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Abstract
Background Various training models have been developed for laparoscopic training. Inanimate models including cadavers, 
ex-vivo simulator, and virtual reality (VR), are less realistic and often fail to display specific events such as bleeding, bile 
leakage, etc. Animal models provide more realistic experience, but constraints like cost involved, anesthetic requirement, 
and ethical approval have limited its application. We have designed a new training ex-vivo simulator—Smagister to address 
these issues.
Methods The Smagister consists of a normothermic machine perfusion platform, multivisceral organ of porcine abdominal 
cavity (liver, gallbladder, pancreas, stomach, intestine, kidney, uterus, bladders, etc.), high-definition display, and software 
system. Blood gas analysis and number of peristalsis per hour were recorded. A questionnaire was used to subjectively assess 
vitality of the organ cluster every hour. Three laparoscopic procedures including cholecystectomy (LC), enterotomy closure 
(LEC) and hepatectomy (LLR) were performed on Smagister, with demonstration of specific events for each procedure. Six 
experts compared the procedures with actual surgery in terms of feasibility to complete procedures and demonstration of 
complications.
Results The fluctuation of perfusate glucose (6.1–8.2 mmol/L) and lactate (5.82–6.55 mmol/L) suggested metabolic func-
tion of the multivisceral organs. The mean number of peristalsis was 2.2/min. The simulated surgical view and anatomic 
structures closely resembled actual surgery during continuous perfusion (3.5 ± 1.0, 3.8 ± 0.8, respectively). The evaluation 
scores of haptic feedbacks were 3.8 ± 0.8, resembling live tissue handling. LC, LEC, and LLR were performed well on the 
Smagister, with clear display of the specific events. All six experts considered Smagister as a suitable training modality for 
both basic and advanced laparoscopic surgery.
Conclusion The amalgamation of live animal model and ex-vivo simulation in Smagister centralizes the virtue of both 
modalities, expands the training field, and provides high-fidelity laparoscopic training for both novice and senior surgeons.
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Laparoscopic procedures have significantly evolved and 
advanced in the past decades and have become the standard 
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approach for many diseases given the reduced postopera-
tive pain, accelerated recovery and better cosmetic results 
[1–3]. Unlike open surgery, several technical challenges 
such as limited tactile feedback, fulcrum effect, reliance on 
two-dimensional vision, and difficult hand-eye-coordination 
have contributed to the prolonged learning curve in acquir-
ing laparoscopic skills [4, 5]. In addition, there is a shift 
in idea on the suitability of developing such skills during 
clinical practice owing to the ever-increasing concerns on 
patient safety.

Training out of the operating room (OR) has proven its 
positive impact on surgical training as it eliminates the ethi-
cal concerns of attaining laparoscopic skills on patients in 
clinical practice [6, 7]. Various models have been explored 
around the world with the purpose of reducing the inherent 
learning curve and to reproduce real-life experience for sur-
geons. At present, basic laparoscopic skills can be learned 
from a box trainer, while the acquisition of further complex 
procedures can be achieved using inanimate training models 
like cadavers, virtual reality (VR), ex-vivo simulator and 
live animal models. Traditionally, the use of human cadaver 
as training models have been implemented to improve spa-
tial perception of surgical anatomy as it has similar tissue 
planes and organ consistency with that in actual surgery [8, 
9]. Nevertheless, the limited availability, high cost, special-
ized operative facility, and funeral services for donated bod-
ies have restricted their applicability [10]. Contrarily, the use 
of VR training models has gained widespread popularity in 
recent years due to their flexibility, and ability to incorporate 
various level of difficulties into practice sessions as well as 
simulate whole or partial operations [11, 12]. Nonetheless, 
they are considered expensive, low fidelity and incapable of 
providing haptic sensation through force feedback.

Ex-vivo simulators have become widely accepted in the 
field of surgery as they are in the mid-fidelity range, cost-
effective, and commercially available [13, 14]. Despite ben-
efits of ex-vivo simulators, VR and cadavers, these models 
demonstrate one crucial drawback: the failure to provide 
realistic simulation of specific events in live tissue, such as 
intraprocedural bleeding, bile leakage, etc.

Animal model closely resembles actual surgery and is 
by far the only model that can effectively imitate specific 
adverse events during laparoscopic training. Many training 
curriculums involve performing procedures on live animal 
models in order to encounter these events before progressing 
to active practice in the OR, especially in advanced surgery 
training [15, 16]. However, there are fewer opportunities 
to participate in training using live animal model because 
of higher cost, requirement of general anesthesia and need 
for ethical approval [17, 18], as well as the 3R approach—
Reduction, Refinement and Replacement in using animals as 
described by Russell and Burch [19]. Therefore, it is immi-
nently necessary to develop a training system with optimal 

combination of various training modalities for laparoscopic 
training.

Normothermic machine perfusion (NMP) allows provi-
sion of continuous oxygen and nutrient for ex-vivo organs. 
Thus, NMP is becoming an area of great academic and clini-
cal interest in organ transplantation [20]. We have success-
fully designed an abdominal multivisceral NMP device to 
improve transplantation outcomes [21, 22] and this technol-
ogy can be used in organ-oriented research platform that we 
have introduced in a review, such as isolated organ culture 
and functional evaluation, and organ pharmacology and toxi-
cology research [23]. In our present study, we incorporated 
this technique into laparoscopic training simulator to main-
tain vitality and normal physiological function of the whole 
ex-vivo porcine abdominal organ (Fig. 1A).

The aims of this study were to evaluate the possibility of 
using the live ex-vivo multivisceral training device (Smag-
ister) which consists of whole porcine abdominal organs for 
laparoscopic training.

Materials and methods

Preparation of living organ laparoscopic training 
system

The Smagister consists of an NMP platform, multivisceral 
organ (liver, gallbladder, pancreas, stomach, intestine, kid-
ney, uterus, bladder, etc.), high-definition display, and soft-
ware system. The approval of Institution Review Board was 
waived since the porcine abdominal organ clusters were 
directly obtained from the slaughterhouse. Initially, arte-
rial blood was collected from the carotid artery and mildly 
anticoagulated in preservation for NMP. An arterial cannula 
was inserted into the abdominal aorta and perfused with 
3L of 4 °C normal saline, then flushed with 3L cold organ 
preservation solution (Table 1), while the inferior vena cava 
was cannulated by a venous cannula for outflow. The entire 
abdominal organ was removed and stored in 4 °C organ 
preservation solution after ligating the esophagus and anal 
canal. At last, the organ cluster was transported to the train-
ing center and connected to the Smagister.

NMP system

The venous cannula was connected to the organ reservoir 
of Smagister for venous outflow and the arterial cannula 
was connected to the arterial line. The ex-vivo perfusion 
circuit was established. The perfusate was prepared con-
sisting of 1500 mL anticoagulated whole blood, 1000 mL 
gelofusine, 200 mL 5% sodium bicarbonate, 30 mL 20% 
calcium gluconate and 8000 units heparin. The circuit was 
slowly warmed up to 37 °C, and a mixture of  O2 and air 
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(25%  O2) was supplied by an oxygenator. The flow and 
pressure of artery were recorded. The infusion pressure 
was adjusted to keep the inflow at approximately 1000 L/
min.

Evaluation of vitality

Six experienced surgeons who have at least 5 years’ expe-
rience in performing laparoscopic surgery were invited to 
evaluate the Smagister. The arterial blood gas analysis, tem-
perature of organ clusters and number of peristalsis were 
recorded every 60 min. Porcine hematology reference ranges 
were obtained from Appendix VIII: Blood analyte reference 
values in large animals in Clinical Biochemistry of Domestic 
Animals [24]. Each surgeon graded the vitality of the mul-
tivisceral porcine organ from the perspective of liver color, 
intestine color, and tissue elasticity per hour (Table 2).

Training procedures on Smagister

Laparoscopic cholecystectomy (LC), laparoscopic liver 
resection (LLR) and enterotomy closure (LEC) were per-
formed on Smagister (Fig. 1B, E and H). Following these, 
specific adverse events of each surgery were initiated, 
including bile leakage, bleeding, perforation etc. (Table 3). 
The completion of procedures and manifestation of specific 
events for each procedure were assessed, respectively, by the 
six experts on a 5-point Likert scale questionnaire (Table 3). 
Finally, the experts were asked to compare realism of Smag-
ister with actual surgery in terms of anatomic structure, sur-
gical view, haptic feedback, and to quantify their impression 
on the value of Smagister in basic and advanced surgical 
training (Table 2).

Statistical analysis

The data of objective outcomes were expressed as the mini-
mum and maximum. Data of experts’ assessment scores 
were expressed as the mean ± standard deviation (SD). Sta-
tistical analyses were performed using SPSS 24.0 software 
package (SPSS, USA).

Results

The vitality of organ cluster

NMP was achieved and stable throughout the operation. 
The mean artery pressure was equivalent to 60 mmHg, with 
the inflow approximating 1000 mL/min (Fig. 2A). Organ 

Fig. 1  Procedures and specific 
events on the Smagister. A 
An overview of device in use 
by our expert; B laparoscopic 
cholecystectomy (LC); C bleed-
ing during LC; D bile leakage 
during LC; E laparoscopic 
enterotomy closure (LEC); F 
perforation during LEC; G 
ischemia during LEC; H lapa-
roscopic liver resection (LLR); 
I bleeding during LLR; J bleed-
ing control during LLR

Table 1  The components of the perfusate solution

Components

Crossed‐matched leucocyte‐depleted washed red cells 1.3 L
Succinylated gelatinor 1.4 L
5% sodium bicarbonate 30 mL
Heparin 37,500 U
Metronidazole 0.5 g
Cefoperazone sodium and sulbactam sodium 1.5 g
10% calcium gluconate 30 mL
25% magnesium sulfate 3 mL
Compound amino acid injection 250 mL
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temperature was maintained at 36.5–37.4 °C. The mean 
number of peristalsis was 2.2/min and was well maintained 
until the end (Fig. 2B). Metabolic function was determined 
by blood gas analysis of arterial perfusate including pH, lac-
tate, PO2, PCO2, base excess,  HCO3−, urea, creatinine, and 
glucose (Fig. 2C–G). Monitoring of pH,  HCO3−, and base 
excess demonstrated essentially normal acid base balance 
throughout the perfusion (Fig. 2C, E). The perfusate lactate 
was low at initiation of NMP due to dilution of the whole 
blood (2.53 mmol/L) but increased and remained stable after 
perfusion (5.82–6.55 mmol/L, Fig. 2C). The fluctuation in 
perfusate glucose suggested glucose utilization in the multi-
visceral organs (6.1–8.2 mmol/L, Fig. 2G). The liver color, 

intestine color, and tissue elasticity were well preserved until 
the end and all six experts considered these features identical 
to that of live animal (Fig. 2H,I).

Evaluation of training on Smagister

Most experts considered the LC procedure on the Smag-
ister to be mostly completed (Figs. 2B and 3B). The spe-
cific events during LC were well demonstrated (Fig. 3B), 
such as vessel injury (Fig. 1C) and bile leakage (Fig. 1D), 
etc. For LEC, the procedure and manifestation of spe-
cific events have yielded comparable results with LC 
(Figs. 1E,F and 3C). The LLR procedure was performed 

Table 2  Criteria for vitality and overall evaluation of Smagister by expert surgeons

Items Definition

5 4 3 2 1

Liver color Very close to live 
tissue

Close to live tissue Partly close live tissue Little close to live 
tissue

Dead tissue
Intestines color
Tissue elasticity
Anatomic structure Very close to actual 

surgery
Close to actual surgery Partly close to actual 

surgery
Little close to actual 

surgery
Different from actual 

surgerySurgical view
Haptic feedback Similar to actual 

surgery
Like touching live 

tissue
Like touching live tis-

sue but not realistic 
enough

Like touching some-
thing

No feedback

Value for training 
basic/advance 
surgery

Strongly agree Agree Neither Disagree Strongly disagree

Table 3  Criteria for evaluation of each surgery on Smagister by experts

a Laparoscopic cholecystectomy LC
b Laparoscopic enterotomy closure, LEC
c Laparoscopic liver resection, LLR

Items Definition

5 4 3 2 1

Completion of  LCa All procedures com-
pleted

Most procedures 
completed

Some procedures 
completed

Few procedures com-
pleted

None procedures 
completeCompletion of  LECb

Completion of  LLRc

Manifestation of LC specific events
 Liver damage Very close to clinical 

situation
Close to clinical situ-

ation
Little close to clinical 

situation
Barely close to clini-

cal situation
Different from clinical 

situation Bile leakage
 Vessel injury

Manifestation of LEC specific events
 Vessel injury Very close to clinical 

situation
Close to clinical situ-

ation
Little close to clinical 

situation
Barely close to clini-

cal situation
Different from clinical 

situation Intestine perforation
 Intestine ischemia

Manifestation of LRR specific events
 Bleeding control Very close to clinical 

situation
Close to clinical situ-

ation
Little close to clinical 

situation
Barely close to clini-

cal situation
Different from clinical 

situation Bile fistula
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completely (Fig. 3D) and demonstration of bleeding con-
trol and bile leakage were analogous to that of real sur-
gery (Figs. 1H–J and 3D). However, the experts perceived 
bleeding control to be more challenging than in actual 
surgery since the blood was mildly anticoagulated.

The experts gave positive evaluation of anatomic struc-
ture, in that the abdominal cavity has been well repro-
duced (3.5 ± 1.0, Fig. 3A). Since the organs were unable 
to be fixed by ligaments, the intraprocedural difference 
should be noticed. Most experts thought that adequate 
blood supply made the surgical view identical to actual 
procedures (3.8 ± 0.8, Fig. 3A). Although haptic feed-
back is slightly different from operations performed in 
the OR, usage of live tissues made the experience real-
istic (3.8 ± 0.8, Fig. 3A). All six experts strongly rec-
ommended that Smagister should be incorporated into 
laparoscopic training for both basic and advanced surgery.

Discussion

This study presents a novel innovation using live multi-
visceral organ in an ex-vivo simulator for laparoscopic 
surgery education. The entire porcine abdominal organ 
and anatomic structure have been well reproduced in the 
simulator with the organs continually perfused and kept 
alive under normal physiologic conditions using the NMP 
technique. Therefore, specific events of each procedure 
were successfully demonstrated including intraprocedural 
hemorrhage, bile leakage and ischemia which were unat-
tainable in other training models like human cadaver, sim-
ulators, or VR. In addition, in comparison to animal mod-
els, Smagister negates the issues surrounding ethics, has 
no logistic demands for managing animals and is easy to 
transport. Concisely, the Smagister focuses on the merits 

Fig. 2  Vital parameters of the Smagister including hemodynamic 
parameters (n = 2), peristalsis, results of blood gas analysis (n = 9), 
and the assessment by experts (n = 3). A Inflow pressure and vol-

ume; B number of peristalsis; C pH and lactate; D PO2 and PCO2; 
E  HCO3− and base excess; F creatinine and urea;G glucose; H,I liver 
color, intestine color, and tissue elasticity assessed by experts
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of both animal models and ex-vivo simulators, while dis-
regarding their individual shortcoming. For this reason, it 
facilitates the implementation of laparoscopic training cur-
riculum based on the device—Smagister in any hospital.

The most prominent feature of Smagister is the ability 
to maintain viability of the multivisceral organs throughout 
the simulation. Porcine blood was used for blood circula-
tion in line with the NMP technique to supply oxygen and 
nutrient for the organ clusters. Blood gas analysis performed 
during the procedures indicated pH, lactate, PO2, PCO2, 
base excess,  HCO3−, urea, creatinine, and glucose that were 
maintained near physiological limits for 5 h. Besides, peri-
stalsis, liver and intestinal color, and tissue elasticity were 
well preserved during perfusion. Thus, these parameters 
substantiate a state of stable physiological function and tis-
sue property until the end of the investigation. As we demon-
strated, the accurate display of fatal intraoperative events can 
contribute towards resolving concerns surrounding patient 
safety as surgeons can encounter these during the simulated 
training and be equipped prior to embarking onto their clini-
cal practice.

Several systematic reviews on laparoscopic training cur-
riculums found that most participants preferred the use of 
live animal models in training modules as other modalities 
cannot realistically reproduce the events [15, 16]. However, 
the constraints rendered by animal-based training curricu-
lums pose a great challenge in organizing such modules. 
Various efforts have been made to improve the experience of 
ex-vivo simulators. Liu et al. [25] developed a laparoscopic 
training system with ex-vivo porcine liver for hepatobiliary 
surgery. A continuous machine perfusion and red fluid was 
used to simulate virtual blood circulation in order to facili-
tate demonstration of intraprocedural bleeding. Lzawa et al. 
[14] used a fluid pump to mimic circulation in an ex-vivo 
model and appeared to achieve similar effect in live tissue 
training. However, there were several drawbacks as the loss 
of organ vitality made it impossible to display other intrap-
rocedural events, preserve tissue properties, while the usage 
of a single organ failed to incorporate other adjoining struc-
tures. In our study, aside from acquisition of surgical skills, 
trainees are also trained in mental endurance, as a crucial 
aspect in surgery. Detailed observation and prompt measures 

Fig. 3  Evaluation of procedures 
on Smagister. A Overall evalua-
tion of the Smagister including 
surgical view, anatomic struc-
ture, and haptic feedback; B–D 
assess completion of procedure 
and the manifestation of events 
in laparoscopic cholecystectomy 
(LC), laparoscopic enterotomy 
closure (LEC), and laparoscopic 
liver resection (LLR)
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to fix the specific events initiated during simulation serves 
to further ingrain the scenarios and technique involved to 
optimize patient outcome in clinical practice.

Another important advantage is the applicability of 
Smagister in both current and future advanced laparoscopic 
training. Recently, the rapid expansion and acceptance of 
laparoscopic surgery by surgeons and patients alike have 
tremendously increased the demand of laparoscopic training 
for advanced surgeries. Unlike novice surgeons, most sen-
ior surgical trainees tend to prefer high-fidelity live animal 
models or ex-vivo simulators rather than VR [16, 26]. The 
need for more advanced laparoscopic skills is parallel to the 
fact that senior trainees encounter more complex surgeries 
[27]. For example, LLR requires surgeons to be trained in 
managing hemostasis during parenchymal transection, and 
this can only be replicated in animal models. Therefore, the 
reduced application of animal models and existing limita-
tion in ex-vivo simulators including lack of anatomic plane, 
adjoining structures and normal physiological functions pre-
sent an immense challenge in meeting the growing demands 
of advanced training [9, 28].

Strickland et al. [27] developed an augmented reality sim-
ulator which can simulate bleeding control using red fluid 
during LLR, but they were unable to overcome these short-
ages and mimic coagulation. In this study, Smagister repli-
cated normal physiological functions, vitality and anatomic 
structure to ensure a realistic surgical view. In addition, the 
tissue elasticity in our device produced high-fidelity haptic 
feedback. Given these, both transection and bleeding control 
during LLR could be demonstrated simultaneously. Since 
Smagister contains the entire porcine abdominal organ clus-
ter, we envisage this simulator to be equally useful in other 
advanced laparoscopic surgery training and to support future 
innovative operations, such as gastric and splenic procedures 
(Fig. 4), as well as pancreatic surgery since it has yet to be 
published across literature.

The exact costs involved in this study was not calculated, 
however, estimates can be made. The main cost incurred is 
limited to specimen fee ($60 for each porcine abdominal 
organ cluster), rental cost of Smagister ($500) and cost of 

consumable items, like self-made organ preservation solu-
tion ($50 for 3L). The set-up time required was 20 min which 
involves connecting the organ cluster to Smagister, circuit 
warmup, and arrangement of organs. In this training cur-
riculum, organ arrangement can be performed by trainees in 
order to help them familiarize with the anatomic structures. 
In terms of time taken for procurement and preservation of 
organs, two skilled workers can obtain ten sets of porcine 
organ cluster in 3 h. The organs procured can be preserved 
in organ preservation solution for 24 h.

Despite the potential advantages of Smagister and the 
contributions of our study, there are some limitations. First, 
we have not recruited surgical trainees to evaluate the effec-
tiveness of Smagister as a training modality and make direct 
comparisons with other models. Second, anatomical features 
of the live tissue cannot be reproduced completely in our 
model, such as diaphragmatic movement and ligament fixa-
tion. Third, Smagister lacks the ability to allow identifica-
tion of tumor edge in certain procedures like tumor resec-
tion. Fourth, it should be noted that animal organs cannot 
resemble human anatomy in its entirety which is necessary 
in advanced surgery. Thus, additional video-based program 
should be introduced to identify anatomical landmarks in 
human.

In summary, the application of Smagister aims to improve 
laparoscopic surgical skills and strengthen mental endurance 
to help novice and senior surgeons alike climb the inherent 
learning curve in a more realistic environment as offered 
in animal models, without the restrictions of exorbitant 
expenses and ethical issues. The vitality of multivisceral 
organ in an ex-vivo simulator was successfully established 
using NMP, demonstrating the amalgamation of live animal 
model and ex-vivo simulation. Most importantly, trainees 
can improve their ability to deal with unexpected events 
intraoperatively using Smagister, as it is currently unattain-
able in other inanimate training model like human cadaver, 
VR, and ex-vivo simulator. Our novel device—Smagister 
is a suitable platform for laparoscopic training in current 
advanced surgeries and has a promising role in future inno-
vations in the surgical arena. Further prospective studies 

Fig. 4  Procedures on the Smag-
ister. A Laparoscopic gastric 
perforation repair; B laparo-
scopic splenectomy
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should be done to provide a robust evaluation of trainees’ 
skill acquisition in comparison with other training models 
and develop a corresponding assessment system.
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