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Objective: To develop a technique for converting computed tomography (CT) data into a fully three-
dimensional (3D) virtual reality (VR) environment. Preoperative simulation in 3D VR facilitates liver
resection owing to the ability to view the tumor and its relative vessels.
Methods: 3D-reconstruction of the liver was restored from spiral CT data by using LiVirtue software and
the Dextrobeam� (Volume Interactions Pte Ltd, Singapore) was applied to view this 3D model in the VR
environment. In order to design a rational plan of operation, the liver and its anatomic structure were
reconstructed to illuminate the location of the tumor and its related vessels.
Results: In our series of 38 hepatic resections, there was no significant difference between preoperatively
calculated volumes of virtual resection part and actual volumes of resected specimen’s weight. The
LiVirtue can provide accurate and rapid results of individual hepatic volume and the character of
anatomy structures. These models can be viewed and manipulated in the VR environment and on
a personal computer. This preoperative simulation allowed surgeons to dissect the liver with reduced
complications. Preoperative planning and intra-operative navigation based on this technique ensured the
safety of liver resection.
Conclusions: 3D models of the liver and its detailed structure articulate the possibility of intricate liver
resection and the risk of the operation. This preoperative estimation from a 3D model of the liver benefits
complicated liver resections greatly.

� 2009 Surgical Associates Ltd. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Liver cancer is one of the major cancer killers worldwide.1

Surgical resection provides the best hope of cure for patients with
primary or secondary hepatic malignancy.2–4 Hepatectomy is
a complicated operative procedure because of its anatomical
complexity, vascular variability, and impaired hepatic function due
to premised hepatitis or cirrhosis.5,6 Major liver resections have
always been challenging especially when dealing with hemor-
rhages. Excessive blood loss during operation is known to increase
morbidity and reduce survival of patients undergoing major
resection procedures.7,8

The ability to view the liver and its associated hepatic mass in
a virtual reality (VR) environment may facilitate preoperative
: þ86 23 68762012.
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planning and successful surgical removal of a hepatic tumor.9,10 Our
aim was to design a system that can seamlessly convert a patient’s
cross-sectional imaging data (computed tomography [CT] or
magnetic resonance imaging [MRI]) into a three-dimensional (3D)
VR image that can be viewed and manipulated by the surgeon
preoperatively in the 3D VR environment and on a personal
computer in the operating room. Here, we have taken the initial
steps in achieving this goal.
2. Material and methods

2.1. Study population

From May 2006 to December 2008, we evaluated 42 patients (33
men and 9 women) with liver cancer in accordance with our
standard protocol as follows: (1) all cases excluded diffused liver
occupation; (2) no severe liver cirrhosis; (3) liver function: Child-
d. All rights reserved.
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Pugh A to B grade. The mean age of the patients was 39 years
(ranging from 32 to 62 yrs). The tumor was located in the right
hemiliver in 22 patients, the left hemiliver in 14 patients, and the
middle of the liver in six cases (Fig. 1). The standard liver volume
(SLV) of each patient was calculated according to the formula from
Urata et al.11 Any patient who could not undertake the liver
resection was excluded from the research.

2.2. Computed tomography protocol

The patients fasted for 4–6 h; CT imaging was performed by
a 64-row-Multidetector-CT-Scanner (LightSpeed 64; GE, USA).

Using a high-pressure syringe (Medrad Envision, CT, USA),
non-ion contrast medium Iohexol (300 mgI/ml) was injected into
the antecubital vein at a rate of 3.5 ml/s with 100 ml total volume.

All CT scans had the following parameters: 140 kV, 400 mA, slice
collimation 0.625 mm, FOV 360 mm, spiral distance 1.375, rotation
time 0.6 s, bed speed 13.75 mm/rot.

Continuous exposure with 1.6 s intervals was taken as real time
supervision. When the contrast medium reached the ascending
aorta level, arterial phase imaging was collected, and 10 or 40 s
later, portal vein and hepatic venous imaging were collected.

The liver scanning field was from the diaphragm to the low edge
of the liver; the CT arteriography scanning field was from the celiac
trunk to the arteriae iliaca externa. For the arterial phase, the time
delay was 16–25 s, for the portal vein phase it was 65–70 s and for
the equilibrium phase it was about 180 s.

The patient’s CT data was encoded and stored in the Digital
Imaging and Communications of Medicine (DICOM) format. The
format includes a header, which contains relevant patient data, the
used imaging modality and the actual image data.

2.3. Establishment of the functional simulation of hepatic tumors
(LiVirtue)

The LiVirtue system is developed by our visualization team with
self-determined intellectual property rights based on the VTK
gallery. This software system could manage 3D imaging and display
the 3D model in the virtual environment.

The LiVirtue is a kind of mutual 3D visional and reconstructive
software. It is a novel type modularization software, with block and
data as its basic components. LiVirtue can be updated and
Fig. 1. A 53-year-old male was diagnosed with a huge liver tumor in the right lobe. The
metastatic workup was negative. The patient’s height was 178 cm, and her weight was
68 kg. Preoperative CT revealed the huge tumor in the right lobe and the segment IV.
White arrow head: tumor.
expanded for its open port containing multiple digital data and
block types.

2.4. Management of imaging

Portal vein phase and hepatic vein phase imaging were input
into the LiVirtue software in DICOM format, processing with
primary management.

The vascular system and liver were reconstructed in 3D imaging.
LiVirtue would deal with the CT imaging set, maintain the hepatic
part, and rebuild the liver and its main vascular structure based on
surgeons’ definitions. According to intrahepatic vascular distribu-
tions (portal vein, hepatic veins) and their branches, the space and
shape of hepatic segments (circumfluence territory) or sub-
segments (sub-circumfluence territory) can be determined defini-
tively and automatically based on our developed mathematical
model formula. Both surface rendering and volume rendering
methods were used in the process of 3D reconstruction.

Liver tumors and partitions with portal veins and drainage
territories or sub-territories of hepatic veins were divided exactly
and the space of every segment was shown completely.

A Dextrobeam� (Volume Interactions Pte Ltd, Singapore)
running the Windows XP operating system was used to display the
final models in the VR environment. Dextrobeam� can create 3D
images in a theater-like environment and an immersive, interactive
environment for groups by combining the intuitive interface,
stereoscopic glasses and wide-screen projection.

The processed results by LiVirtue were input into the Dextro-
beam� to display diagnostic findings, to explore surgical options,
to evaluate the surgical plan, and to review and document the
surgical approach in 3D VR. The models could be viewed and
manipulated in the passive-stereo VR environment with two
6-degrees-of-freedom controllers which provided complete
control of 3D visualization.

The 3D model could also be viewed on a personal computer by
using LiVirtue software. An interface of the LiVirtue was created to
allow manipulation of the model in the first and third person
perspectives. The controllers used the keyboard and mouse to
manipulate the model fully.

2.5. Operation stimulation, demonstration and protocol selection

Depending on the total volume of the liver, the volume of the
liver tumor, the segments or sub-segments and the drainage
territories of hepatic veins, a rational surgical plan based on each
patient’s characteristics was decided. The feasibility and risks of
each operation were thus estimated and evaluated objectively.

2.6. Statistical analysis

Statistical analysis was performed by means of the Student t
test. P values of 0.05 or less were considered statistically significant.

3. Results

3.1. The construction of hepatic tumor functional simulation in VR
environments

The LiVirtue not only delineated the hepatic and portal veins
automatically but also labeled the portal vein and constructed
anatomical segmentations of the livers based on the Couinaud
definition, which is currently used by surgeons all over the world.
This software was able to produce liver models successfully from
the DICOM CT data as well as in the process of final smoothing and
optimization (Figs. 2–4). The reconstructed model was then



Fig. 2. Mesh 3D tumor in the liver model viewed in LiVirtue (anterior, surface rendering, semi-transparent). Mesh part: tumor area.
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exported and viewed in Dextrobeam�, a 3D VR environment. In the
virtual environment, the model could be manipulated to allow for
viewing from any perspective, including from inside or outside the
liver (e.g. hepatic veins). Specialized glasses were required to view
the model in this environment. Photos of the model were shot and
further demonstrated. As the photos were only the recorded
photos, they lack the 3D VR features of the actual models (Figs. 5–8).

The model could be transferred to a Windows-based personal
computer. An interface was created in order to allow the model to
Fig. 3. Mesh 3D tumor in the liver model viewed in LiVirtue (superi
be viewed using first and third person perspectives. The camera
viewpoint was controlled using a combination of the mouse and
keyboard. With this system, the model could be fully manipulated,
being viewed from diverse angles.

The model made a constructive contribution to our under-
standing of the anatomy of the hepatic mass and its surrounding
tissue. The 3D image could demonstrate a more precise diameter of
the hepatic vessels and a more accurate distance between them
than those measured by 2D-CT imaging. These preoperative
or, surface rendering, semi-transparent). Mesh part: tumor area.



Fig. 4. Mesh 3D tumor in the liver model viewed in LiVirtue (posterior, surface rendering, semi-transparent). Mesh part: tumor area.
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parameters allowed the surgeon to dissect the hepatic structures
precisely with reduced blood loss and biliary damage as a result of
decreased risks of injury to the hepatic structures. In one case of our
study, the operative blood loss was only about 200 ml in the
extended right lobe resection.

The models contributed a lot to preoperative planning in a VR
environment and provided an initial navigation function during
operation. During the operation, each step was clear and safe, just
as it was in the VR environment (Figs. 8–10). 3D visualization was
useful for hepatic resection in those patients burdened with hepatic
tumors, especially those in complicated situations.

3.2. Operative data

Thirty-eight patients (90.5%) ultimately underwent hepatic
resection according to their SLV and other regular medical condi-
tions. Four patients (9.5%) were excluded from resection due to
Fig. 5. The completed liver model displayed in the 3D VR viewer (volume rendering).
Red part: tumor area.
inadequate liver volume of remnant liver, results of liver biopsy and
other medical factors. Twenty-one of 22 right lobe tumor patients
underwent right hemiliver resection, all fourteen left lobe tumor
patients underwent left hemiliver resection and three of six large
tumor patients underwent extended right lobe resection (Figs. 9
and 10).

The main middle hepatic vein (MHV) was preserved in 17 right
hepatectomies and all 14 left hepatectomies. The main MHV was
resected with the tumor in the three large tumor patients who
underwent extended right lobe resection.

There was no significant difference (P > 0.05) between
preoperatively calculated volumes of virtual resection part
(424–1267 ml) and actual volumes of resected specimen’s
weight (429–1198 g) in all 38 hepatic resections (Table 1 &
Graph 1). The LiVirtue can provide accurate and rapid results of
individual hepatic volume and the characteristics of anatomy
structures.
Fig. 6. The 3D tumor and portal vein displayed in the 3D VR viewer (volume
rendering). Red part: tumor area; Blue: portal vein.



Fig. 7. Displaying the remnant part of the liver after subtracting the tumor area in the
3D VR viewer (volume rendering).

Fig. 9. The photo of the actual liver and tumor of the patient during extended right
lobe resection. White arrow head: tumor.
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There was no postoperative liver failure due to small-for-size
syndrome in any of the operated patients. After a mean follow-up
period of 3–6 months, only three patients sustained a major
postoperative complication in the form of right pleural effusion
early on after right hepatectomy. They recovered successfully on
the 8th–15th postoperative day. There were no late vascular or
biliary complications within 3–6 months. The total recovery time
ranged from 5 to 10 weeks.
4. Discussion

By viewing and manipulating the 3D models of livers before and
during surgery, surgeons can perform the resections of hepatic
tumors accurately. The entire liver can easily be viewed, and big or
small lesions that were previously seen on cross-sectional imaging
should be entirely identifiable. Several groups9,10,12–15 had used CT
imaging data to create high-quality 3D images of the liver to
facilitate the preoperative or intra-operative evaluations of liver
resection or transplantation. Their software allowed for the 3D
reconstruction of the vascular or biliary structures, and the
Fig. 8. Displaying the virtual resection plane of the patient with extended right lobe
resection in the 3D VR viewer.
automatic calculation of the total and territorial liver volumes. This
kind of software obviously brought an improvement to the
planning and performance of hepatic surgery procedures but their
software could not provide the function of full manipulation in the
VR environment; also, their processing speed is not fast enough
according to clinical requirements.

In order to develop a new tool for hepatic surgical planning,
which allows better hepatic resections through automatic delin-
eation and visualization of anatomical and pathological structures
based on an individual patient, we developed the LiVirtue system
for the 3D visualization of anatomical and pathological structures.
This system can provide the accurate evaluation of volumes of
segments or tumors and the distances between vessels and the
function of virtual hepatic resection, along with a user-defined
cutting plane in the virtual environment.

The LiVirtue demonstrated the shape and position of the
segments, location and depth of the tumor extension, the hepatic
vessels and the relationship between the tumor and hepatic
structures. The investigators demonstrated that this imaging
technique may avert the need for more invasive preoperative
imaging such as hepatic angiography. One important difference in
our study is that the models we built can be fully manipulated in
the VR environment, which provides infinite viewing perspectives
and, therefore, a theoretical and practical benefit over current 3D
volume-rendered CT images. Our 3D models of the liver can reveal
the anatomy of the hepatic structures, the tumor, and the
surrounding tissue precisely and vividly. Nevertheless, there are
Fig. 10. The actual resection plane of the patient during extended right lobe resection.
The operative blood loss was 200 ml during the resection in this case.



Table 1
Calculated virtual resected volume and actual weight of the resected part of the liver (n ¼ 38).

Patients (n ¼ 38) RHL LHL RHLþS IV

Virtual (ml, % TLV) Actual (g) Virtual (ml, % TLV) Actual (g) Virtual (ml, % TLV) Actual (g)

Maximum 1067, 67% 1123 638, 41% 592 1267, 86% 1198
Minimum 728, 59% 598 424, 33% 429 797, 62% 736
Mean 923*, 63% 906* 531**, 37% 521 1017***, 74% 988***

SD 169 183 107 103 157 143
Number 22 22 14 14 3 3

RHL: right hemiliver; LHL: left hemiliver; S IV: segment IV; TLV: total liver.
*P > 0.05. **P > 0.05. ***P > 0.05.
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only 38 cases in our study; a further study should be enrolled to
validate our results later.

The process of converting the CT imaging data into the 3D VR
model was both labor and time intensive using the traditional
method.14,16 To overcome this limitation, we have adapted and
improved the mathematical formula and been able to automate
several key steps of the process. Now, our new method is quite
efficient and feasible for multiple models. A single liver model can
be accomplished within 4 h now, and we believe the task will be
done more quickly in the near future with advancing technology
both in hardware and software development.

It would be ideal to incorporate the segmentation and rendering
software directly into the CT workstation. Then, the reconstructed
models could be transmitted to the operating room seamlessly. It
would eliminate the cumbersome steps of exporting the DICOM
data to a separate workstation. Furthermore, if future automation
of the various steps in the segmentation and rendering process can
be done within the CT workstation instantly, it would provide an
efficient system which could readily be incorporated into the
standard preoperative and intra-operative workup of patients with
hepatic masses. In this way, we can connect the processes of
diagnosis and treatment seamlessly. Still, certain challenges must
be overcome in developing more advanced hardware and software
before this technology becomes a core component in the operating
room.17,18

Now, our models can be viewed in the Dextrobeam� as well as
on a personal computer. The surgeons can view and manipulate the
model before and during the surgical procedures. They may have
practice opportunities in VR before the hepatic operation and, in
our case, were provided with the initial navigation function during
the hepatic operation. They can decide rational preoperative
planning easily with the help of the LiVirtue. Preoperative planning
and operative navigation based on LiVirtue obviously secures liver
resection. Clinical practice verified the 3D VR model as being very
helpful for hepatic resection. It makes the hepatic operation safe
and precise. In one case, the operative blood loss was about 200 ml
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Fig. 11. Graph 1 Calculated virtual resected volume and actual weight of the resected
part of the liver RHL: right hemiliver; LHL: left hemiliver; S IV: segment IV.
in the extended right lobe resection and the patient recovered
quickly after the operation.

Compared with similar systems for the liver,19–21 LiVirtue is
characterized by a higher processing speed, more vivid visual
effects, more accurate results and a better interactive function,
etc.

However, the current mouse and keyboard interface of the
personal computer is not very suitable for the operating room
environment. This issue will likely be resolved in the near future
with advancing information technology. An advantage of this
technique is that it allows the surgeons to manipulate the model in
the VR environment which is similar to reality. Miniaturization of
the model will allow it to be well applied in the operating room in
the future.
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