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Abstract

Background: Given the increasing number of indications for liver surgery and the growing complexity of
operations, many trainees in surgical, imaging and related subspecialties require a good working knowl-
edge of the complex intrahepatic anatomy. Computed tomography (CT), the most commonly used liver
imaging modality, enhances our understanding of liver anatomy, but comprises a two-dimensional (2D)
representation of a complex 3D organ. It is challenging for trainees to acquire the necessary skills for
converting these 2D images into 3D mental reconstructions because learning opportunities are limited
and internal hepatic anatomy is complicated, asymmetrical and variable. We have created a website that
uses interactive 3D models of the liver to assist trainees in understanding the complex spatial anatomy
of the liver and to help them create a 3D mental interpretation of this anatomy when viewing CT scans.
Methods: Computed tomography scans were imported into DICOM imaging software (OsiriX™) to
obtain 3D surface renderings of the liver and its internal structures. Using these 3D renderings as a
reference, 3D models of the liver surface and the intrahepatic structures, portal veins, hepatic veins,
hepatic arteries and the biliary system were created using 3D modelling software (Cinema 4D™).
Results: Using current best practices for creating multimedia tools, a unique, freely available, online
learning resource has been developed, entitled Visual Interactive Resource for Teaching, Understanding
And Learning Liver Anatomy (VIRTUAL Liver) (http://pie.med.utoronto.ca/VLiver). This website uses inter-
active 3D models to provide trainees with a constructive resource for learning common liver anatomy and
liver segmentation, and facilitates the development of the skills required to mentally reconstruct a 3D
version of this anatomy from 2D CT scans.

Discussion: Although the intended audience for VIRTUAL Liver consists of residents in various medical
and surgical specialties, the website will also be useful for other health care professionals (i.e. radiologists,
nurses, hepatologists, radiation oncologists, family doctors) and educators because it provides a com-
prehensive resource for teaching liver anatomy.
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Introduction

Young surgical trainees experience a steep learning curve in the
process of acquiring even a rudimentary understanding of hepatic
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anatomy, as formal learning opportunities are limited and only
basic liver anatomy is taught to medical students.! Hepatic surgi-
cal procedures require the surgeon to be sufficiently comfortable
with anatomy to be able to rely on his or her own three-
dimensional (3D) mental reconstruction of the 2D images pro-
vided by computed tomography (CT) scans. Interpreting CT
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Figure 1 3D surface renderings developed in OsiriX™ are imported
into Cinema4D™ and used as a template for building spatially accu-
rate models of liver structures, such as the hepatic artery shown
here

INTERACTIVE 3D LIVER ANATOMY

Common Anatomy
Liver Segmentation
Common Anatomical Variations

scans is difficult and students find it a frustrating task that hinders
their ability to optimize their educational experiences on hepato-
biliary surgical rotations.>

It is difficult to demonstrate the superiority of online education
resources compared with traditional methods of teaching,* How-
ever, there is considerable evidence that web-based learning is a
preferred method for students.”” This modality allows users to
control content, learning pace and learning sequence,’® and can also
be accessed by large numbers of students, on demand.’ Because
learning increases with repeated exposure that is distributed over
time,'” the utility of a teaching tool will increase if it can be accessed
as needed in the clinical setting. Provided that online tutorials are
well designed, from both an instructional and user-centred per-
spective,'™" they are effective teaching tools and have been shown
to improve subsequent face-to-face teaching sessions.'* Such a
tool would have particular value for surgical residents engaged in
interpreting CT scans during clinical sessions with surgeons.

We describe the creation of a website referred to as the Visual
Interactive Resource for Teaching, Understanding And Learning
Liver Anatomy (VIRTUAL Liver), which uses interactive 3D
models to aid understanding of complex spatial internal hepatic
anatomy and to assist trainees in creating a 3D mental interpre-
tation of this anatomy from CT scans.

n @

The internal vascular and biliary tract of the liver are intricate, and the asymmetrical and complex
configuration of this anatomy make it difficult to understand. The difficulty of visualising the interal structures
of the liver is compounded further because interpretation usually has to be made from two-dimensional (2D)
computer tomography (CT), magnetic resonance imaging (MRI), or ultrasound (US) images, or from textbook

ilustrations.

The objective of this site is to help surgical residents understand the complex spatial anatomy of the liver and
to assist in visualisation of this anatomy in 3D when viewing CT images.

Please follow the links in the lefthand navigation bar to begin exploring the liver. If needed, a glossary and help
button are located in the top right comer and are available at any time.

o Croatigam 208

Figure 2 The VIRTUAL Liver website homepage (http://pie.med.utoronto.ca/VLiver/), showing the navigational toolbar located on the left and

help tools located in the top right-hand corner
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Materials and methods

Although there are no specific guidelines for designing and con-
structing web-based 3D interactive teaching tools, there are a
number of recommendations' ™ describing current best practices
for producing high-quality, cognitively efficient, multimedia
learning tools. These practices were used to guide the develop-
ment of the VIRTUAL Liver website.

Website development

The development of VIRTUAL Liver included the following two
simultaneous steps:

1 building an accurate 3D model of the liver, and

2 constructing the website.

3D models

Although there are a number of methods for generating spatially
accurate 3D models of anatomy, we required a model of common
liver anatomy that could be directly related to a specific CT dataset.
These CT scans were acquired from a library of scans of healthy
individuals with no underlying liver disease. The scans were
reviewed to select the most representative example of common
hepatic anatomy. These CT images were imported into an open-

source DICOM imaging software (OsiriX™; Geneva, Switzerland)
to produce 3D surface renderings of the liver surface, hepatic veins,
portal veins, hepatic arteries and biliary system. The surface ren-
derings were then imported into 3D modelling software (MAXON
Cinema 4D™ R10; Maxon Computer, Newbury Park, CA, USA)
and used as a template to build accurate and informative models
(Fig. 1). Second- and third-order divisions were modelled of each
internal structure. Surface anatomy features that cannot be visual-
ized using CT scans (e.g. the falciform ligament) were modelled
according to anatomical atlases and by viewing livers from a
medical anatomy museum at the University of Toronto.

Website construction

Adobe Flash CS3™ (Adobe Systems, Inc., San Jose, CA, USA) was
chosen to create the user interface and interactivity because of its
capabilities for producing rich Internet content, interactive ele-
ments and web-based animations'® and because the Flash Player™
is available for most computer systems and is the most prevalent
web browser software plug-in worldwide.'

The user interface of VIRTUAL Liver was designed to reduce
cognitive load" by providing a simple, refined user interface, pre-
senting the content in discrete digestible chunks, presenting
visuals simultaneously with text for increased comprehension and

Figure 3 The Common Anatomy section allows users to explore common liver anatomy, and to view text or computed tomography images
while interacting with the 3D liver model
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ease of reference, and integrating interactive elements to engage
the user.

Results

The design, development and implementation of a web-based 3D
interactive teaching model of surgical liver anatomy entitled
VIRTUAL Liver has been completed (http://pie.med.utoronto.ca/
VLiver).

When users first enter the application they are presented with a
simple, easily navigable interface (Fig. 2). To the right is a welcome
screen stating the purpose of the site; this is replaced by the 3D
model once users begin working with the application. In the top
right-hand corner is a glossary and help button. On the left-hand
side of the screen is a menu bar with which users can navigate
through the content of the VIRTUAL Liver application. The
content has been broken down into two main sections designated
Common Anatomy and Liver Segmentation, respectively.

The Common Anatomy section (Fig. 3) is designed to assist
learners in developing their understanding of basic hepatic
anatomy. Its material is divided into five main categories: liver
surface; portal veins; hepatic veins; hepatic arteries, and biliary
system. The anatomy can be explored in the following ways:

INTERACTIVE 3D LIVER ANATOMY
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1 A 3D liver model is available to review liver anatomy. Users are
able to interact with this model to gain a deeper understanding
of the anatomy. The model includes the following features: it
can be rotated 360 degrees in both the vertical and horizontal
axes to enable understanding of spatial relationships; the liver
surface can be made transparent to show the intrahepatic struc-
tures in relation to the liver surface; each of the intrahepatic
structures can be isolated for better analysis of its configuration,
and labels can be applied to the model to aid in the identifica-
tion of anatomy.

2 Users can view text that describes anatomical and surgically

relevant information. The text is opened in the left-hand menu
bar under the relevant subheadings, which allows for simulta-
neous interaction with the 3D liver model and reading of the
text.

3 CT scans are available for each phase, including venous, arterial

and biliary phases. These are located in the left-hand menu bar
and can be viewed alongside the liver model. These are the same
CTs that were used to create the 3D model and thus are directly
relatable. As users scroll through the CT images, a moving line
shows the position of the CT on the 3D liver model. This helps
enhance 3D understanding of the structures shown in the CT
scans.

;e

Right Lobe = Segments V.VLVII + VIl
Right posterior section = Segments V1 + VIl
Right anterior section = SegmentsV +Vill

Segment Il

Segment Nl

Left Lobe = Segments LIL, 1l + [V
Left lateral section = Segments Il + Il
Left medial section = Segments IV

HPB 2009, 11, 523-528

©jodi Croasingham 2008
Figure 4 The Couinaud Segmentation module in the Liver Segmentation section allows users to examine the eight liver segments through
text and interaction with the liver model

© 2009 International Hepato-Pancreato-Biliary Association



HPB

527

INTERACTIVE 3D LIVER ANATOMY
Common Anatomy
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A meso hepatectomy is the removal of segments IV, u
W, and VIIL It is a bess common resection where the

middie portion of the liver is removed. The right
anterior portal vein, and the right anterior sectorial
branches of the hepatic artery and bile duct are
divided. Branches supphying t IV from the left
portal vein, lef hepatic artery and left bile duct are
also separated. The middle hepatic vein is divided

Common Anatomical Variations

Once an understanding of common hepatic anatomy has
been obtained, users of the VIRTUAL Liver website can next
explore Liver Segmentation. This section contains two modules:
the first describes the eight Couinaud liver segments (Fig. 4),
and the second discusses the nine common liver resections
(Fig. 5). The Liver Segmentation section includes the following
features:

1 Depending on which module is being viewed, the 3D model can
be divided to show the eight Couinaud segments or the nine
common liver resections. The model includes the following
features: it can be rotated 360 degrees in both the vertical and
horizontal axes; each segment can be isolated and made trans-
parent to show the vessels and ducts that supply each segment,
and component structures can be labelled.

2 Descriptive text can be viewed in the left-hand menu bar. The
content is pertinent to each of the two liver segmentation
modules.

The VIRTUAL Liver website was posted online in September
2008 (http://pie.med.utoronto.ca/VLiver). Analysis of web logs
was used to track online use and showed that, at the end of
February 2009, 5044 visitors from 51 countries had entered the
site, including approximately 44 visitors per day during the month
of February.
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Figure 5 The Surgical Segmentation module in the Liver Segmentation section discusses nine different common resections, showing users
the portion of liver that is removed and vessels that need to be divided during the procedure

Discussion

Interpretation of 3D liver anatomy from 2D CT scans is a difficult
and frustrating task for residents. Using current best practices for
designing and developing multimedia learning tools, we have
created a sophisticated, web-based, 3D interactive educational
tool to facilitate the learning of common hepatic anatomy and the
interpretation of this anatomy from CT scans.

The use of OsiriX™ was instrumental in producing spatially
accurate 3D models, but using this method has some limitations.
The quality of surface rendering obtained is directly dependent on
the quality of the CT scans used. For example, poor surface ren-
derings are obtained if there is not enough contrast between a
desired vessel structure and the surrounding tissue. Even if high-
quality CTs are acquired, details visible in the CT are often lost.
This occurs if structures are too close together (i.e. the portal vein
and hepatic vein in a venous phase CT), which sometimes causes
them to join together in the 3D surface rendering. When OsiriX™
tries to translate small structures, such as the delicate sectorial
branches of the hepatic artery, the surface renderings will break
apart in these areas, making it difficult to interpret their flow.

The necessity of the CT to accurately match the 3D model
required a CT dataset with arterial and venous phases as well as a
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CT cholangiogram from the same patient. Because CT cholang-
iograms are rarely performed, the pool of potential CT datasets
was limited. The CT most representative of normal anatomy was
chosen, with the recognition that it included anatomical variants,
as noted in the website text.

By building an educational website using current best practices,
we have constructed a potentially valuable and engaging learning
resource. Future development of the site will include a section
covering common anatomical variations and a step-by-step teach-
ing tutorial that will take the learner through specific modules and
offer a quiz after each one. Studies are underway to assess the face
and content validity and usability of the VIRTUAL Liver website,
all of which are important to refining the content of the site. A
final website evaluation using an experimental study design will
determine the effectiveness of VIRTUAL Liver as an educational
resource.

VIRTUAL Liver was created as a learning aid primarily for sur-
gical residents and is intended to assist their understanding of 3D
hepatic anatomy and to aid their ability to interpret this anatomy
from CT images. We believe it will be a valuable tool for all health
care professionals who require knowledge of intrahepatic
anatomy. It is also potentially useful for educators teaching liver
anatomy and for health professionals educating patients prior to
liver surgery.
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