Surg Endosc (2011) 25:1677-1682
DOI 10.1007/s00464-010-1440-0

Development of an ex vivo simulated training model

for laparoscopic liver resection

Andrew Strickland - Katherine Fairhurst -
Chris Lauder - Peter Hewett - Guy Maddern

Received: 15 December 2009/ Accepted: 7 October 2010/ Published online: 12 November 2010

© Springer Science+Business Media, LLC 2010

Abstract

Background The number of patients who have undergone
laparoscopic liver surgery has increased in the last 15 years.
It is technically challenging surgery, requiring both
advanced laparoscopic and liver resection skills. Surgeons
often require familiarisation with much of the equipment
and techniques used in this type of surgery. No ex vivo
model currently exists for laparoscopic liver resection
(LLR). The aim of this study was to develop a model for
acquiring the technical skills involved in LLR that was also
able to assess and measure surgical performance.

Methods The ProMIS augmented reality surgical simula-
tor was selected because performance data other than time
could be obtained, and the simulator was adapted to create
the laparoscopic trainer. Twenty candidates with differing
laparoscopic surgical experience tested the model. Three
groups were identified, novice, intermediate, and expert,
according to previous exposure to the laparoscopic tasks.
Candidates were required to identify a tumour ultrasono-
graphically, mark and transect ex vivo liver, and perform
two laparoscopic stitches with intracorporeal knots. The
ProMIS recorded the performance data, including instru-
ment path lengths and time.

Results Measurements taken from the ProMIS simulator
were analysed for statistical differences between the
groups. Expert surgeons showed a statistically significant
difference in the time taken to identify the liver lesion and
transect the organ. The results also demonstrate that the
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more difficult tasks such as laparoscopic suturing are
completed by the expert surgeons with statistically signif-
icant shorter times and path lengths compared to the less
experienced surgeons.

Conclusion The adapted ProMIS augmented reality sim-
ulator provided junior surgeons with a realistic learning
environment in which to familiarise themselves with the
equipment and techniques required for LLR. The model
also allows assessment of the performance of individuals
over time and within a peer group. Construct validity is
proven for the suturing component of the model.

Keywords Laparoscopic liver resection - Surgical
simulation - Simulation training

Recent years have witnessed the introduction and rapid
expansion of laparoscopic surgery. Many operations previ-
ously performed as open surgery, including cholecystec-
tomy [1], appendicectomy [2], splenectomy [3], and
colectomy [4], have undergone adaptation to allow a mini-
mally invasive approach to be used. The stimulus behind
such a change in approach is multifactorial, including the
popularity of laparoscopic surgical practice amongst
patients. Laparoscopic operations are associated with
reduced postoperative pain, shorter hospital stay, and earlier
return to work when compared to equivalent operations
performed as open surgery [5, 6]. Earlier concerns regarding
the safety of laparoscopic surgery when used for the treat-
ment of malignant disease have not been realised [4, 7].
Hepatic surgery is undergoing a similar evolution.
Resections of lesions in the anterior liver segments or the
left lateral segments can now be performed using a mini-
mally invasive approach. The number of institutions offer-
ing such surgery, however, is relatively limited [8].
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Laparoscopic liver resection (LLR) requires both advanced
laparoscopic skills and liver resection expertise and, thus,
has training ramifications. Dissemination of the skills and
knowledge that are required for LLR has been relatively
slow and generally restricted to consultants and senior
trainees [5]. Laparoscopic liver workshops have been set up
to train surgeons in the techniques and equipment used in
these operations. Such workshops use either human cadav-
ers or live animals as models on which laparoscopic resec-
tions can be undertaken. In addition, these workshops are
difficult to organise and expensive to run.

The skills required for many minimally invasive opera-
tions can now initially be taught using laparoscopic simu-
lators [9, 10]. Considerable effort by industry and the
surgical education community has been invested in the
design and assessment of these instruments [11]. However,
there is no consensus on the timing, type of simulator, and at
which stage in a trainee’s career laparoscopic simulation
training should be initiated [12]. Nevertheless, laparoscopic
simulators are becoming integral parts of the curriculum for
surgical trainees around the world [13]. Increasingly, data
suggesting a significant improvement in laparoscopic skills
following simulation training is emerging [14]. In addition,
recent evidence suggests that skills learned on laparoscopic
simulators are transferable to the theatre environment [15,
16]. Minimally invasive hepatic surgery also involves the
use of many instruments with which junior surgeons in
particular may have little or no experience. No virtual reality
simulation programme for LLR exists, and to date no other
simulator models are available for this type of surgery. The
development of a laparoscopic simulator to address the
needs of trainee liver surgeons would allow the acquisition
of some of the knowledge and skills required to perform
LLR in a cost-effective, safe, and reproducible manner.

The aim of this study was to develop a minimally
invasive LLR model that would allow trainees to become
familiar with some of the equipment and techniques
required for laparoscopic liver surgery. The study was also
designed to investigate whether the model could identify
individuals with differing degrees of laparoscopic expertise
from the measurements taken and thus prove its validity.

Methods
Identification of laparoscopic tasks

Three distinct tasks with which to assess candidates were
identified after considering laparoscopic liver operations.
Single tumours in relatively peripheral portions of the liver
are the lesions most amenable to laparoscopic resection so
this scenario was selected for the model. The first task is
identification of the tumour and assessment of the
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surrounding liver to ensure that it is a solitary lesion. A
transection margin is then usually marked with a laparo-
scopic diathermy hook with a 1-cm margin to ensure com-
plete elimination of the metastasis. In this model lesions are
identified with laparoscopic ultrasound equipment, and a
resection margin of approximately 1 cm is marked on the
liver surface using a marker pen whose ink reservoir is held
with a laparoscopic grasper. Once the line of liver transec-
tion has been marked, the liver parenchyma is divided using
a handheld laparoscopic LigaSure™ device. Division of the
liver parenchyma was designated as the second task. The
third task was the simulated control of bleeding from the
liver. Laparoscopic liver surgery requires the surgeon to be
able to control bleeding with laparoscopically inserted stit-
ches. Candidates are required to place stitches at two des-
ignated regions on the cut surface of a liver. These stitches
are inserted at predetermined regions: an “easy” stitch near
the upper surface of the liver, and a “difficult” stitch near the
inferior surface of the liver (Fig. 1). The areas to be stitched
are 5 mm in diameter, 5 mm from the upper or lower border
of the liver surface, and separated on the horizontal plane by
4 cm. A 2/0 prolene stitch cut to a length of 25 cm is used for
this task.

Selection of the laparoscopic trainer device

Three laparoscopic simulator models were considered: the
simple, low-fidelity box trainer (MISTELS, McGill Inani-
mate System for Training and Evaluation of Laparoscopic
Skills) [9], the high-fidelity virtual reality simulator (Lap-
Sim, Surgical Science) [17], and the augmented-reality
ProMIS simulator (Haptica) [18]. No virtual reality LLR
programme is currently available so this discounted the use
of this equipment. The low-fidelity box simulator was
similarly discounted because it was not possible to measure
objectively candidate performance with factors other
than time. The augmented-reality trainer (Fig. 2) uses real

Fig. 1 An example of both the “easy” and “difficult” laparoscopic
stitches completed by a candidate from the expert surgeon group
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Fig. 2 The ProMIS augmented reality simulator

objects and instruments with which the candidates perform
tasks, but it is also able to track the path of instruments
through space using three built-in cameras. Instruments are
identified by the ProMIS trainer following the application
of black- and yellow-striped tracking stickers placed at a
specific distance from the instrument tip. All laparoscopic
instruments can have these tracking stickers applied using
the measuring tools supplied with the simulator. Using the
augmented-reality simulator, a model was realised in which
real tissue is used, and calculation of certain metrics (time
taken and path length) can be recorded and analysed
objectively.

Adaptation of the laparoscopic simulator

Initial experiments using the ProMIS device pointed out
problems with the illumination and camera picture. The
simulator is lit via two bulbs located at the far end of
the machine. As the liver is transected, the organ takes on
the shape of an open book. The cut surface of the liver
faces away from the bulbs with the transected surfaces in
shadow. This, in combination with the dark colour of the
liver, means that the cut surface is very poorly illuminated.
Not only was this a problem when transecting the liver, but
laparoscopic stitching was virtually impossible because the
needle could not be seen. Various torches and LED lights
were tested in an attempt to increase the illumination of the

cut liver surface, but these were either not powerful enough
or too bulky to fit inside the simulator. The ProMIS sim-
ulator was suitably modified with the addition of a standard
10-mm laparoscope, camera, light source, and monitor.
This equipment gave adequate illumination and thus a
much improved view of the operative specimen. Using this
setup, the ProMIS simulator was able to provide an envi-
ronment in which the tasks could take place whilst
acquiring performance data.

Ex vivo lamb liver was selected for the model. The liver
was placed on a mount around which a gauze bandage had
been placed. This provided a stable platform for the liver.
The liver and mount were placed into a second plastic box
to prevent contamination of the simulator. The liver was
incised on its inferior surface and a piece of marshmallow
confectionary was placed into the liver substance. The
confectionary showed up well during ultrasound and also
showed obvious deformation by heat if the LigaSure™
transection was not performed at the required distance.
Candidates were able to identify the lesion and mark the
transection margin on the capsular surface of the liver
using the ink reservoir from a marker pen. The transection
took place with candidates attempting to adhere to the
marked transection margin.

Selection and ranking of candidates

Twenty candidates were selected from a training scheme
and consultant surgeon body at a teaching hospital. The
participants were allocated into one of three groups: novice,
intermediate, and expert. Novices were surgeons who had
assisted at or observed laparoscopic procedures but who had
little practical laparoscopic exposure. Intermediate candi-
dates were those registrars who had performed laparoscopic
procedures such as laparoscopic cholecystectomy, but who
rarely performed procedures with intracorporeal knots.
Expert status was assigned to surgeons who had extensive
laparoscopic experience and who had performed many
intracorporeal knots. The same instructions with respect to
the task set were given to each candidate as he/she pro-
gressed through the model. The laparoscope was held by a
third party for each candidate. All candidates were asked
about their prior exposure to the equipment used in the
study.

Results

The combination of the ProMIS augmented-reality simu-
lator and a standard laparoscopic stack gave candidates a
detailed view of the liver and instruments required to
perform the tasks. All 20 candidates were able to complete
the liver transection (task 2) and laparoscopic suturing
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(tasks 3 and 4). Unfortunately, seven candidates were
unable to complete the task using the laparoscopic ultra-
sound due to a malfunction of the equipment. The candi-
dates affected by the mechanical breakdown had
subsequently moved following their initial assessment and
were unable to return to complete the task. The remaining
candidates who completed the ultrasound portion of the
tasks were able to identify the single lesion in the liver and
mark a satisfactory margin for the transection of the liver.
For those candidates in the study during the malfunction of
the ultrasound, the tumour site was tattooed onto the liver
surface. These candidates then marked a 1-cm margin and
transected the liver as previously; the other tasks were
unaffected.

Interestingly, none of the candidates in the novice group
and only four of the seven from the intermediate group had
any familiarity with the laparoscopic LigaSure™ device
and consequently many found using it particularly difficult.
Participants became far more adept with the use of the
LigaSure™ instrument as transection across the liver
substance was undertaken. All of the candidates were able
to completely transect the organ and follow the resection
margin marked, and none of the candidates damaged the
heat sensitive “tumour.” All candidates completed the
stitching tasks.

The results from the tasks varied dramatically and were
analysed statistically. The ProMIS simulator recorded both

Table 1 Analysis of diagnostic task

path length (the distance in space that each instrument
moved and hence a measure of accuracy and control of the
laparoscopic instruments) and the time taken to complete
each of the tasks. One-way analyses of variance (ANO-
VAs) were performed for each of the laparoscopic tasks
using GenStat 13th ed. (VSN International Ltd, UK).

There was significant difference between groups in the
time taken to identify the “tumour” using laparoscopic
ultrasound. Path length in this task was significantly dif-
ferent only between the expert and the intermediate/novice
groups (Table 1).

The time taken for transection of the liver was statisti-
cally significantly different only between the expert and the
novice groups. Path length for this task was significantly
shorter for both intermediate and expert groups compared
to the novices, though no significant difference was noted
between intermediate and expert groups.

There was a statistically significant difference between
novice and expert groups for both time and path length for
the easy stitch. This was also true between intermediate
and expert groups for the time taken. However, there was
no significant difference between novice and intermediate
groups for either path length or time, and no statistically
significant difference in path length between intermediate
and expert groups. There was a statistically significant
difference for both the time and path length for the difficult
stitching task between all groups (Table 2).

Laparoscopic task Novice (n = 4) Intermediate (n = 6) Expert (n = 3) p value*
Meant SD Meant SD Meant SD

Lap ultrasound time (min) 44 c 0.57 33b 0.87 1.6a 0.39 0.002

(Task 1) path length (m) 4.1b 1.31 44b 1.44 1.07 a 0.05 0.01

* From one-way analysis of variance

? Values followed by the same letter are not significantly different at p = 0.05

Table 2 Analysis of resection tasks

Laparoscopic task Novice (n = 7) Intermediate (n = 7) Expert (n = 6) p value*
Meant SD Meant SD Mean+t SD

Transection time (min) 20.1 b 2.45 16.9 ab 3.16 128 a 7.17 0.03

(Task 2) path length (m) 448 b 5.61 32.7 a 6.84 28.7 a 16.60 0.03

Easy stitch time (min) 8.6 b 0.68 6.8 b 2.74 38 a 1.63 0.001

(Task 3) path length (m) 239b 7.43 17.6 ab 10.24 104 a 4.88 0.025

Hard stitch time (min) 99 ¢ 1.99 72b 0.95 4.0 a 0.72 <0.001

(Task 4) path length (m) 29.1 ¢ 6.35 20.5b 5.61 114 a 2.51 <0.001

* From one-way analysis of variance

+ Values followed by the same letter are not significantly different at p = 0.05
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Discussion

All the candidates completed the study, although it was
interesting that many were unfamiliar with the equipment
used in this model. This is remarkable because consider-
able resources are currently used in the training of junior
surgeons. Although this study involved a relatively small
number of subjects, it suggests that the use of such ex vivo
models may be useful to familiarise surgeons with the ever-
increasing equipment and technology that is present in the
operating suite. Theatre time is both expensive and a scarce
resource. Trainees who are familiar with equipment prior to
using it in humans would therefore be advantageous. None
of the participants found the projected images difficult to
see, suggesting that the modifications to the imaging sys-
tem of the ProMIS worked satisfactorily. Similarly, the use
of a piece of heat-sensitive confectionary was a cheap and
effective “tumour.” The tumour could be identified on
ultrasound and was not damaged by the transections
undertaken. Students tended to be quite conservative with
the resection, with many margins being greater than the
1 cm instructed. This is likely to represent some anxiety
over the transection margin, with the majority of students
being more concerned with complete excision of the lesion.

The transection data demonstrated a statistical differ-
ence only for the expert group when compared to novices.
This may be explained by the fact that the expert group had
the greatest prior exposure to the instrument involved in the
task. Associated with this, the absence of a statistically
significant difference with respect to time for transection
between intermediate and expert groups likely reflects the
fact that this was probably the easiest technical exercise in
this model. Because the tissue was ex vivo, no bleeding
was encountered and participants could progress through
the liver substance with little reticence.

The stitching exercise provided some interesting data by
which to compare groups. There was no statistically sig-
nificant difference in time taken for the easy stitch between
novice and intermediate groups. Experts, however, com-
pleted the task in a significantly shorter time. Interestingly,
the path lengths for this task for the expert and intermediate
groups were not significantly different. This suggests that
the intermediate group acquired the necessary skills to
demonstrate economy of movement, but lacked the expe-
rience required to reduce the time taken to complete the
task. Experts took a significantly shorter time and path
length to complete the difficult stitch than did both the
novice and intermediate groups. This is also true when
comparing intermediate to novice groups. These results are
in agreement with those obtained from similar studies in
which the more difficult tasks such as suturing demonstrate
statistically significant differences when results from indi-
viduals with varying abilities were assessed [19, 20]. Such

results prove construct validity for the suturing task of the
model.

Future improvements to the model centre on the tran-
section and haemorrhage control aspects. It is envisaged
that placement of a T-tube connected to a fluid reservoir in
the liver at 90° to the transection plane would simulate the
transection of a major vein causing “bleeding.” Candidates
would have to arrest this “bleeding” with laparoscopic
stitches and the metrics of this task could be measured and
analysed. The model would be improved because this
would introduce an element of stress and also the volume
of fluid lost could be measured. This would provide further
data with which performances between groups of individ-
uals and single candidates over time could be measured.
However, it does add a level of complexity to the setup of
the model.

Laparoscopic liver surgery is likely to increase in popu-
larity along with many other minimally invasive operations.
Minimally invasive surgery of the liver, however, is tech-
nically challenging and requires both advanced laparoscopic
skills and expertise in liver resection, and, as with many
other minimally invasive procedures, a distinct learning
curve is involved [8]. The ProMIS augmented-reality sim-
ulator was adapted to give surgeons an adequate view of the
organ on which to operate whilst also acquiring performance
data. The data acquired can be used to assess candidates
within a peer group and the change in performance of an
individual over time. The use of this model allows many of
the skills required for LLR to be gained in an easily
repeatable, cost-effective, and safe manner. This simulator
may help surgeons climb the learning curve more quickly.
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