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Abstract
Preoperative simulation can greatly facilitate the safe and effective conduct of
surgical procedures, especially for difficult and complex operations such as
hepatectomy and pancreatectomy. A computer simulation system may greatly
assist surgeons to preoperatively evaluate an operation and facilitate sharing of
information among the operative staff. However, there are several problems with
existing simulation systems. We have developed a new surgical simulation system
using a patient’s own imaging data, which has some advantages over existing
systems. Individual anatomical information obtained through an imaging study is
used in this system. In addition it allows interactive control, similar to what a surgeon
does in a real operation. Furthermore, a surgeon can control the system intuitively
using a three dimensional tactile mouse. Changing the translucency of objects
makes it easy to understand complex anatomical relationships. In conclusion, this
new system is a patient-specific surgical simulator and can be applied to navigation
surgery, medical education and patient communication.
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Background
Hepatectomy and pancreatectomy are among the most difficult abdominal surgery
procedures to perform due in part to their anatomical complexity, vascular variation,
and the wide variety of surgical techniques and tumor locations. Surgeons must maintain an adequate balance between function of residual tissue and curability, which
poses an additional challenge.
Performing a preoperative simulation may be one of the best ways a surgeon can improve the safety of a surgical procedure. Currently, most surgeons simulate procedures
mentally to perform them safely and effectively. However, this level of preoperational
evaluation and the lack of realistic simulation allows for little information sharing
among members of the team and objectivity. Computer simulation using threedimensional (3D) visualization techniques helps to address these problems.
Many surgical simulators are available for preoperative evaluation and surgical education
[1-6], but several problems still exist. First, individual variations in anatomy and tumor
location are not reflected in existing simulation systems. Simulators for preoperative
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evaluation, which are most commonly used for hepatectomy procedures, cannot simulate
the steps of an operation in an interactive manner. Finally, nearly all simulators currently
used in surgical education are programmed to present a limited number of prearranged
surgical scenarios.
Significant advances in diagnostic imaging modalities and image processing software,
which have enabled surgeons to obtain detailed anatomical information preoperatively for
each patient, should be incorporated in surgical simulation. It would be especially useful
for difficult procedures such as hepatectomy and pancreatectomy. The present study was
undertaken to create a surgical simulator based on radiological images from an individual
patient and demonstrate the feasibility of using this system in a real clinical environment.

Methods
This study was approved by the Ethics Committee of Jichi Medical University Hospital.
The study consisted of four steps:
1. Obtaining imaging information. Multi-detector row CT (MDCT) scan (SOMATOM
Definition Flash®, Siemens, Munich, Germany) images were obtained during
preoperative evaluation of patients scheduled to undergo hepatectomy or
pancreatectomy. A dynamic study using iodinated contrast medium was performed,
following a routine imaging protocol for detailed imaging examinations. Arterial, portal
venous, and equilibrium phases were imaged for planned hepatic resections, and the
early arterial phase, late arterial phase, and portal/equilibrium phase were scanned for
planned pancreatic resections. All CT scans were performed in the expiratory phase.
All images were stored as DICOM (Digital Imaging and communication in Medicine)
datasets (slice thickness, 1 mm) and sent to a workstation.
2. Segmentation. Image processing software (Synapse Vincent®, Fujifilm Medical,
Tokyo, Japan) was used for segmentation of each component from the DICOM
datasets. Automatic and manual segmentations were performed in combination.
For hepatectomy procedures, segmentation of the portal vein, hepatic vein, and
hepatic parenchyma was performed using both portal-venous and equilibrium
phase images for each. Precontrast-enhanced and arterial phase images were
used as references. For pancreatectomy procedures, arteries and pancreatic
parenchyma were extracted from early and late arterial phase images, while the portal
and surrounding veins were extracted from portal venous phase images. For all cases,
tumors were extracted from the phase that allowed the easiest identification of the
tumor. Other organs and objects, such as the biliary tract and biliary stents, were
extracted as necessary. All segmented components were saved in separate STL
(stereolithography) formats.
3. Creation of a virtual 3-Dimensional model. All segmented components were
transferred to 3D modeling software (FreeForm®, Sensable, Woburn, MA, USA).
Surface smoothing of each component was applied automatically, and manually
corrected if necessary. Each component was colored for easy recognition. Finally, a
virtual 3D model was created by integrating all segmented components in a virtual
space. Positional information stored as DICOM data was used to automatically
adjust three-dimensional relations among segments. Manual adjustment was
performed if there were large positional differences between scan phases.
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4. Preoperative simulation and intraoperative navigation. The surgical procedure was
simulated using the virtual 3D model and manipulated within FreeForm® using a 3D
tactile mouse that functioned as a variety of surgical instruments to cut, retract,
and isolate the tissue (Figure 1a). FreeForm® was brought into the operating room
and information was shared by displaying images on the operating room monitor
(Figure 1b). As the actual operation progressed, the same techniques were carried
out on the virtual 3D model.

Results and discussion
Results

1. Process time required to create a virtual 3D model. It took approximately 2 h to
segment all components for a hepatectomy simulation. It took approximately 2.5 h
to segment all components for a pancreatectomy simulation. Creation of a virtual
3D model with the modeling software required approximately 30 min.
2. Simulation of surgical procedures. Surgical trainees under the direction of attending
surgeons performed the simulations. During the simulations, the object opacity was
changed to make otherwise invisible objects visible (Figure 2).
A) The following are the standard procedures with data from a healthy volunteer:
a) Lateral segmentectomy of the liver. First, the umbilical portion of the portal
vein located within the hepatic parenchyma was identified and exposed. Next,
the Glisson's capsule corresponding to the lateral segment was divided, and
the hepatic parenchyma was resected. Finally, the root of the left hepatic vein
was isolated and transected (Figure 3) (Additional file 1: Movie 1).
b) Right hepatectomy of the liver. First, the hepatic portal region was exposed,
and the right side of Glisson’s capsule was identified and divided. Then, the
resection line, which was calculated by image processing software, was drawn
on the surface of the virtual 3D model. Following this, the hepatic

Figure 1 Simulation of the surgical procedure. a: Setup for pre-operative simulation. The virtual 3D
model was controlled with a keyboard and a 3D tactile mouse. Rotation and opacity control of the virtual
3D model were controlled by a keyboard. A 3D tactile mouse was used to manipulate surgical instruments
such as a scalpel, forceps, and scissors. b: Operating room setup including the simulation system. The same
system was brought to the operating room and connected to a large external monitor located at the
patient’s head to allow intraoperative visualization.
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Figure 2 Altering the opacity of the liver parenchyma. Images of the virtual 3D model were observed
from the same point of view, and only the translucency of the liver parenchyma was changed. Left: No
translucency of the parenchyma. Middle: Parenchyma is semi-translucent. Right: Parenchyma is completely
translucent, facilitating visualization of the vascular structures within.

parenchyma and smaller vessels were transected. Finally, the roots of the right
hepatic vein and right inferior hepatic vein were transected. As a result of
virtual resection, the middle hepatic vein was exposed on the resection plane
of the residual hepatic parenchyma (Figure 4) (Additional file 2: Movie 2).
B) The following clinical cases are simulated in the study:
a) Hepatectomy. The tumor was located in segment 8 of the liver and a partial
resection was performed. In this patient, the right hepatic vein was oversewn
and the middle hepatic vein was partially exposed on the surface of the resection
plane. Preoperative simulation results correlated well with the operative findings.
Changing the translucency of the liver parenchyma allowed for easy anatomical
evaluation of the relationship between the components (Figure 5).
b) Pancreatectomy. For this patient, we performed a pancreaticoduodenectomy
for carcinoma of the head of the pancreas. The right hepatic artery
originated from the superior mesenteric artery and ran behind the portal
vein and the hepatic bile duct. The virtual image after resection effectively
visualized the anatomical relationships between the artery, portal vein, bile
duct, and pancreatic parenchyma. Image data were consistent with the
surgical findings (Figure 6).
Discussion

Preoperative simulation is a useful adjunct to ensure safety in the conduct of surgical
procedures. Hepatectomy and pancreatectomy are particularly challenging abdominal
surgical procedures, and require precise simulation in order to achieve a successful surgical procedure and a smooth post-operative course. Every surgeon mentally simulates
the operation using imaging data preoperatively. However this practice is questionable
in terms of its objectivity and reproducibility.
Computer simulation is a promising approach to address these problems. With recent advances in imaging technology and 3D visualization techniques, accurate images
of each patient can be obtained preoperatively. We have published several reports on
the use of 3D visualization techniques for the diagnosis of various diseases and therapeutic planning [7-9]. Other simulation systems have been recently described. The
IRCAD software establishes a 3D virtual surgical planning system, and has been reported regarding the utility of patient-specific surgical simulation for laparoscopic liver
surgery [10-12]. MeVis also supports planning a hepatectomy using patient specific
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Figure 3 Lateral segmentectomy of the liver using a virtual 3D model. (1) Inferior view of the liver.
(2) The umbilical portion was identified and exposed. Glisson's capsule corresponding to the lateral
segment was divided. (3) Hepatic parenchyma was transected. The left hepatic vein is then clearly exposed.
(4) Lateral segment was resected.

data. These simulators are specialized software, and differ somewhat from this system,
which allows easy application to various organs with a stepwise simulation of the operative procedure [13,14].
Arora et al. reported that mental practice with a virtual simulator can enhance surgical skill for the conduct of a laparoscopic cholecystectomy [15]. However existing

Figure 4 Right hepatectomy of the liver on a virtual 3D model. (1) Right side of Glisson’s capsule was
exposed and divided. (2) Demarcation line in the liver parenchyma was identified. (3) Hepatic parenchyma
and smaller vessels were transected. (4) Right hepatic vein was exposed in the half-translucency view and transected. (5) Virtual right lobectomy was completed. (6) The middle hepatic vein was exposed at the resection plane
of the residual liver.
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Figure 5 Clinical case: partial resection of the liver. In this patient, the tumor was located in segment 8
of the liver. Cut ends of the right hepatic vein (RHV) and Glisson’s capsule at segment 8 (GS8) are shown. The
middle hepatic vein (MHV) was exposed at the surface of the resection plane. The half-translucency of the hepatic
parenchyma allowed for easy anatomical identification of each component.

surgical simulators cannot simulate complex surgical procedures step-by-step, such as
hepatectomy and pancreatectomy, and do not reflect individual anatomical information
obtained from imaging studies.
The ideal surgical simulator should satisfy the following three conditions. First, it
should reflect patient-specific anatomical information that is input into the simulator.
Second, it should allow interactive control. Third, the user interface should be intuitive.
Currently, some computer simulators are available for surgical training, but most have
limited, pre-programmed scenarios [1,4,6]. In liver surgery, the use of an image processing workstation allows one to calculate resection volume and visualize completion
images [16,17]. However, this existing system is not interactive, so the steps of the
operation cannot be simulated. This general-purpose software can be applied easily to
various organs and simulate the procedure in a step-by-step fashion. Third, intuitive
control is achieved with a 3D tactile mouse. In addition to the above, the opacity of each object is easily changed, allowing this simulator to make otherwise invisible objects visible.
Comprehensive anatomical understanding is intuitively established by confirming
invisible internal structures through changes in transparency from every observational
viewpoint on the monitor, including those that may be unrealistic when dealing with an
actual patient. The understanding gained from simulation with this system gives a surgeon confidence when performing the actual surgical procedure.

Figure 6 Clinical case: pancreaticoduodenectomy. The tumor was located in the head of the pancreas,
and a pancreaticoduodenectomy was performed. In this patient, the right hepatic vein (RHV) originated
from the superior mesenteric artery and ran along the posterior side of the portal vein (PV). The ligated
gastroduodenal artery (GDA) and adjacent hepatic bile duct were visualized. Resection of the pancreatic
parenchyma (P) was performed in the same manner as the actual operation.
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This technique for surgical simulation does have limitations. First, these models are
basically rigid and it is impossible to visualize a realistic operative field. Some of the physical
characteristics of the tissue (e.g., firmness and elasticity) cannot be simulated with this
method. Simulation of accurate organ deformation is also difficult. Further work is required
to develop simulators capable of reflecting these characteristics of tissue [18,19]. Second,
creation of a virtual 3D model, especially one that involves segmentation of each component, demands significant time and effort. Each of the multiple steps required to create a
virtual 3D model needs to be automated in order for this method to become more generally
useful. Finally, the image processing software used in this simulation system is expensive.
Synapse Vincent® and FreeForm® software cost US$100,000 and US$25,000, respectively.
We believe that in the future, application of this approach to modeling and simulation can be expanded to other facets of medical practice and education. For example, if
this simulation system and the actual procedure could be performed simultaneously in
the operating room, this system could serve as a surgical navigator. The understanding
of complex anatomy and surgical procedures by surgical trainees at all levels could be
greatly enhanced by using this system. Preoperative simulation not only allows attending surgeons and surgical trainees to achieve a common understanding but also helps
medical students and other staff members to learn more about the operative procedure.
Finally, this simulation system could be used as a way to visually communicate with patients, to better explain to them about an upcoming surgical procedure. The future directions of this study include objective and subjective evaluations of the system and
will be evaluated using a questionnaire for both surgeons and patients.

Conclusions
We have developed a patient-specific surgical simulator for hepatectomy and pancreatectomy by creating a virtual 3D model using patient imaging data and have established the
feasibility of using this system in a real clinical environment. In addition to its utility in
surgical simulation, this method can be applied to navigation surgery, medical education
and patient communication.

Additional files
Additional file 1: Virtual left lateral segmentectomy. Lateral segmentectomy of the liver using a virtual 3D
model. (1) Inferior view of the liver. (2) The umbilical portion was identified and exposed. Glisson's capsule
corresponding to the lateral segment was divided. (3) Hepatic parenchyma was transected. The left hepatic vein is
then clearly exposed. (4) Lateral segment was resected.
Additional file 2: Virtual right hepatectomy. Right hepatectomy of the liver on a virtual 3D model. (1) Right side
of Glisson’s capsule was exposed and divided. (2) Demarcation line in the liver parenchyma was identified. (3) Hepatic
parenchyma and smaller vessels were transected. (4) Right hepatic vein was exposed in the half-translucency view and
transected. (5) Virtual right lobectomy was completed. (6) The middle hepatic vein was exposed at the resection plane
of the residual liver.
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