluated by the following measures: time,

successful installation of porcine liver, stability of the

perfusion state, successful removal of the gallbladder, and

damage to the model (e.g., rupture, laceration, or disruption

of any part).

Statistical analysis

Data of training outcomes were expressed as the mean and

range. Data of experts’ assessment scores were expressed

as the mean ± standard deviation (SD). Statistical signifi-

cance was determined by using SPSS 12.0 software (SPSS,

San Rafael, CA, USA). Analysis of variance followed by a

v2 test was used to determine any significant difference

among three attempts. A P value of less than .05 was

considered significant.

Results

Comparison of different simulators

Real-Liver Laptrainer had prominent advantages compared

to the FLS Trainer Box and LapSim VR simulator

(Table 2). Real-Liver Laptrainer can teach basic skills

(touching, grasping, traction, and translocation) similarly to

the FLS Trainer Box and advanced skills similarly to the

LapSim VR simulator. Trainees can acquire real tactile

feedback on Real-Liver Laptrainer in contrast to the haptic

feeling produced by resistance on LapSim. In addition to

surgical training, Real-Liver Laptrainer can be used to

teach camera operation during surgery. Among the three

training models, only Real-Liver Laptrainer allows cus-

tomer-made models for individualized training. Currently,

Real-Liver Laptrainer can only train on LC procedures,

whereas LapSim provides training models of appendec-

tomy, cholecystectomy, hysterectomy, and other bariatric

and gynecologic surgeries.

Expert evaluation of real-liver Laptrainer

All five experts graded the quality of the mannequin with

porcine liver and the perfusion system as realistic. Experts

graded the haptics of the system as good (2 experts),

excellent (2 experts), or fair (1 expert). All experts con-

sidered their laparoscopic performance in Real-Liver

Laptrainer to be successful. They considered the simulation

to be easier than the actual procedure, with a rating of

2.6 ± 0.6. Three experts considered the simulation to have

medium difficulty, and two experts considered to simula-

tion to be easy. In terms of training utility, experts gave the

system a mean score of 3.6 ± 1.1.

Application of real-liver Laptrainer in laparoscopic

training and outcomes

Forty-three participants completed three LCs in the new

model (total 129 LC simulations). All installations of the

Table 1 Criteria for evaluations of the Real-Liver Laptrainer by expert surgeons

Items Definition

Realistic Nonrealistic

Simulation of anatomy under laparoscopy Very close to clinical situation Different from clinical situation

Operation action Very close to clinical situation Different from clinical situation

Reaction of tissue to actions Very close to clinical situation Different from clinical situation

Poor Fair Good Excellent

Haptics during operating No feedback Like touching

something

Like touching tissue but

not realistic enough

Like touching liver

Successful Difficult Impossible

Laparoscopic performance

on simulator

Performance was finished with

all procedures completed

Performance was finished with

some procedures uncompleted

Performance could

not be finished

1 2 3 4 5

Comparison of the simulated

procedure with real operation

Simulated procedure is

much easier than

real operation

Simulated procedure is

similar to real operation

Simulated procedure is

difficult to finish and much

harder than real operation

Value of simulator for training Disagree with use

for training

Agree with use for training

but after modification

Strongly agree with

use for training

Surg Endosc (2018) 32:743–750 747
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porcine liver were successful. The perfusion system

worked well 98 times. In seven LC procedures, the soft-

ware failed to start the perfusion pumps. In these cases, the

pumps were enabled manually and fixed later. In 12 LCs,

the portal vein pressure did not reach the desired level, but

the simulation could still continue. In these cases, the

problem was due to leaking at a connection joint of a tube

inside the mannequin. In 12 LCs, the pressure in the liver

was so high that the tube system broke the joints. In these

cases, we stopped the perfusion system and changed to

another well-perfused porcine liver. Good stability of the

perfusion state was achieved for the other 117 simulated

LCs.

Outcomes of the three LC attempts are summarized in

Table 3. From the first to the third attempt, the number of

successfully completed operations increased (9 vs. 14 vs.

23; P = .011), the number of episodes of liver damage

decreased (25 vs. 21 vs. 18, P = .303), and the number of

perforations of the gallbladder decreased (17 vs. 12 vs. 9,

P = .163). The mean LC time of the last attempt was 12

and 30% shorter than that of the second and first attempt,

respectively (63 vs. 50 vs. 44 min, P\ .0001). In some

cases, trainees touched the connecting tubes with their

sharp instruments but did not cause damage because the

tubes were thick and hard, which prevented laceration. In

such cases, there was little damage to other parts of the

model (e.g., rupture, laceration, or other disruption).

Cost

This model incorporates reusable and disposable compo-

nents, which are readily available and inexpensive. Reu-

sable parts, including the laparoscope and training

instrument, cost only ¥20,000 in total (about $3300). Dis-

posable parts cost ¥30 (about $5).

Discussion

Here, we describe an effective and affordable system to

help trainees acquire a wide range of skills in performing

laparoscopic surgery. Compared to conventional training

simulators, a prominent advantage of Real-Liver Laptrainer

is that it uses several sources to create a more holistic and

realistic clinical scenario. Real-Liver Laptrainer overcomes

the shortcomings of LapSim in producing force feedback.

Table 2 Comparison of

simulators
Training model

Real-liver Laptrainer Lapsim FLS trainer box

Basic skills

Touching d d d

Grasping d d d

Traction d d d

Translocation d d d

Advanced skills

Clip applying d d

Transection/cutting d d

Dissection d d

Diathermia d d

Suturing d d d

Knot tying d d d

Rinse suction d d

Ultrasound scissors d

Team training

Camera assistant d

Surgery type

Appendectomy To be added d

Cholecystectomy d d

Hysterectomy To be added d

Bariatrics To be added d

Gynecology To be added d

Real tactile feedback d

Customer-made model d
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Different tactile responses associated with different tissues

could be captured and felt directly by the trainees, thus

facilitating the acquisition of fundamental skills. Real-

Liver Laptrainer permits training in advanced laparoscopic

techniques that are unattainable using FLS Trainer Box.

Trainees would be able to transfer their acquired skills to

the clinical setting.

Haptic feedback is an indispensable part of laparoscopic

training. Vapenstad [14] studied the validation of a profi-

ciency-based training setup with Xitact IHP haptic feed-

back instrument ports on the LapSim VR simulator. They

concluded that the simulation of haptic feedback influences

the training performance on laparoscopic simulators and is

an important part of validating a training setup. After

training with and without haptic feedback, 90% of surgeons

preferred the system without haptic feedback [15]. They

perceived the system with haptic feedback to add addi-

tional friction, making it unrealistic and not mechanically

transparent. In our study, five laparoscopic surgeons per-

formed LCs on the Real-Liver Laptrainer. Most of them

spoke highly of the system, regarding it as a new, effective

training model and considering the real tactile feedback to

be the most attractive feature. However, one expert con-

sidered the system to be lacking industrial design and

recommended further modifications.

Students were trained on the system 129 times for LC

training. Our findings revealed the good internal consis-

tency and stability of the system. The mean operating time

of trainees decreased significantly from 63 to 44 min

across three attempts. Operating time was defined as the

time from when the trainee first grasped the gallbladder

until they pulled the gallbladder out of the abdominal

cavity. Time spent assembling the simulator was recorded

separately. The success rate significantly increased from 21

to 53% across the three attempts. Rates of damage to the

liver and gallbladder decreased, but not significantly. The

lack of significance in this result may have been due to

poor accuracy or refinement of the definition and classifi-

cation of damage.

Real-Liver Laptrainer is a problem-based learning

model that focuses on the main procedures of laparoscopic

surgeries for the hepatobiliary system. In this study, trai-

nees completed the major procedures of LC, during which

they learned grasping, dissecting, suturing, and knotting.

They learned these skills in a reasonable order and

simultaneously, rather than learning one skill at a time.

Another important advantage of the new system is that the

real liver offers a regional blood supply and provides

training in hemorrhage control. Real-Liver Laptrainer

shows blood loss immediately, thereby indicating the level

of performance. Before training, some students partici-

pated in the procurement and preservation of porcine

livers at the slaughterhouse. These students learned and

performed some techniques relevant to liver transplanta-

tion. This organ transplantation training can benefit sur-

gical students and young doctors because, at present, no

medical center in China provides such training. For this

study, we chose LC as the procedure of interest because its

operation is relatively simple and easy to quantify. We

have also used this system for training in laparoscopic

liver resection because the Real-Liver Laptrainer can

mimic the portal pressure and blood flow parameters

through the liver. Several experts evaluated the system and

determined that it can be used to reproduce the liver

resection process. However, we have not yet acquired

enough data on liver resection training for those results to

be reported in this article.

Our system can be reproducibly used in laparoscopic

training. After LC, the remaining liver can be used for

laparoscopic hepatectomy and hepatic cyst models, which

can be applied to the training of laparoscopic fenestration

and drainage. Nevertheless, the addition of other animal

organs (e.g., lung, stomach, and uterus) to this simulator

would expand the training range to thoracic, gynecologic,

and urologic laparoscopic surgeries. The open design of the

system allows users to build models autonomously to train

different surgeries or even to innovate operations.

Our study and system have some limitations. Major

problems in the use of Real-Liver Laptrainer are regarding

the lack of techniques to preserve the porcine hepatic

artery, which may affect the perfusion results. We will

cooperate more closely with the slaughterhouse in the

future to guarantee double perfusion (via the portal vein

and hepatic artery). Moreover, the stability of the perfusion

system cannot be guaranteed, and the industrial design of

the simulator is not yet satisfactory. We are currently

working with professional experts to improve our novel

system.

Table 3 Outcomes of trainings

on the Real-Liver Laptrainer
Attempt 1 (n = 43) 2 (n = 43) 3 (n = 43) P

Successfully done 9/43 (21%) 14/43 (32%) 23/43 (53%) .011

Liver damage 25/43 (58%) 21/43 (49%) 18/43 (42%) .303

Gallbladder perforation 17/43 (21%) 12/43 (19%) 9/43 (5%) .163

Mean time (minutes) 63 (32–80) 50 (31–71) 44 (32–68) \.0001

Data are reported as the number (% frequency) or mean (range)
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In summary, the ex-vivo biological training system

developed in the present study could provide better

opportunities for trainees to acquire and practice laparo-

scopic skills in a more realistic environment, which is

unattainable using conventional VR simulators and box

trainers. Real-Liver Laptrainer is a feasible and effective

training system that is economically accessible and could

be used efficiently to improve skill teaching and learning in

many areas and for many purposes. Development of the

corresponding assessment system is in progress. At this

time, the first laparoscopic student tests have been per-

formed. In future studies, we plan to apply Real-Liver

Laptrainer in more hospitals and to train more surgeons to

test its efficacy and feasibility. Furthermore, more studies

using this model are warranted, specifically evaluating

trainee acquisition of skills and qualitative comparisons

with training on box trainers and VR simulators.
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