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1 Introduction

“The King of Babylon stood at the parting of the ways, at the head of the two ways,
to use divination; he made arrows bright, he consulted with images, he looked in the liver.”
The Bible, Ezekiel 21:21

1.1 Why Hepatic Surgery needs Liver Segmentation

A surgeon typically resects a liver for two reasons: to remove a malignant or be-
nign lesion or to split the organ for living donor liver transplantation (LDLT). In
both cases, hepatic tissue will be removed, and liver volume and the related liver
function will be temporarily decreased. For the safety and survival of the patient, a
certain amount of liver tissue should remain. This ‘certain amount’ of required
remnant liver volume leads to the issue of how this amount can be computed and
how the organ size of an individual human is determined.

In general, the volume of a healthy liver correlates to the individually required
organ function. When a liver grows during childhood and adolescence, it adapts to
the needs and increases in size. Later, when an adult gains or loses weight, the
organ will also change to match the new metabolic demand. How can the individ-
ual liver volume be computed?

Figure 1: Variability of liver shapes: A typical Caucasian liver show a large right lobe (left), while
Asian organs often extend to the left body side (right), although variations are common (middle).

As reported in early studies, the total liver volume is closely related to a person’s
weight and accounts for about 2.0%-2.7% of body weight [Henderson et al., 1981,
Heymsfield et al., 1979]. Several published formulas estimate the total liver vol-
ume from the weight, body surface area (BSA, for details see [Bois and Bois,
1989, Mosteller, 1987]), or a combination of body weight and age [Chan et al.,
2011, Poovathumkadavil et al., 2010, Yuan et al., 2008]. A comprehensive list of
formulas can be found in [Fu-Gui et al., 2009] and [Pomposelli et al., 2012]. The
basis for the computations were liver volumes from autopsies [DelLLand and North,
1968, Heinemann et al., 1999, Yoshizumi et al., 2003] or volumes of liver masks
extracted from computed tomography (CT) data [Pomposelli et al., 2012, Urata



et al., 1995, Vauthey et al., 2002]. In most studies, the results are derived from and
limited to an ethnic group, e.g., Asian or Caucasians, but also to subgroups, e.g.,
Japanese, Chinese, or Arab adults [Poovathumkadavil et al., 2010, Urata et al.,
1995, Yoshizumi et al., 2008]. Figure 1 illustrates the variability in liver shape.
Organ volume formulas are typically used to estimate the demand for a transplant
recipient whose existing liver volume cannot be used as a reference, due to onco-
logic, cirrhotic, or other diseases that have significantly changed the original or-
gan size and weight.

Recently, some authors have even published formulas for parts of the organ, such
as the right liver lobe, derived from body weight [Chan et al., 2011, Harada et al.,
2004, Salvalaggio et al., 2005], but considering the wide interindividual variation
of these other formulas, the purpose and usability of these computations remain
doubtful. Although formulas for the total liver volume might be helpful for a very
rough estimation of the functional demand for a recipient, the computation of
remnant liver after extended surgery needs to be more precise.

A patient’s liver volume can be computed from radiological images. For this pur-
pose, the liver boundary contours have to be determined for all images slices of
the abdominal data. Different approaches have been developed, ranging from
manual drawing to fully automatic algorithms. An overview of liver segmentation
methods is given in Section 2.1.

For hepatic surgery, the volume of the remnant organ after resection is important
for patient safety. Unfortunately, the minimal required remnant volume is not only
a fixed percentage of the full volume, but also strongly depends on the condition
of the liver parenchyma. For patients with otherwise healthy livers, a functional
volume of 25% of the original liver volume is sufficient for survival [Breitenstein
et al., 2009, Chen et al., 2003, Lo et al., 1999]. Due to the high regenerative power
of the liver, the organ grows within a couple of months until the liver volume is
similar to pre-surgery levels. For diseased livers, e.g., cirrhotic or steatotic organs
or organs that have undergone chemotherapy, the required remnant volume in-
creases to 30% - 90%, depending on the stage of the disease and the remaining
hepatic function. Unfortunately, the exact minimum volume necessary for organ
and patient survival is difficult to predict in these cases [Breitenstein et al., 2009].

Furthermore, not only a pre-existing hepatic disease but also the resection itself
can cause a functional problem. Resecting the liver with its complex vessel struc-
ture can truncate supplying or draining veins and liver arteries (cf. Figure 2). As a
consequence of reduced or interrupted blood flow, the dependent local liver re-
gions can exhibit liver dysfunction that can extend to a complete necrosis in the
worst cases. To analyze the risks and plan the surgical interventions, this function-
ally limited tissue has to be considered and the predicted functional remnant liver
volume adjusted. For tumor resections, the risk analysis is computed for the re-



maining liver, whereas in living donor liver transplantations, it has to be evaluated
for both the remnant liver of the donor and the graft given to the recipient.

In conclusion, the remaining liver volume may be one of the most critical factors
for a surgical intervention, depending on the liver condition and extent of the re-
section. Therefore, the computation of total liver volume as well as prediction of
remnant liver volume is important for surgical planning. The segmentation of the
liver in radiological data, i.e., the separation of the organ tissue from all other sur-
rounding structures in the images, typically represents the first step in computer-
assisted liver surgery planning.

Liver segmentation is not only the prerequisite for planning hepatic surgery but
also for several other medical applications, including local tumor ablations by
radiofrequency or laser energy, tumor load computation for radiation therapy, and
therapy monitoring during chemotherapy. The applications have varying demands
for accuracy, and the clinical routine often limits the available interaction time.
Therefore, dedicated techniques or individual parameterizations for liver segmen-
tation methods are needed.

Figure 2: Example of a complex tumor resection case. Left: Color-coded vessel surfaces show the
minimal distance of subbranches to the tumor (tumor in blue; vessels red: Smm, yellow 10mm,
green 15mm distance). Brown: remnant liver after central resection. Right: Plan of an extended left
liver resection for the same case with the risk of insufficient remaining liver volume (brown). The
visualization shows tumors, the remnant liver, and the triad of portal vein (cyan), hepatic artery
(orange), and bile ducts (green).



1.2 Objectives of the Thesis

This work is dedicated to the topic of liver segmentation and its applications to
liver surgery. The development and evaluation of a clinically applicable segmenta-
tion algorithm and its integration into a software assistant that can be used by
medical experts represents one major focus of the thesis. The second objective
addresses the remaining liver volume after hepatic resections at the example of
adult living donor liver transplantation (ALDLT). The anatomical volume can be
computed from the liver segmentation mask and the virtual resection line quite
easily, but may not represent the remaining liver function. The hepatic tissue can
be impaired by a disease or outflow obstruction induced by the transection of he-
patic vein branches. The relevance of this outflow obstruction to liver function
and regeneration and the mechanisms of reperfusion were investigated in this the-
sis. Human and animal studies were performed and evaluated in cooperation with
clinical partners. New algorithms and software applications were developed to
support the research in this field.

The following issues have been addressed by this work in different ways:

e What methods are appropriate to achieve highly accurate liver segmenta-
tion?

e How can the interaction effort for liver segmentation be reduced and cor-
rected in an intuitive way?

e How much time is invested by users for segmentation and correction and
what are the differences between intial and corrected liver segmentation?

e  Which steps are included in a comprehensive software assistant for liver
surgery planning and how can this workflow be realized?

e How could 3D planning data be used in laparoscopic liver surgery?

e (an the vascular cooling effect in radiofrequency ablation be estimated by
numerical models?

e How can the risk of a resection be quantified and can this measure be used
to provide immediate feedback during resection planning?

e To which extend does the transection of middle hepatic vein branches in-
fluence global and local liver regeneration?

e When do collaterals develop between truncated vein branches and neigh-
bored hepatic veins?

e How do outflow obstructions change perfusion and how do collaterals be-
tween the outflow obstructed and normal zones develop?

e (Can MRI serve as a sole imaging modality for liver surgery planning?



1.3  Outline of the Thesis

Chapter 1 introduces the relation between the technical issue of liver segmenta-
tion and hepatic interventions. The ojectives of the thesis are described followed
by an overview of the thesis structure.

Chapter 2 presents an in-depth review of liver segmentation methods and their
application to different types of radiological data (Section 2.1). The review also
highlights the problems and gaps which further support the objectives and purpose
of this work. The background of liver anatomy and the different types of hepatic
interventions are presented in Section 2.2. It is complemented by an overview of
computer-assistance for hepatic applications and the methods and tools developed
at MeVis, other research institutions, and commercial companies.

Chapter 3 presents the achievements of this thesis. Section 3.1 summarizes the
methodical developments for the liver segmentation approach developed in the
years 1999 and 2000 based on live wire, shape-based interpolation and correction
algorithms. The basic concept is described and several improvements are present-
ed. This section concludes with an evaluation of the approach on first clinical data
sets and more than 2000 CT data sets.

Section 3.2 presents the first comprehensive software assistant for liver surgery
and the first integration of planning information into liver laparoscopy. The nu-
merical modeling of radiofrequency ablation and the evaluation of lesions is in-
troduced, followed by an overview of recent software developments for liver sur-
gery.

Section 3.3 provides the application of liver segmentation and computer-assisted
planning to the field of ALDLT. Decision algorithms, anatomical observations,
and derived concepts developed on basis of the 3D evaluations are presented.
Studies in humans and animals and new software for the evaluation of outflow
obstruction and local regeneration are provided, including the investigation of
collateral formation in animals. The section concludes with the first approach in
computer-assisted surgical planning based on MRI data, a comparison of results
from CT and MRI data in live liver donors, and perspectives on MRI-based inter-
vention planning.

Chapter 4 provides a summary of the thesis and recommendations for future
research.

Chapter 5, 6, and 7 include the publications of this thesis. Chapter 5 is related
to the developments and evaluation of the liver segmentation approach based on
live wire and interpolation (Section 3.1), Chapter 6 includes the papers presented
in Section 3.2, and Chapter 7 provides publications about ALDLT in the areas of
risk analysis, liver regeneration, and planning on MRI data, related to Section 3.3.






2 Preliminary and Related Work

Time is a great teacher, but unfortunately it kills all its pupils.
Hector Berlioz

2.1 Liver Segmentation

Many methods for liver segmentation have been published, and we will introduce
different approaches in the following sections. In most cases, the segmentation
algorithms are applied to contrast-enhanced CT data. Few approaches have been
developed for the image analysis of livers in MRI data. Independent of the image
modality used, manifold error sources and challenges for liver segmentation exist,
because several other organs and structures with similar density or gray values are
near the liver. For example, the heart and diaphragm are in direct contact with the
liver, but the spleen and the pancreas also exhibit the same gray level in CT data
as the liver. Furthermore, the liver shape varies greatly, and the organ tissue itself
often appears inhomogenous in the images. This can be due to a liver disease such
as cirrhosis (liver tissue scarring) or can be related to the imaging technique, e.g.,
inhomogeneities in MR images. Other factors hampering the value-based segmen-
tation process include intrahepatic structures and pathologies with varying intensi-
ty values. Typical examples are contrast-enhanced vessels, hypointense and en-
larged bile ducts, and in oncologic patients, malignant lesions with different
appearances and locations. Challenges for liver segmentation are shown in Figure
3.

Figure 3: Challenges for liver segmentations methods. Left: CT image of the liver (black arrow),
with tumor (white arrow), and neighboring structures: heart (black arrowhead) and diaphragm
(white arrowhead); Right: MR image showing lower resolution and typical inhomogeneities that
lead to varying gray values in the liver.

The gold standard of liver segmentation is a liver contour manually drawn by a
radiological expert on the two-dimensional image slice. High quality is achieved
at the expense of tedious work. Because time in clinical routine is limited, this
elaborative work is only applied in selected cases or is reduced to a fast and rough
approximation of the liver volume typically performed by drawing contours on



very thick or distant (10-20mm) image slices. To reduce the amount of manual
drawing, computer-assisted methods for semi- and fully-automatic liver segmenta-
tion have been developed. A survey of different algorithms presented until 2006
can be found in the paper of Campadelli et al. [Campadelli et al., 2009].

2.1.1 Region-based Segmentation

Initial approaches for computer-assisted liver segmentation were based on gray-
value analysis [Bae et al., 1993, Gao et al., 1996]. These algorithms use explicit
thresholds or estimate the liver gray values by statistical analysis of manually
segmented images or by histogram analysis. The determined upper and lower
thresholds are used to generate a binary mask that is typically postprocessed by
morphological operations to separate the organ from other structures. Several
thresholding methods for the liver have been presented in recent years [Platero
et al., 2008, Seo and Park, 2005, Soler et al., 2001].

To overcome the typical problem of over-segmentation with global thresholding,
algorithms based on region-growing have been developed. Approaches for the
liver are based either on the images of a single acquisition [Pohle and Toennies,
2001, Rusko et al., 2007] or on multi-phase images that consider the changing
gray values at different time points in the contrast-enhanced liver [Rusko et al.,
2009].

Other approaches try to estimate not only the gray levels but also other image fea-
tures of the liver, neighbored organs, and the background from existing segmenta-
tions in CT images. The learning procedure is implemented with methods based
on neural networks and subsequently applied to a new data set for automatic de-
tection and labeling of the liver area [Koss etal., 1999, Lee et al., 2003]. The
methods strongly depend on the training data sets and the given variability of or-
gan anomalies and selected image features.

All region-based approaches applied for liver segmentation struggle to separate
the organ from adjacent organs and to include intrahepatic structures as lesions or
vessels appearing darker or brighter than the tissue. Furthermore, depending on
the time after contrast application and the patient’s cardiovascular state, the liver
gray values of the parenchyma itself show a high variability. Texture features can
vary between healthy and diseased livers in CT data, whereas in MR images, in-
plane inhomogeneities and intensity variations over the 3D volume are common.
In conclusion, liver segmentation cannot be solved alone by a simple global re-
gion-based approach and, these algorithms are therefore typically combined with
other methods.



2.1.2 Contour-based Segmentation

Two basic approaches are used to determine the liver contours in radiological im-
ages: the user-steered interactive live wire algorithm and energy-minimizing con-
tour algorithms as snakes and level sets.

In the live wire approach, invented in 1992, the image is described as an undi-
rected, weighted graph where vertices of the graph represent image pixels while
edges connect neighboring pixels [Mortensen et al., 1992, Udupa et al., 1992].
The weights are computed as costs for the connection from one pixel to its neigh-
bor and are based on image features. After calculating the cost graph, the user
starts to segment by setting a first seed point on the boundary and moving the
pointer of the mouse or another input device along the outline of the liver. Optimal
paths, minimizing the accumulated costs from the seed to the current mouse posi-
tion, are computed using Dijkstra’s algorithm [Dijkstra, 1959, West, 1996]. Com-
putation and display of the resulting live wire boundary segment is achieved in
real-time, even for larger images. The live wire path snaps to the boundary while
the user moves the mouse over the image, and a new seed point has to be set be-
fore the path starts to deviate from the desired contour. New shortest paths are
computed from the new seed point, and the procedure is repeated. A final closure
leads to a controlled, piecewise optimal segmentation result. Modifications of the
basic approach including quality studies have been published, proving the high
accuracy, efficiency, and reproducibility of the algorithm [Barrett and Mortensen,
1996, Barrett and Mortensen, 1997, Falcao et al., 1998, Falcao et al., 1999]. De-
tails of the implementation, improvements and extension to 3D segmentation and
application to liver segmentation are given in Chapter 3.

The second group of contour-based approaches is based on energy minimization
with different mathematical background: active contours [Caselles, 1997,
Montagnat and HerveDelingette, 1997, Kass et al., 1988] and level sets [Malladi
and Sethian, 1997, Osher and Sethian, 1988]. Acrive contours, also known as
snakes or deformable models, were placed in the image (2D) or volume (3D) and
deformed iteratively by minimizing an energy functional summarizing so-called
internal and external forces. Typically, the internal energy defines the physical
property of the desired boundary (e.g., smoothness and flexibility) and the exter-
nal forces drive the contour towards image characteristics as high gradients.
Snakes have been applied to the liver, for example, by Xu and Liu [Xu and Prince,
1997, Xu and Prince, 1998, Liu et al., 2005] and recently by Lee, Chi, and Lassen
[Chi et al., 2007, Lassen, 2009, Lee et al., 2007].

With level sets, an implicitly defined contour or surface is propagated towards the
object boundary. The corresponding level set of dimension 7 is typically defined
as the zero crossing of a function of dimension n+/. The deformation of the level
set is steered by a speed function that often includes constraints of a priori
knowledge about image features or the shape of the structure to be segmented.



The challenge in using this algorithm lies in the definition of an appropriate speed
function and its parameters. Level sets were first used for liver segmentation by
Pan & Dawant [Pan and Dawant, 2001]. The high computational demand of this
algorithm limited its application in early years, but the method is now widely
used, both directly for liver segmentation but also often as a final optimization
step in combined approaches [Hermoye et al., 2005, Lassen, 2009, Oliveira et al.,
2011, Shimizu et al., 2005].

2.1.3 Model-Based Segmentation

Model-based segmentation requires a set of training data sets with existing object
segmentations for creating the model. During this process, the different shapes,
gray-value information at the object surface, or the probability of each voxel be-
longing to the object can be taken into account. As a typical prerequisite, a suffi-
cient number of corresponding landmarks in the images or masks have to be de-
fined to align all training data sets.

In case of shape models, the liver surfaces of the training data are typically
aligned based on a set of landmarks defined by the user. Subsequently, a principal
component analysis is applied to compute the main shape variations of the organ.
During the segmentation step, the average liver model is placed inside the new
data set interactively by the user or in an automated fashion, and the landmark
positions were optimized within the main shape variation. Additionally, gray value
profiles learned from the training data at the landmarks or at surface normals can
be applied (appearance models). Shape and appearance models have been applied
for liver segmentation by several authors [Lamecker et al., 2004, Liu and Udupa,
2009].

Another approach for model-based segmentation creates a probabilistic model or
probabilistic atlas of training images and related segmentation labels. Based on a
few landmarks (manually or automatically determined), the different data sets are
registered into a standard space. The probabilistic atlas is then generated by spa-
tially averaging the registered objects and computing the probability of each voxel
belonging to a certain label (e.g., organ). In the segmentation step, the new image
1s matched to the atlas space by registering landmarks, and the intended segmenta-
tion mask is defined by thresholding the existing probabilities of the correspond-
ing object label. Probabilistic atlases have been employed for liver segmentation
by different authors [Lassen, 2009, Park, 2003, Shimizu et al., 2006, Zhou et al.,
2006].

One challenge of model-based methods is the initial construction of the model,
which requires a large number of correctly segmented training images to capture
all possible shapes and the correct distribution of probabilities. Because the typi-
cal liver shape is highly variable, even fundamentally different for Asian and Cau-
casian livers, more than one model with a sufficient number and distribution of
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training data had to be constructed. Even when the model includes the variability
of healthy livers, it may fail with diseased organs, since anomalies and patholo-
gies are not represented in the model. Nevertheless, a model-based segmentation
technique can supervise other approaches in cases or liver regions where no
boundary information can be derived from the images.

2.1.4 Combined Segmentation

Neighboring organs and structures inside the liver may pose problems for auto-
matic methods focusing on gray values, whereas the wide variability of the liver
form prevents the general success of model-based approaches. Therefore, the most
promising and successful automatic liver segmentation methods are combinations
of both segmentation paradigms.

In 2007, a liver segmentation competition was performed as part of the 3D Seg-
mentation in the Clinic: A Grand Challenge workshop in conjunction with
MICCALI 2007. Several algorithms were presented and evaluated on ten clinical
CT data sets by developers attending the workshop [Heimann et al., 2009, van
Ginneken et al., 2007]. The segmentation approaches were also executed on an-
other set of ten cases prior to the workshop, and submitted results were evaluated
by the organizers and presented on the workshop. Further segmentation results of
improved or new algorithms could be submitted later via internet for additional
rating. The evaluation included a combination of different metrics and the results
are available on the workshop’s homepage [MICCALI, 2007].

From the ten automatic and six interactive methods at the workshop, interactive
approaches achieved some of the best results [Beck and Aurich, 2007, Dawant
etal., 2007, Lee et al., 2007], while the most successful automatic approach was
based on combination of shape models and intensity-based algorithms
[Kainmueller et al., 2007]. However, the ground truth segmentations in the work-
shop were defined such that they included the entire liver tissue and parts of ex-
ternal vessels, such as the vena cava, when they were surrounded by liver paren-
chyma. This definition is beneficial for model-based approaches but does not
match the clinical requirements. In contrast, the goal of our work is to segment the
liver tissue accurately while excluding larger vascular structures.

The combination of approaches presented above was the composition of different
segmentation algorithms. A second combination approach is to segment the liver
in combination with organs and other structures. The goal of this so-called multi-
organ segmentation is to identify the liver tissue by excluding the belonging to
surrounding objects. There are several approaches that typically use a number of
basic segmentation methods to classify image voxels. Examples of this type of
multi-organ algorithms were presented in [Shimizu et al., 2006, Shimizu et al.,
2007, Soler et al., 2001]. Soler extracted skin, bones, lungs, kidneys, and spleen
by combining thresholding, morphological operations, and distance maps. Shimi-
zu used thresholding and a statistical atlas for initial individual organ segmenta-
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tions, followed by the expectation maximization algorithm for separation of these,
and a level set method to define the final liver contour.

2.1.5 Segmentation Errors and Correction Methods

When analyzing the results of liver segmentations, the issue of the acceptable er-
ror arises. In one of the first liver segmentation publications in 1996, more than
20% of the slices had to be corrected due to insufficient results [Gao et al., 1996].
In the continuously updated list of the MICCAI contest, the results of the three
best automatic methods show mean volume overlap errors of the ten test data sets
between 6.0%-8.5% [MICCAI 2007]. In the live contest of the MICCAI, where
the teams had to perform the segmentation of ten data sets in three hours, the re-
sults were less convincing. The best three automatic approaches showed volume
overlap errors of 8.4%, 12.4%, and 14.6%, while the best interactive approaches
gave better results with error rates of 7.1%, 7.1%, and 8.1 %. The standard devia-
tion of the three best methods was 2.8%, 4.3%, and 4.7% for the automatic and
2.1%, 2.4%, and 2.7% for the interactive segmentations, the latter showing a bet-
ter consistency related to the direct user control.

User interaction and user control of all results on a large number of image slices
clearly require more time than an automatic approach. If errors have to be correct-
ed thereafter, however, a correction tool has to be applied, requiring additional
user effort and sometimes even more time than the interactive algorithm for full
segmentation. An early overview of interactive segmentation approaches, a dis-
cussion of the basic strategies and their evaluation is given in [Olabarriaga and
Smeulders, 2001].

Only a few groups worldwide have focused on dedicated correction methods for
segmentation in medical data. In most cases, some kind of manual correction on
2D images is applied, e.g., cutting or adding parts of the segmentation mask by
drawing an intersection line or curve at the boundary ([Gao etal., 1996] and
Chapter 3.3). The same type of manual correction is applied in 3D, in most cases
on the basis of deformable 3D meshes [Bornik et al., 2006, Kang et al., 2004,
Schwarz et al., 2008, Silva et al., 2010]. A typical example of correcting the seg-
mentation result is presented by Silva et al., who modify the mask by removing
and adding voxels in 3D by a spherical brush with a user-defined radius [Silva
et al., 2010]. However, 3D correction tools are not intuitive, and these surface-
based correction methods can result in strange modifications, as shown in the
same paper.

Few authors have presented papers for dedicated correction of a liver segmenta-
tion mask. A contour-based manual correction algorithm has been developed by
Heckel based on user-defined correct boundary paths in one image slice, live-wire
extrapolation on neighbored slices, and morphological postprocessing [Heckel
et al., 2009]. However, in the area where automatic approaches often fail and cor-
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rections are necessary, the boundary information is low and challenging for im-
age- based approaches, especially when applied to low-contrast or noisy images.

In summary, even the best automatic methods from worldwide groups were not
able to segment the liver with high quality. Consequently, such automatic tools
require a correction step to achieve the correct liver shape. Correction takes time,
especially when it has to be performed on all image slices. Therefore, directly
using an interactive user-controlled approach from the first segmentation step is a
consequent conclusion. It also reduces user frustration when automatic results
differ significantly from the expectations and cannot be corrected easily.
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2.2 Application to Liver Interventions

Formerly, when religion was strong and science weak, men mistook magic for medicine,
now, when science is strong and religion weak, men mistake medicine for magic.
Thomas Szasz, The Second Sin, 1973

The result of a liver segmentation is technically, a binary mask identifying the
organ voxels in the image data'. This sounds simple, but the application of this
information is manifold. From the binary mask itself, the liver volume can be
computed; a further subdivision of the mask allows estimating the remnant liver
volume, the graft volume in transplantation, or segmental volumes. The image
voxel of the radiological data inside the mask can be classified and used for fur-
ther interpretation, e.g., to support diagnosis, identification of vessels and detec-
tion and volumetry of lesions. Finally, the transformation of the binary mask into
a three-dimensional liver model extends the slice-based radiological view to sur-
gical reality and allows for resection planning and risk analysis.

The anatomy of the liver is important for clinical applications. This encompasses
the different vascular systems supplying and draining the organ, and in the case of
cancer treatment, their relation to tumors. The first section summarizes the vascu-
lar anatomy as well as surgical subdivisions of the liver. Different liver interven-
tions including living donor liver transplantation, resection of hepatic tumors, and
tumor ablations will be discussed in the following sections. A final section about
state-of-the-art computer-assistance for hepatic interventions concludes the chap-
ter.

central vein

branch of hepatic

sinusoids

hepatocytes

branch of hepatic
portal vein

Figure 4: Anatomy of liver and vascular systems on microscopic scale, lobule (left) and portal
triad (right). Portal vein (blue), bile ducts (brown), and hepatic arteries (red) run in parallel and
build the portal triad. From the central veins the blood drains into the vena cava. Reprinted from
[Aitsebaomo et al., 2008] with permission.

'For some approaches, the segmentation result may also be a mesh, a stack of contours, or another
structure that can be converted into a binary mask.
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2.2.1 Liver Anatomy and Anatomical Resections

The liver is located in the upper right quadrant of the abdominal cavity and is the
largest gland in the body. The organ has a wide range of functions and consists of
microscopic functional units called lobules (Figure 4). The classical anatomy di-
vides the liver into the right and left liver lobe with the ligamentum falsiforme as
surface landmark between the lobes. Functionally, the liver is divided according to
the vascular supply and drainage into right and left hemiliver and further into
segments or territories. These subdivisions build the basis for the anatomical re-
sections introduced in the following section.

The Vascular Systems and the Liver Shape

The vascular anatomy of the liver is complex with four vascular systems supply-
ing or draining the liver: hepatic veins (HV), portal vein (PV), hepatic arteries
(HA), and bile ducts (BD) (Figure 11). The latter three vascular systems, the por-
tal triad, run almost parallel on the microscopic level (Figure 4), but great inter-
individual variability is present in the liver hilum, where these vessels enter into
the organ [Imamura et al., 2000, Netter, 2006].

Fig.41.

&oare. g

Figure 5: Historical illustration of the portal vein [Rex, 1888]. The portal vein trunc (Tr.v.p.) typi-
cally bifurcates into left and right portal vein branch, with a further division of the right branch
into anterior and posterior branch (left part of the image). The left portal vein includes an umbilical
part (the Recessus umbilicalis, R.u.) that was part of the prenatal umbilical vein. Other parts of the
former umbilical vein build the ligamentum terres hepatis (L.t.), lying in a cleft of the liver surface
that separates the left from the right liver lobe.
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Figure 6: Drawing of the liver and vascular systems in an embryo [Mall, 1906]. The liver is sup-
plied by the large umbilical vein (u.v., center) and by the portal vein (P). The umbilical vein is
closed at the time of birth and a part of will remain as the umbilical part of the left portal vein
(Recessus umbilicalis, r.u.).

The portal vein carries blood from the small intestine, stomach, and parts of the
colon to the liver, accounting for about 70% of the overall blood flow to the or-
gan. The remaining blood enters via the hepatic artery, supplying the liver with
oxygen-rich blood. Blood from both vessel systems merges in the small sinusoids,
the liver capillaries. From the sinusoids, the blood is recollected by small central
veins, joining in the hepatic veins and draining finally into the inferior vena cava
(Figure 4 and Figure 7).

During prenatal development of the organ, the blood reaches the liver through two
major veins: the umbilical vein connected to the umbilical cord and the portal vein
coming from the gastrointestinal tract and the spleen (Figure 6). The closure of the
umbilical vein at time of birth causes a reverse flow in that vessel and subsequent
remodeling of the portal vein system that also influences the liver shape. Parts of
the umbilical vein build the ligamentum teres hepatis, a fibrous cord at the lower
margin of the ligamentum falsiforme, which divides the liver into right and left
lobe (Figure 5 and Figure 11).

The liver shows a high variability in both shape and size. Differences in the organ
shape are common between ethnical groups, and the overall volume of the liver
can change during live time. When a person grows or changes weight, the liver
adapts to the required metabolic demand (cf. Section 1.1, Figure 1).
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The Couinaud Scheme

It is difficult to mentally construct the internal 3D structure of the liver based on
cross-sectional slices of radiological data, or to estimate which part of the four
vessel systems would be damaged as a consequence of a surgical intervention. To
enable surgeons to perform liver resections while respecting the vascular anatomy,
a schematic 3D model of the liver is employed that was introduced by Couinaud
in 1957, long before CT technology was developed [Couinaud, 1957]. At that
time, preoperative evaluation of the individual vascular liver anatomy was not
possible.

Couinaud subdivided the liver into eight functionally independent segments, each
with its own vascular inflow, outflow and biliary drainage. The hepatic veins are
located in the periphery of each segment (Figure 7). Related schemes were devel-
oped by Bismuth, Healey and Schroy, Hjortsjo, and others. An overview is given
in [Fasel et al., 2010].

Dirrectly applying the widespread Couinaud scheme is questionable, because the
liver segments do not correspond well to the individual territories (cf. Figure 8)
and do not reflect common anatomical variants, such as trifurcations of the portal
veins or inferior hepatic right veins draining directly into the inferior cava vein
[Fasel et al., 1998]. In the following, we will use the term segments for the Cou-
inaud-related liver regions and territories for the individual areas of portal venous
supply computed from the patient’s portal vein branches.

y Hepatic Veins

Portal Vein'*

Figure 7: Couinaud Scheme: the liver is divided into eight segments determined according to the
main branches of the portal vein and the hepatic veins. A liver segment is supposed to be defined
by the supplied territory of a third-order branch of the portal vein with intermediate hepatic veins.
The umbilical part of the portal vein is located between the left lateral segments 2 and 3 and the
right liver lobe (segments 1,4-8). Reprint from [Castaing et al., 2006] with permission.
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Figure 8: Variation in portal territories: Four different livers with the individual supplying areas of
portal vein branches showing large deviations in shape and size. Corresponding portal vein territo-
ries are coded with identical colors: territory 2 (red), 3 (yellow), 4a (light blue), 4b (light green), 5
(light red), 6 (dark blue), 7 (green), 8 (dark yellow). Territory 1 is centrally located behind the
other territories.

Anatomical Resections

Why is the knowledge of vascular anatomy and the individual liver territories so
important for hepatic surgery? In 1954, John E. Healey summarized the previous
unawareness of the vascular course with its consequences for liver resections to
the point:

‘Although radical operations upon the liver were performed as early as
1886, little advancement has been made in the surgical technic of such re-
sections. This is due mainly to the fact that surgeons (and anatomists) have
been total unaware of the intrahepatic course and distribution of the larger
vascular and biliary channels and that, therefore, incisions through the he-
patic parenchyma have been performed somewhat blindly. It is not surpris-
ing, therefore, that the present day mortality rate for partial hepatectomies
is little changed from the mortality rate for similar procedures in 1897.
[Healey, 1954].
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The findings of Couinaud and the improvements in surgery by Healey and
Hjortsjo heavily impacted surgical technique and surgery-related mortality and
morbidity [Healey et al., 1953, Hjortsjo, 1951]. The mortality rate during or short-
ly after surgery, which reached 50% for right hemihepatectomies in the 1960s
decreased significantly [Clavien and Breitenstein, 2010]. Nowadays, treatment-
related mortality rates are below 1% in resections for primary liver tumors [Forner
etal., 2012].

Standard resections now take into account Couinaud’s liver subdivision and the
related terminology of hepatic resections was defined by the International
Hepatobiliary Pancreatic Association in 2000 [IHPBA, 2000]. This so-called
Brisbane 2000 Terminology divides the organ following the prevailing anatomy of
the portal vein and related Couinaud liver segments (see Figure 9). Nevertheless,
these resections do not consider the patient’s individual anatomy, which can only
be determined by computer-assisted analysis.

2.2.2 Tumor Surgery

Malignant Liver Tumors

Liver tumors can be grouped into primary liver cancer, in which the disease be-
gins in the cells of the liver, and secondary liver cancer or liver metastases which
are malignant tumors that have spread to the liver from a primary cancer located
somewhere else in the body. The distribution of primary and secondary liver tu-
mors is different in Asian and Western countries. Metastases constitute the majori-
ty of malignant liver lesions in the West, whereas primary tumors are the most
common liver cancer type in Asia. Hepatocellular cancer (HCC), the prevalent
form of primary liver cancer, is the seventh most common form of cancer world-
wide and the third most frequent cause of cancer-related death (about 500,000
people worldwide die each year from primary liver cancer ). About 80% of HCCs
originate from a chronic infection with hepatitis that may lead to cirrhosis and
liver cancer. HCC is highly prevalent in Asia and southern Africa, but an increas-
ing trend of the HCC incidence in Western countries has been observed in recent
years [Salhab and Canelo, 2011]. With early diagnosis and modern therapies a 5-
year survival rate above 50% can now be achieved [Forner et al., 2012].

The secondary malignant liver tumors are metastases of another cancer (like the
colon, breast, or lung) that spread to the liver. From these, colorectal cancer is the
third most common malignancy in the West and the second most common in Ja-
pan [Shimada et al., 2009]. The standard curative treatment is liver resection or
local ablative therapies such as radio frequency or microwave ablation (see Sec-
tion 2.2.4). The 5-year survival rate following liver resection ranges between 25%
and 58% compared with 0% to 5% for patients who cannot or will not undergo
surgery [Shimada et al., 2009].

19



First-order division

Anatomical  Couinaud segments Term for

Diagram
Term referred to surgical resection (pertinent area is shaded)
Right Hemiliver Sg 5-8(+/-8gl) Right Hepatectomy
OR OR
Right Liver Right Hemihepatectomy

(stipulate +/-segment 1)

Left Hemiliver Sg 24 (+/-5g1) Left Hepatectomy 7 ' S
OR OR A
Left Liver

Left Hemihepatectomy £ 6 i 3
(stipulate +/-segment 1) w/

Border or watershed: The border or watershed of the first order division which separates the two

hemilivers is a plane which intersects the gallbladder fossa and the fossa for the IVC and is called
the midplane of the liver.

Other “sectional” liver resections

Sg4-8 Right Trisectionectomy
{+-5¢1) {preferred term)
or
Extended Right Hepatectomy
or

Extended Right Hemihepatectomy
(stipulate +/-segment 1)

Sg2.3458 Left Trisectionectomy
l(‘h""SSU (preferred term)
or
Extended Left Hepatectomy
or

Extended Left Hemihepatectomy ;
(stipulate +/-segment 1)

Border or watershed: The borders or watersheds of the sections are planes referred to as the
right and left intersectional planes. The left intersectional plane passes through the umbilical

fissure and the attachment of the falciform ligament. There is no surface marking of the right
intersectional plane.

Figure 9: Examples of the Brisbane Terminology of Liver Resections for different orders of liver
subdivision. These standard resections are based on a schematic anatomical subdivision of the
liver following the Couinaud segments [IHPBA, 2000].
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Tumor Resections

Surgery has been established as the gold standard in tumor therapy, and in recent
years, additional localized therapies have been clinically adapted for liver cancer
cases for which surgery is not possible. During liver surgery, the part of the liver
containing the tumor is removed. This can be performed during open surgery or
by laparoscopic intervention. For laparoscopic surgery, specialized instruments
and a dedicated camera (laparoscope) are passed into the abdomen through small
incisions (cuts). Laparoscopic surgery is also called ‘key-hole surgery’ or ‘mini-
mally invasive surgery’.

There are several risks during surgical resection of tumors, with the most severe
risk being liver failure. Two major risk factors include insufficient volume of the
remnant liver after surgery as well as deficient health of the remaining liver tissue.
The latter can result from pre-existing liver diseases such as steatosis (fatty liver
degeneration), cholestasis (bile duct occlusion), fibrosis/cirrhosis, or reduced
blood flow hampered by the resection.

In the following, we will use different terms of ‘liver volume’. The overall amount
of liver mass including tumors will be called anatomical volume or liver volume.
The amount of liver parenchyma without tumors will be called tumor-free volume.
The liver volume without tumors and without perfusion deficits (e.g., outflow
obstruction after resection) will be called functional volume.

In case of metastases in an otherwise healthy organ, a functional remnant liver
volume of 25%-30% of the tumor-free volume before surgery is sufficient. This
remnant volume has to be higher for diseased organs where the liver tissue is mal-
functioning, and the exact amount of minimum volume necessary is difficult to
predict in these cases.

To minimize tumor recurrence (i.e. cancer regrowth after surgery), a margin of
healthy tissue surrounding the tumor, the safety margin, has to be removed with
the cancer. The macroscopically and histologically complete tumor removal (so-
called RO resection) is the most important factor for long-term survival
[Altendorf-Hofmann and Scheele, 2003]. For example, if macroscopically visible
tumor portions remain in the liver (R2 resection), or if cancer cells are found in
the margin of the resected liver part microscopically (RI resection), the risk of a
recurrent tumor increases significantly. Therefore, the resection should be per-
formed by transecting tissue with a certain distance from the tumor, e.g., 10mm
for metastases. But resecting a tumor in this way is a challenging procedure be-
cause the tumor is not visible from outside, and the real distance from the current
resection to the tumor may be unknown during the intervention. Furthermore,
when removing the tumor with a safety margin, all vessels in this area will be
truncated, leading to unperfused or undrained liver regions with additional func-
tional impairment and risks for the patient.
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The two competing goals of obtaining a broad safety margin around the tumor
while saving sufficient functional liver volume in the challenging presence of the
vessels complex anatomy motivated the development of patient-specific, comput-
er-assisted planning tools (see Section 2.2.5 and Section 3.2).

2.2.3 Living Donor Liver Transplantation

History

Compared to tumor resections, the surgical domain of liver transplantation is an
emerging discipline. The first attempt of a liver transplantation in men was per-
formed 1963 by Thomas Starzl [Starzl et al., 1963]. However, the patient died
during the operation. Five years later, Starzl reported the first successful series of
seven liver transplantations [Starzl et al., 1968a, Starzl et al., 1968b]. Significant
improvements in long-term survival could be achieved after introduction of new
immunosuppressants and optimized preservation techniques [Calne et al., 1979,
Calne etal., 1981, Iwatsuki et al., 1988]. When the US National Institutes of
Health Consensus Conference considered liver transplantation as an accepted
therapy in end-stage liver disease in 1983, the patient waiting list for liver organs
increased rapidly [Clavien and Breitenstein, 2010]. The related shortage of availa-
ble donor organs, and especially that of pediatric livers, stimulated the develop-
ment of new techniques such as reduced-size liver and split-liver transplantations
[Pichlmayr et al., 1988, Broelsch et al., 1988, Starzl and Demetris, 1990]. In split-
liver transplantations, the cadaveric liver is divided for transplantation of both
parts into different recipients. Pichlmayer invented this type of transplantation in
1988 while working at the Medical School in Hannover [Pichlmayr et al., 1988].

With the first split of a living donor organ and transplantation of a left lateral lobe
into a 4’»-year-old child in 1988, Raia started the era of living donor liver trans-
plantation [Raia et al., 1989]. This first LDLT was followed by a left lobe graft
donation from a Japanese mother to her son in Brisbane [Strong et al., 1990]. In
the following years, the technique was refined by a number of surgeons world-
wide, e.g. [Mori et al., 1992]. Broelsch reported the first series of patients from
Chicago in 1991, and performed the first LDLT in Europe [Broelsch et al., 1991].

LDLT Worldwide

In Asia, LDLT was adopted rapidly because cadaveric liver donation did almost
not exist. In June 1990, surgeons at the Kyoto University performed the first suc-
cessful LDLT in Japan [Ozawa et al., 1992], followed by transplantations in Hong
Kong in 1993 [Yeung et al.,, 1994] and Korea and Taiwan in 1994 [Lee et al.,
1996, Chen et al., 1996]. The first live liver graft for an adult recipient was trans-
planted by the Makuuchi group in Japan in 1993 [Hashikura et al., 1994].
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By 2002, the five major Asian liver transplant centers' had performed 1508
LDLTs including 766 ALDLTSs [Lo, 2003]. Of these centers, the team of Prof.
Koichi Tanaka and colleagues from the Kyoto University had the most experience
[Chen et al., 2003], cf. Figure 10.

The 1508 LDLTs in the five major centers in Asia compare to 1652 cases in all
American transplant centers [OPTN, 2012] and to 488 LDLTs in the
Eurotransplant region [Eurotransplant, 2012] in the same period. Since 2002, the
numbers of adult LDLT have declined rapidly in the USA and Europe due to the
increased public awareness of the possibility of donor death. As of 2009, the
highest LDLT numbers in Europe were performed in Germany (60), Spain (29),
United Kingdom (25), and Belgium (23) [NewsletterTransplant, 2010]. In Asia,
however, where cadaveric grafts are very rare, the demand for LDLT has contin-
ued and the numbers are still increasing. An overview of LDLT data with the five
biggest centers in Asia and North America and their numbers are listed in Table 1.
LDLT numbers for different regions and countries of the year 2009 and accumu-
lated for the years until 2009 are given in Table II.
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Figure 10: Annual numbers of LDLTs performed in the first twelve years in the major five Asian
centers [Chen et al., 2003]. Asan: Asan Medical Center, Seoul; CGMH: Chang Gung Memorial
Hospital, Kaohsiung.

"Kyoto University Hospital, Kyoto; Asan Medical Center, Seoul; University of Tokyo, Tokyo; University of
Hong Kong Medical Center, Hong Kong; and Chang Gung Memorial Hospital, Kaohsiung
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TABLEI
LDLT NUMBERS FOR SELECTED TRANSPLANTATION CENTERS IN ASIA AND NORTH AMERICA

Accumulated
Transplantation Center 1;11)2163"; LDLTs
! 2005 - 2009

Asan Medical Center, Seoul 290 ~1300
Chang‘ Gung Memorial Hospital, 107 370
Kaohsiung
Kyoto University Hospital 70 ~400
University of Hong Kong Medical 39 40
Center
University of Tokyo ~24 ~130
Lahey Clinic, Burlington 24 125
University of Pittsburgh 13 108
New York Presbyterian 17 61
University of California, 9 57
San Francisco Medical Center
New York Mount Sinai 3 47

Sources: Organ Procurement and Transplantation Network [OPTN, 2012] and LDLT Congress, Hong Kong 2010
[ALDLT, 2010].

TABLE 1T
LDLT NUMBERS FOR DIFFERENT REGIONS
O | et T e
Japan ~470 5659 1990-2009
Korea 718 4878 1994-2009
USA 219 4004 1989-2009
Eurotransplant Countries 98 1374 1991-2009
Taiwan Unknown ~1200 1994-2009
India ~320 ~1060 1994-2009

Sources: Organ Procurement and Transplantation Network [OPTN, 2012], LDLT Congress, Hong Kong 2010
[ALDLT, 2010], and Eurotransplant (Austria, Belgium, Croatia, Germany, Luxembourg, the Netherlands and Slove-
nia) [Eurotransplant, 2012]
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Surgical Technique

In LDLT, the liver of a voluntary healthy donor is divided into the graft for the
recipient and the donor’s remnant liver. The donation of the left lateral lobe to a
pediatric recipient is now an established transplantation procedure and typically
requires no computer-assisted planning due to noncritical functional remnant liver
volume. In contrast, ALDLT is highly challenging because the donor liver must be
divided in the middle of the right liver lobe near the middle hepatic vein (Figure
11). The remaining functional volumes of the two liver parts have to be sufficient
for the healthy donor as well as for the diseased recipient. This is difficult to
achieve, especially in cases in which the recipient’s weight and related hepatic
demand is much higher than that of the donor (e.g., a small woman wants to do-
nate to her tall husband). It is now generally accepted that the minimal remnant
liver volume for a safe donor operation should be 35% of the original liver vol-
ume [Hwang et al., 2006, Asakuma et al., 2007, Taner et al., 2008] or at least 30%
when there is no risk of venous congestion (e.g., when the MHV is retained with
the remnant liver) [Fan et al., 2011]. The recipient demand is higher due to the
pre-existing disease and health condition, and the original liver volume cannot be
used to estimate the functional demand due to volumetric alterations of the dis-
eased organ. As a compromise, formulas based on the estimated standard liver
volume (ESLYV, cf. Section 1.1) are used to compute the required minimal demand
of the recipient. Typically, 40% of the ESLV volume or 1.0% of the recipient’s
body weight is generally believed to suffice for survival [Asakuma et al., 2007,
Fan et al., 2011].

The Dilemma of the Middle Hepatic Vein

The major surgical challenge in ALDLT is the resection of the donor liver near the
middle hepatic vein. Since the introduction of ALDLT, it has been discussed
whether the MHV should be included in the liver graft or retained in the healthy,
voluntary donor. Independent of right- or left-lobe donation, tributaries of the
middle hepatic vein will be truncated in one of the hemilivers, potentially leading
to reduced outflow und insufficient hepatic function in the critical situation direct-
ly after the transplantation. In small remnants or grafts, this could eventually lead
to organ failure [Fan et al., 2011, Radtke et al., 2007a]. Therefore, it is essential in
ALDLT to evaluate the individual donor liver anatomy and related territorial func-
tional volumes as well as to virtually plan the intervention to account for all risks.
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Figure 11: Typical donor liver resection for ALDLT. The resection on one side of the MHV will
lead to truncation of tributaries of the middle hepatic vein, either on the right side (green resection
line) with the risk of outflow obstruction in the territory 5 and 8 (green arrows) or on the left side
(orange line) with territory 4a and 4b at risk of venous congestion (orange arrows). Modified from
http://www.rbk.de/.

2.2.4 Thermal Ablations and Other Therapies

Today, surgical resection of primary cancer and solitary metastases is the gold
standard for tumor treatment in the liver. However, out of more than 5 million
cases of liver cancer per year worldwide, only 5-30% are suitable for surgical re-
section depending on the selection criteria [Forner et al., 2012]. In patients ineli-
gible for surgical resection due to the tumor number or location or their general
condition, local treatment forms such as radio-frequency ablation (RFA) have be-
come increasingly clinically used [Salhab and Canelo, 2011]. RFA is a therapy
that locally destroys tissue by heating it above 50°C, where tissue (both tumor and
normal) is destroyed due to thermally induced coagulation of cellular proteins.
The first promising investigations on thermal ablation of tumors have been per-
formed in the 1990s, and RFA has since become a widely used approach for the
treatment of primary cancer and metastasis in the liver.
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Figure 12: Two types of radiofrequency probes and ablation zones. The needle shape applicator
generates an ellipsoid-shaped lesion (Left, image courtesy Celon AG, Berlin). The parachute-like
device (right image) opens after needle positioning and creates a larger mushroom-like destruction
area [Rieder et al., 2011].

RFA Technique

During an RFA procedure, an applicator containing electrodes is inserted into the
tumor and connected to an electric generator, which causes the local flow of an
alternating electric current through the tissue. Because the tissue resists the elec-
tric current, heat develops and leads to thermal destruction of the cells in the vi-
cinity of the probe (Figure 12). Alternative thermal ablation approaches heat tu-
mor cells by laser irradiation, microwaves or highly focused ultrasound, but
clinically, RFA has so far been the most widely used approach [Shimada et al.,
2009].

For thermal ablation, the remaining functional liver volume is typically no major
risk factor. Instead, computer-assistance in ablation focuses on optimally position-
ing the applicator(s) and determining the minimal energy necessary for complete
tumor destruction. In numerical simulations of the intervention, heat sink effects
induced by the blood flow in nearby vessels are important because they decrease
the effective coagulation area. The related risk of insufficient tumor destruction
and tumor recurrence can be mathematically estimated before the intervention and
consequently avoided by adaptating RFA parameters and optimization of applica-
tor position or number [Kroeger et al., 2010b, Schumann et al., 2010, Rieder et al.,
2011], see also Section 3.2.3. To support the positioning, first approaches utilizing
navigation systems have been developed [Peterhans, 2010, Wood et al., 2010].
Here, the liver segmentation result or landmarks extracted therefrom are often
used for initial registration between the three-dimensional virtual organ model and
the real liver in the intervention room.
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Other Therapies

Other therapies for which the liver model and computer-assistance may play a role
in the future are portal vein embolisation, local chemotherapy and radioembolisa-
tion. Portal vein embolisation is performed in patients with multiple metastases
located in one liver lobe or hemiliver, but with insufficient remnant liver volume
after resection. By occluding dedicated portal vein branches in the affected liver
area, the blood supply is reduced selectively and the regenerative power of the
organ induces growth of the other side. After three to four weeks, the future rem-
nant liver becomes larger and the cancerous liver part can be resected [Shimada
et al., 2009]. The liver segmentation can be used to determine the optimal time
point for surgery, when the future remnant liver is sufficiently large and before the
distributed growth factors induce the development of new metastases.

For local chemotherapy and radioembolisation, the drug or radiation dose that is
locally applied via an arterial catheter can be estimated with the help of liver seg-
mentation. The selectively applied dose can be optimized by computing supplied
territories and the related regional tumor load. Currently, this is not a routine pro-
cedure but performed reliably for hemilivers or portal vein territories in clinical
studies. In the future, imaging with higher spatial resolution may enable the seg-
mentation of finer arterial branches including the tumor supplying vessels. The
segmentation of these vascular structures together with the liver segmentation
may enable computing related arterial liver territories and volumes for locally
adapted dose application and planning selective access paths.

Further therapies for primary liver tumors or metastasis include chemotherapy,
ethanol injection, transplantation, and ablation by irreversible electroporation.
Detailed overviews are given in recent papers about HCCs [Clark et al., 2005,
Forner et al., 2012, Salhab and Canelo, 2011], liver metastases [Shimada et al.,
2009] and minimally invasive therapies [Rempp et al., 2011].

2.2.5 Computer-Assistance for Hepatic Interventions

Hepatic interventions can be supported by software in many ways for different
purposes. The following list shows important tasks for computer-assistance sorted
by application time (before, during, or after the intervention):

e Preoperative planning with
o exploration of 3D anatomy
computation of local territories and volumes
virtual resection
volume estimation for the future remnant liver
risk analysis for obstructed vascular supply or drainage (computa-
tion of functional volume)
o distance computation between resection plans and risk structures

o O O O
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modeling of thermal ablations

optimization of access path (biopsy, ablation)

optimization for positioning of single or multiple instruments
planning of radiotherapy and optimal dose

o O O O

e Intraoperative support or monitoring by

o guided placement of instruments (e.g. biopsy needles and ablation
probes)

o navigated surgery (tracking of instruments and combined visualiza-
tion of 3D model, real organ, and intraoperative imaging)

o overlaying the camera view with planning data in laparascopic in-
terventions

o tracking of patient movements (e.g. breathing) for accurate target-
ing in radiotherapy

e Postinterventional control by
o comparing tumors and ablation lesions
o volume computation after PVE
o combining follow-up data for regeneration studies
o follow-up evaluation of a multistep therapy (e.g. tumor growth or
shrinkage)

e Training and teaching in medical education.

Because this thesis focuses on liver segmentation that is performed typically in the
planning step, we will discuss this preoperative computer-assistance in more de-
tails. The result from a liver segmentation mask is utilized also in the other tasks
in similar ways. Recent overviews for the other applications are given by different
authors, e.g., for intraoperative support and navigated surgery [Peterhans, 2010],
for ablation simulation, monitoring and postoperative control [Schumann et al.,
2010, Wood et al., 2010], for the application of tumor segmentation in software
assisted therapy follow-up [de Hoop etal., 2009, Moltz et al., 2009], and for
teaching and training in laparoscopic surgery [Gurusamy et al., 2008]. Examples
for teaching tools of liver anatomy and surgery can be found in [Crossingham
et al., 2009, Hoehne et al., 2003].
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Figure 13: Image processing steps in computer-assisted analysis of liver data as performed at
Fraunhofer MEVIS. Top row (from left to right): data import, selection of phases and region of
interest, preprocessing for contrast enhancement, vascular segmentation, skeletonization of vessel
trees, vascular analysis and hierarchical subdivision. Second row: liver segmentation, computation
of vascular territories, virtual resection. Third row: tumor segmentation, tumor-related risk analy-
sis, territories at risk. Lower row: potential application of the patient-individual model for RFA
treatment.

Data Acquisition for Preoperative Planning

The decision about a hepatic intervention relies on the detailed knowledge about
the individual liver anatomy and pathologies that can be extracted from contrast-
enhanced CT or MRI data. During contrast-enhanced image acquisition, contrast
media is injected, and reaches the liver artery first, then reaches the portal vein
system, and finally leaves the organ via the hepatic vein system. Typically, two to
four datasets are acquired sequentially, highlighting in the optimal case only one
of the vascular systems in each time point. Imaging of bile ducts requires specific
contrast agents that are secreted actively by the hepatocytes and excreted via the
biliary system or the combination with magnetic resonance cholangiopancrea-
tography (MRCP) based on a T,-weighted MRI sequence.

Image Analysis

To analyze radiological data, several image processing steps are performed in the
MeVis software assistant Liver Analyzer, (former HepaVision) [Bourquain et al.,
2002, Schenk et al., 1999], see also Section 3.2. Research prototypes from other
groups or commercial systems, described in the next section, typically include a
subset of these steps.
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The single image processing tasks are as follows (and illustrated in Figure 13):

1) Registration of different image phases

2) Preprocessing for denoising and contrast enhancement [Schenk et al.,
2007, Selle et al., 2002]

3) Segmentation of the liver (see sections 2.1 and 3.1)

4) Segmentation of tumors [Moltz et al., 2009, Schwier et al., 2011]

5) Segmentation and analysis of vascular structures [Selle et al., 2002]

6) Computation of vascular territories [Selle et al., 2002]

7) Virtual resection [Konrad-Verse et al., 2004]

8) Risk analysis [Schenk et al., 2008b, Selle et al., 2000].

Software Applications and Distant Service

The MeVis group started in 1992 as the first group world-wide to investigate
computer-assisted 3D reconstruction of hepatic vascular systems and the risk
analysis for liver interventions. Research on functional vascular territories and
tumor safety margins finally led to certified software assistants for liver surgery
planning. The first image analysis procedure developed in this area was the seg-
mentation of vascular structures from CT data published in 1993 [Leppek et al.,
1993, Zahlten et al., 1995]. The initial liver segmentation was based on the water-
shed algorithm and required downscaling the data and subsequent upscaling of the
result due to the relative high memory requirements for that time [Schenk et al.,
1999, Schindewolf and Peitgen, 2000, Schindewolf et al., 1999]. The live wire
algorithm replaced this segmentation method in 2000, which was later replaced by
the extended approach presented in this work. The developed live wire method for
liver segmentation is still used in daily routine, 12 years after the first implemen-
tation.

HepaVision, the first comprehensive liver software application, included all basic
image analysis steps and was developed at MeVis in 1999 [Schenk et al., 1999]
(for details see Section 3.2.1). A change in the operating system (from Unix to
Windows) and significant changes in the underlying MeVisLab platform in 2001
led to a redesign and separation of image analysis and final result visualization,
and to the development of the new software assistants HepaVision2 and the Liver
Intervention Planner [Bourquain et al., 2002, Preim et al., 2001b]. The visualiza-
tion step of HepaVision was extended with dedicated interaction techniques that
allow virtual resection planning, distance measurements and a more flexible pres-
entation of results [Hahn et al., 2001, Preim et al., 2001a, Preim et al., 2001b,
Preim et al., 2002]. Within the SIMPL research project (2002 to 2004), a distant
service for image analysis and risk analysis in liver surgery planning was estab-
lished and evaluated [Hennemuth et al., 2006]. Using secure Internet connections,
CT images from hospitals worldwide are sent to MeVis. Risk analysis and preop-
erative planning are performed, and results, including 3D visualizations, anatomi-
cal or functional volumes, and movies are sent back to the hospital. More than
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6000 data sets have been evaluated for surgical planning, in research projects and
in the distant service that has been commercially available from MeVis Medical
Solutions since 2005 [MDS, 2012].

Analyzing risk and planning LDLT began in 1998 together with Prof. Karl J. Old-
hafer at the Medical School Hannover and was intensified later at the University
Hospital Essen [Hoegemann et al., 1999, Oldhafer etal., 1999, Radtke et al.,
2007b, Radtke et al., 2010]. The MeVis computer-assistance for LDLT was also
used in other medical centers, but the breakthrough for this technique was a meet-
ing with Dr. Yasuhiro Fujimoto and Prof. Koichi Tanaka from the Kyoto Univer-
sity in October 2012. Prof. Tanaka realized the potential of our risk analysis for
the middle hepatic vein, insisted having the information available for every
ALDLT from this time point on, and propagated the method in the transplantation
society [Bourquain et al., 2003, Asakuma et al., 2007]. This cooperation was the
starting point for the worldwide-recognized MeVis risk analysis for LDLT and
basis for an increasing number of clinical partners in research and customers of
the distant service [Schenk et al., 2009].

Other research groups have been investigating liver surgery planning, navigation,
and training. Examples include the Division of Medical and Biological Informat-
ics at the German Cancer Research Center in Heidelberg, the Zuse Institute Ber-
lin, the Research Institute against Digestive Cancer (IRCAD) in Strasbourg, the
Institute of Imaging Science at the Vanderbilt University, the ARTORG center at
the University Bern, and the Department of Simulation and Graphics at the Uni-
versity of Magdeburg. Some of these institutions have also begun to develop
commercial software applications and companies that support liver interventions.
The demand for computer-assistance before and during liver interventions can be
recognized in the increasing number of commercial products, such as Mint Liver
by mint medical (Heidelberg, Germany), Scout Liver and Explorer Liver by Path-
finder Therapeutics (Nashville, USA), IQQA-Liver by EDDA (Princeton, USA
and Shanghai, China), and CAS-One by Cascination (Bern, Switzerland).
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3 Overview Own Work

Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.
Marie Curie

3.1 Liver Segmentation

The liver segmentation approach that will be presented in this chapter, allows for
the semi-automatic extraction of the organ in little time and with a user-defined
quality, from a rough contouring to most accurate contours for high-risk surgery.

The starting point at the time of the algorithm development in 1999 was the de-
mand for a high-quality segmentation approach for clinical use. The method was
to overcome the time requirements of the labor-intensive manual contour delinea-
tion but also avoid the typical and significant errors of automatic or 3D algo-
rithms. Because automatic approaches did not achieve the quality required for
high-risk surgery and required much computation and memory, a semi-automatic
approach was chosen. The concept was to use the user knowledge directly during
the segmentation process on 2D images and to reduce the overall number of con-
tours interactively drawn by a contour interpolation method. Besides several op-
timizations of the basic algorithm, two different modes for contour correction and
another mode for MRI data were implemented. The chapter concludes with an
extensive evaluation applied to more than 2000 data sets.

3.1.1 The Concept

The basic ideas of the developed approach are to
1) use the user knowledge about the object properties and

2) accelerate the interactive process of contour delineation while maintain-
ing the high quality.

For the first purpose, the live wire approach is perfect, because the knowledge
about the boundary and image properties of the liver can be translated into param-
eters of the algorithm, and the user directly controls the segmentation process by
steering the algorithm to the correct boundary points, e.g., when the automatic
process fails to find the correct contour segment.

The second step of interpolation aims to reduce the required interaction time by
discarding the interaction with a number of image slices and by generating the
remaining contours automatically. For this purpose, the shape-based interpolation
was chosen, because it is a fast method able to deal with topological changes. For
example, it can transform several contours on one slice into one contour on the
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next slice. The last steps of automated and interactive contour correction allow
optimizing the overall result.

3.1.2 Live Wire

We will shortly resume the fundamental ideas of the live wire method: the two-
dimensional image is transformed into a directed, weighted graph. Vertices of the
graph represent image pixels while edges connecting neighboring pixels in two
directions. The edges are weighted with local cost functions that are typically a
weighted sum of different gradient functions and the Laplace function. In our im-
plementation, a boundary cost function was added to consider the gray values at
the object outline. After calculating the cost graph, the user starts the segmentation
by setting a first seed point on the boundary and moving the mouse along the out-
line of the object. Shortest paths — those with lowest accumulated costs — from the
seed to at least the current mouse position are computed using Dijkstra’s algo-
rithm [Dijkstra, 1959]. The live wire path snaps to the boundary while the user
moves the mouse over the image. This is achieved by a real-time computation of
the path with lowest costs from the last seed point to the current mouse position. A
new seed point has to be set before the path starts to deviate from the desired con-
tour. New shortest paths are computed from the new seed point, and the procedure
is repeated. A final closure leads to a controlled and piecewise optimal segmenta-
tion result.

The implementation of our live wire approach was provided with the additional
concepts of boundary snapping and data-driven cooling to automatically generate
seed points [Barrett and Mortensen, 1996, Mortensen and Barrett, 1995]. Bounda-
ry snapping moves the user-defined seeds to a pixel position with high gradient or
low local costs, whereas cooling automatically generates new seeds when the con-
tour does not change for a predefined amount of time or number of user interac-
tions. Both concepts introduce a form of automation that reduces the direct con-
trol. Experience with the image data showed that the impact of these two features
was limited, while the correction of erroneous seeds was annoying and time-
consuming. Therefore, the methods were not used in the final daily routine.

Instead, the developed algorithm extends and optimizes the basic approach with
the following features:

e Refinement of the contour

The original live wire algorithm takes a 4-neighborhood into account for
cost and path computation. The resulting path shows a step-wise appear-
ance. By extending the four directly connected pixels with the pixels in the
diagonal neighborhood, the live wire contour results in a much smother
shape. This decision for 8-neighborhood led to an update of the cost func-
tion, which now requires additional definitions for diagonal connections.
The cost function was therefore extended by both a length factor and by
orientation-dependent costs to specify and optimize the resulting live wire
path further.
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The increased computational effort for the larger neighborhood was com-
pensated by improvements in the basic implementation, described later.

Computational acceleration

One of the time-critical steps during computation of shortest paths repre-
sents sorting the list of pixels with undetermined final path. By restricting
the local costs between two image pixels to integer values with an upper
bound of the maximal local costs, the required time can be reduced signifi-
cantly by using a bucket list for sorting [Cherkassky et al., 1994]. Alt-
hough the maximal cost value under all paths is unknown, the length of
this bucket list can be delimited. Because paths are considered in ascend-
ing costs, and the new maximum will be below the current cost plus the
maximum of local costs C, the bucket list can be implemented as a cycle
of length C. In this way, the computational time for sorting can be reduced
significantly. Similar approaches can be found in [Stalling and Hege, 1996,
Falcao et al., 2000].

Locally restricted cost computation

The computation of paths between the last seed point and the current
mouse position does not require the computation of minimal paths for all
image pixels. Because of positive costs and sorting undermined paths with
increasing costs, computing of paths to the current mouse position can be
finished when all direct neighbors of this position have been considered
for path computation. We further limit this cost computation by restricting
the image area for path finding, only considering pixels within a given dis-
tance of the contours of the previously segmented image slice. This ap-
proach limits computation and avoids boundaries with similar gradient or
cost values, especially for larger images. An example is illustrated in Fig-
ure 14. Details of the locally restricted costs and implementation are given
in [Schenk et al., 2001a].

Dedicated cost functions for the liver

In our implementation, the user can select different gradient functions, the
Laplace function, and an object boundary function and weigh them accord-
ing to their relevance for the desired boundary. For every cost function, a
preset of mean and standard deviation defines a Gaussian-distributed value
weighting. In case of the special boundary function, the parameters are de-
fined separately for values inside and outside of the object and combined
in the boundary function.

For liver segmentation, we used the combination of a directed gradient
function similar to the Sobel edge detection filter [Falcao et al., 1998] and
the directed boundary function. Parameters for both functions (weights,
mean, and deviation) were determined experimentally for the venous CT
phase as well as for the arterial phase.
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Figure 14: Globally and locally restricted costs. The computation time for the cost function can be
reduced by restricting the relevant region (upper row, global costs left, locally restricted costs on
the right). Furthermore, it also improves the live wire contour by avoiding erroneous short cuts
(lower row, live wire contour based on global costs left, based on locally restricted costs on the

left).

Learning cost parameters

The user can directly set or change the parameters of the cost function.
Whereas the relevance or weight of a single cost feature can be judged by
inspecting the respective cost image (cf. Figure 14), the parameter values
of each single cost feature are difficult to determine. A learning algorithm
allows automatic identification of these values based on the evaluation of
one or more existing contours. The user can define these contours as man-
ual or live wire contours.

Locally adapted cost parameters

Motivated by the demand for liver segmentation in MRI data, the global
learning approach was refined. Considering the typical inhomogeneity in
MR images (cf. Figure 14), a locally adapted learning method seemed
more appropriate than global cost parameter learning. Because the proper-
ties of the image at the object boundaries are similar to neighboring slices,
local parameter learning was implemented.
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Using the coherence between the desired and the nearest adjacent con-
tours, the contour and image information on the related slice is taken as
reference for the current image. The reference contour is divided into seg-
ments for each cost feature, and cost feature parameters are learned for
each segment. Partitioning of the reference contour is implemented as an
iterative method, merging very small contour segments into larger units
while keeping the sum of all cost feature deviations minimal. The merging
step is repeated until a given minimal number of contour segments is
reached. Additional merging for short segments was implemented and ap-
plied to avoid segments shorter than a given minimal length.

Finally, the indices of the contour segments for every cost feature are
propagated based on distances from the reference contour onto the image
and define a label image with indices for feature-specific regions. During
path computation, this label image is used to compute the locally adapted
costs and minimal live wire path. Details of the implementation are given
in [Schenk et al., 2001a].

e Manual drawing in the live wire mode

For difficult image areas where no real liver boundary is recognizable or
where the live wire algorithm snaps to the wrong edges, parts of the con-
tour can be drawn manually. For this purpose, the user keeps the mouse
pressed while following the user-estimated organ boundary. Internally, all
mouse positions will be collected and combined to a polygon that is part of
the final contour. This mode avoids multiple mouse clicks of the live wire
approach and accelerates the definition of the contour in areas where the
liver boundary has to be estimated by the user.

3.1.3 The Combination with Shape-Based Interpolation

At the time of development, only one live wire approach for the segmentation of
3D objects in images stacks had been published [Falcao and Udupa, 1997]. This
approach by Falcao was based on the projection of interactively defined live wire
contours onto orthogonal cross-sections through the volumetric image and repeat-
ed live wire application between the intersection points. With this algorithm, addi-
tional user interaction was required to follow the topology of objects with com-
plex shapes. For instance, stacks of images for which the object could be
represented by two contours each had to be separated from image stacks with
more or less object outlines in a slice.

In contrast, we aimed to ease the user workflow by avoiding specific user interac-
tion in cases of topological changes. A method that allows for such a contour in-
terpolation is the shape-based interpolation [Raya and Udupa, 1990]. It consists of
several steps, illustrated in Figure 15 and described in the following. First, a bina-
ry scene is generated from a given object contour. Subsequently, the distance to
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this boundary is mapped into a new gray-level scene with positive distance values
inside and negative distance values outside the object (shown as absolute values in
Figure 15). In the third step, the distance images are interpolated with a conven-
tional gray-level interpolation technique such as linear interpolation. The interpo-
lated gray-level scenes are converted back to a binary contour image by identify-
ing the zero-crossings.To compute the distance transformation, a version of the
city-block distance is often employed due to its short computation time [Raya and
Udupa, 1990]. We implemented two consecutive chamfering processes
[Borgefors, 1986, Herman et al., 1992] realized with 3x3-kernel operations. This
chamfering method leads to more accurate results because this transformation
better approximates the Euclidean distance [Borgefors, 1986]. After the initial
shape-based interpolation, the zero-crossings of the distance image define the
boundary points of the new contours. To obtain real contour paths, these zero-
crossing pixels have to be sorted and arranged. The correct ordering of these
boundary points and the identification and separation of more than one contour
proved to be a challenging task. For this purpose, we developed a dedicated path-
search algorithm [Schenk et al., 2000].

a b b a

Figure 15: Shape-based interpolation: User-defined contours in CT images (a, top row) are con-
verted to binary scenes (a, middle row). Distance images are computed from these binary images
and interpolated for the intermediated image slices (bottom row). From the interpolated distance
images, the new contours for the intermediate images are computed automatically (b, middle and
upper row).

38



The same boundary sorting algorithm can be employed to transform a binary
mask into a dedicated contour representation. This method allows computing
boundary contours from the result of a region-based segmentation approach (real-
ized as the module Region2Contour in MeVisLab [MeVisLab, 2012]).

The combination of live wire and shape-based interpolation is illustrated in Figure
16. The user starts with the live wire algorithm on individually selected slices. If
contours on at least two slices are available, all contours on slices in between can
be computed using shape-based interpolation. During this process, the user is free
to apply one of two methods: live wire and shape-based interpolation in an alter-
nating fashion or in a two-stage approach interactive contour tracing on a larger
number of slices with subsequent interpolation. The only restriction is that the first
and the last slices of the object of interest are required to be segmented interac-
tively with the live wire algorithm.
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Figure 16: Combination of live wire and shape-based interpolation: User-steered segmentation of
selected slices followed by automatic interpolation and optimization of the intermediate contours.

Optimization of Interpolated Contours

Shape-based interpolation is based solely on the geometry of contours and consid-
ers no image information. Therefore, interpolated contours may not fit to the de-
sired organ boundary in all images. To correct these contours automatically, an
optimization step was developed. The underlying idea was to adapt the new con-
tours by employing the live wire algorithm and to recalculate contour segments as
optimal cost paths between seed points. For this purpose, seed points have to be
generated for the interpolated contours.

Our method copies the seed points from the two adjacent user-defined contours
onto the interpolated contour. For every user-defined seed point, the nearest point
on the contour path is determined. If two points are closer than a given minimal
distance, they are merged into one central seed point. For instance, using user-
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defined seeds instead of equally distributed seeds along the interpolated contour is
reasonable, because these points represent the user knowledge and were typically
defined in regions of high curvature or weak edges.

After seed point creation, the live wire algorithm is started for each seed point to
determine the minimal cost path to the next seed point. In this way, live wire seg-
ments are computed automatically, iteratively leading to new optimized contours.

In the implementation, contours are labeled with their construction algorithm, e.g.,
‘live wire’ and ‘interpolation’. Thus, the interpolated contours can be detected,
and the optimization can be applied selectively. However, the user can also start
the optimization for all contours to adapt the contours after a change in the cost
function parameters.

3.1.4 Correction Techniques

To allow a user-friendly correction of object contours, two modes were imple-
mented. The first mode is based on the live wire paradigm; the second is an intui-
tive form of manual contour correction.

With the live wire mode, seed points can be added to a contour, moved to another
position, or can be removed completely. All affected contour paths are updated by
computing them as live wire paths between the adjacent seed points in real-time.
The whole contour can be updated in an automated way, where all contour paths
between seed points can be recomputed after interpolation or after a change of the
cost function. The correction mode based on live wire is very intuitive and leads
to satisfying results in short time whenever the liver boundary values correspond
with the current cost function.

For the manual correction mode, the user can draw a boundary line across the ex-
isting contour. The outer two intersecting points of the new line with an existing
contour are determined. The new boundary between the intersecting points replac-
es the shorter part of the old contour between these points. In this way, an addi-
tional bow outside the object is added to the object and a short cut line inside the
object decreases the segmented region. This method reflects user expectations and
thus is very intuitive.

3.1.5 Evaluation

Several papers compared live wire segmentation with manual contour tracing and
showed the high reproducibility and timesavings for different objects [Barrett and
Mortensen, 1996, Barrett and Mortensen, 1997, Falcao et al., 1998]. Our evalua-
tion focused on the application of live wire and shape-based interpolation for liver
segmentation in particular. Three studies were performed in different years: an
initial evaluation with the first version of live wire and shape-based interpolation
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in the year 2000 [Schenk et al., 2000], a clinical study at the Medical School Han-
nover from 1999 to 2000 [Frericks et al., 2004a], and a large retrospective evalua-
tion on more than 2000 data sets from research projects between 2005 and 2011
that was performed recently [Schenk and Peitgen, 2012]. In all evaluations, the
final liver masks were compared to the results of the combined approach of live
wire and shape-based interpolation and evaluated with respect to accuracy and
time requirements. In particular, the studies investigated the following issues:

Accuracy

e How much do interpolated contours differ from user-defined live wire con-
tours?

¢ How many image slices with interpolated contours had to be corrected?
e How large are inter- and intraobserver variability in liver segmentation?
e How does the approach compare with other segmentation approaches?
e What is the impact of automatic optimization of contours?

Time Requirements

e How much time does a full accurate liver segmentation need?

e How fast is the combined approach?

e How much time is invested for controlling segmentation results and inter-
active correction?

e How much time does interpolation save compared to live wire segmenta-
tion?

e [s the segmentation time correlated to the number of slices, or does it take
longer to segment liver with pathologies than without?

Evaluation Data and Methods

For the first study, five liver CT scans for tumor diagnosis from three different
hospitals were evaluated. The images had 512x512 pixels in plane and consisted
of 34-41 slices with a distance of 4mm (n=4) or 86 slices with a distance of 2mm
(n=1). Three users segmented the images with live wire on all slices and times
were recorded. The interactively segmented slices were reduced to data sets with
slice distances of 8, 12 and 16mm and the omitted intermediate slices were auto-
matically calculated with both shape-based interpolation and with the automatic
optimization approach. Intraobserver variations and volume errors as well as time
differences were computed.

In the clinical study in the Medical School Hannover, 56 potential donors for
LDLT were scanned by computed tomography and analyzed by radiologists be-
tween 1999 and 2002 using the first version of HepaVision. The data had a slice
thickness of 2mm, and the pixel size ranged between 0.63mm and 0.88mm. The
organ contours were delineated by live wire on every fifth CT image, and all in-
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termediate contours were calculated automatically by shape-based interpolation.
Interpolated contours were corrected interactively using the live-wire correction
method. The number of slices to be corrected and the time needed for overall liver
segmentation was recorded.

Between the years of initial algorithm development and the last evaluation, the
slice thickness in abdominal CT data has decreased from about 4mm to 0.75-
1.0mm (see Figure 17). This means the overall number of images to be segmented
has tremendously increased (from about 40 images in the year 1999 to more than
200 slices nowadays) potentiating the benefit of our interpolation approach.

The most recent, retrospective study included more than 2000 CT data sets of liv-
ers both with tumors (49.1%) and without (50.9%). The images were reconstruct-
ed with a maximum slice thickness of 3mm and averaged 1.16mm. The majority
of images (69.2%) were high-resolution scans with 1mm slice thickness or less
(Figure 17). The liver segmentation was performed with the methods described in
Section 3.1, and the order of live wire, interpolation, and correction was not re-
stricted. Users could repeat interpolation, change the cost function, or correct con-
tours between the other steps. Time was recorded for the overall segmentation
including correction steps. Segmentations with a sequential order of live wire,
interpolation, and subsequent correction allow comparing the initial results of live
wire and interpolation alone (LWI segmentation) and the final segmentation after
correction. The intermediate LWI results were available for a subgroup of 1516
cases. The final liver segmentation, regarded as our ground truth (GT segmenta-
tion), was compared to the result of the LWI segmentation for different error
measures and time demand.
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Figure 17: Resolution of evaluation data in terms of slice thickness. The majority of cases are
high-resolution images with a slice thickness between 0.75 and 1.0mm.
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Results

The first study showed that the segmentation result by leaving out contours on
images in a distance of 8mm and automatically computing the missing contours
by interpolation leads to errors in the magnitude of the intraobserver variability.
Reducing the interaction time further and interpolating contours between 12mm
distant slices, lead to slightly increased error rates that could be compensated in
most cases by the automatic optimization step. In conclusion, more than 50% and
about 90% (for the 2mm data set) of interaction time could be saved with the
shape-based interpolation if deviations in the order of the inter-user variability
were tolerated. Further details of the study results are given in [Schenk et al.,
2000].

In the second, clinical study, the liver segmentation performed by the radiologists
required 10 minutes on average, and 17% of the automatically interpolated con-
tours were corrected interactively. Errors were based on partial inclusion of
neighboring structures, and the correction took only a few seconds in each case
[Frericks et al., 2004a].

The main result of the third, large study showed that the initial approach of live
wire and interpolation is already highly accurate, with less than 1% volume over-
lap error and less than 1mm average surface distance when comparing the final
and initial segmentation masks. The semi-automatic initial segmentation required
about 15 minutes on average for the overall routine data and 12 minutes in the
intraobserver study. The control and correction steps took an average of 11 addi-
tional minutes, more than 40 % of the overall segmentation time.

Regarding accuracy, relative small differences were found between the final
ground truth segmentation and the initial live wire segmentation including inter-
polation (Tables III and V). The absolute volume deviation was 0.33 % (5 ml) of
the GT volume, and the mean volume overlap error accounts for less than 1 % of
GT liver volume. The mean surface distance was below 0.2mm on average for the
absolute distances and below 10mm for the maximal distances. Volume differ-
ences and surface distance were smaller for the lesion-free organs than for livers
with lesions (Table III).

The overall time for liver segmentation including the control and correction step
averaged 24.7 minutes (Table V). The initial LWI segmentation required 15.5
minutes on average and was 1.6 minutes faster for lesion-free livers, which were
also generally smaller (1350 ml versus 1556 ml, see Table IV). The control and
correction step was almost identical in time requirements for the two liver groups
(11.7 and 11.9 minutes).

Intraobserver deviations were in the magnitude of 2.8 % of liver volume, and in-
terobserver differences were larger but still below 4 % of liver volume, confirming
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the results of the first study. Further results of the study are given in [Schenk and
Peitgen, 2012].

TABLE III
COMPARISON LWI AND GT SEGMENTATION: ERROR MEASURES
VOE RVD ASD RMS MSD
[%0] [%] [mm] [mm] [mm]

All Livers (n=1516)
Mean 0.77 0.33 0.18 0.66 9.67
Std Deviation 0.94 0.60 0.31 0.86 6.70
Lesion-free Livers (n=736)
Mean 0.62 0.25 0.14 0.58 9.10
Std Deviation 0.74 0.45 0.27 0.82 6.69
Lesion Livers (n=780)
Mean 0.92 0.40 0.21 0.74 10.22
Std Deviation 1.09 0.71 0.35 0.90 6.66

Abbreviations: VOE: Volume Overlap Error, RVD: Relative absolute Volume Difference, ASD: Average Symmetric
surface Distance, RMS: Root Mean Square symmetric surface distance, MSD: Maximum Symmetric surface Dis-

tance (Details in [van Ginneken et al., 2007, Schenk and Peitgen, 2012])

TABLE IV
COMPARISON BETWEEN GT AND LWI SEGMENTATION: VOLUMES AND TIME REQUIREMENTS
All Livers Lesion-free Lesion
(n=329) Livers (n=84) Livers (n=245)
GT LWI GT LWI GT LWI
Volume [ml]
Mean 1504 1499 1350 1346 1556 1552
Std Deviation 512 512 345 344 550 549
Time [min]
Mean 273 15.5 26.0 14.3 27.8 15.9
Std Deviation 14.3 9.4 12.0 7.9 14.9 9.8
TABLEV
LIVER VOLUMES AND OVERALL SEGMENTATION TIME OF GT SEGMENTATION
All Livers Lesion-free Lesion Livers
Livers
Volume [ml] (n=2082) (n=1059) (n=1023)
Mean 1499 1356 1647
Std Deviation 505 337 598
Time [min] (n=1606) (n=873) (n=733)
Mean 24.7 239 26.6
Std Deviation 13.5 11.5 15.4
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3.1.6 Discussion

The liver is a challenging organ to segment, and a correction step is necessary to
achieve an accurate liver shape in most data sets. Control and correction takes
time, especially when it has to be performed on a large number of image slices.
Therefore, directly using an interactive user-controlled approach from the first
segmentation step is a consequent conclusion for reliable and accurate results. It
also prevents user frustration when automatic results differ significantly from the
expectations and cannot be corrected easily.

3.1.7 Summary

For planning critical liver interventions, an accurate liver segmentation approach
is mandatory. Automatic methods are not able to achieve the required accuracy
reliably for the large variety of organ shapes and image properties. Therefore, an
interactive liver segmentation approach based on live wire and shape-based inter-
polation was developed. We improved the user-steered live wire approach in terms
of accuracy and reduced the computation time by optimizing data structures and
algorithm and restricting the computation area to a local minimum. Dedicated
costs for specific organs and locally adapted cost functions were developed for
clinical applications. The idea of combining the two-dimensional live wire ap-
proach with shape-based interpolations can be seen as one of the first approaches
to combine shape and gray-value algorithms, allowing for a significant reduction
of interaction effort and time. To allow for final contour correction, two intuitive
correction modes were developed and implemented. The evaluation studies
showed that the liver segmentation can be performed by our approach in 10-30
minutes and that the combination of live wire and interpolation alone is already
highly accurate compared to the corrected, final segmentation. The correction step
accounted for more than 40% of the overall segmentation time and remains an
important step in liver segmentation for most data sets when highly accurate re-
sults are required.

Publications: The initial combined approach of live wire and shape-
based interpolation was presented in a talk on the MICCAI conference
in 2000 and published in [Schenk et al., 2000]. This paper presented
the algorithm, the automatic optimization of contours, and the first
evaluation. The extensions with local cost computations and locally
adapted costs and further algorithmic improvements were introduced
and discussed on the SPIE conference [Schenk et al., 2001a] and the
BVM meeting in 2001 [Schenk et al., 2001b]. The clinical evaluation
was performed by B. Frericks and colleagues from the Medical School
Hannover and published in [Frericks et al., 2004a]. Recently, we eval-
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uated the results of our liver segmentation approach on more than
2000 data sets [Schenk and Peitgen, 2012].

The approach of live wire and shape-based interpolation is part of a
commercial tool for contouring in medical data.
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3.2 Computer-Assistance for Liver Interventions

“If you think you are too small to make a difference,
try sleeping with a mosquito.”
Dalai Lama XIV

This chapter describes four contributions in different areas of computer-assistance
for liver interventions. The developments and results were achieved between 1998
and 2012. In Section 3.2.1, we will introduce the first comprehensive software
assistant for liver surgery planning. Several image processing steps are necessary
to create an individual 3D liver model including all relevant intrahepatic struc-
tures. The development of a software assistant combining all steps and providing
an optimal workflow for clinicians is a demanding task. The step from the plan-
ning into the interventional situation poses another challenge, and we present pio-
neering work in this area in Section 3.2.2. Further work focused on the modeling
of thermal ablations in the liver and the development of a measurement tool for
the evaluation of vascular heat sink effects described in the third section. The
chapter is concluded by recent developments on an interactive risk analysis appli-
cation allowing for the immediate assessment of a virtual resection’s quality in
terms of a new resection score. The achievements described in this chapter are
part of the broad topic of computer-assistance for liver interventions. A more gen-
eral survey of this topic can be found in our overview papers [Schenk et al.,
2008b, Schenk et al., 2011].

3.2.1 The First Comprehensive Liver Application

In 1998, only a few algorithms supported the analysis of abdominal images. The
MEVIS research institute was the first group worldwide to develop an entire pipe-
line for vascular analysis and preoperative liver surgery planning. For the full
analysis of a liver case in the year 1998, at least ten single steps had to be per-
formed by the user:

1) Data import

Several import options were necessary since the ACR/NEMA standard
3.0, now known as DICOM, was released in 1993 but was not yet adopted
by all scanner vendors.

2) Definition of the liver region

After inspecting the different CT phases, the image area encompassing the
liver was defined by the user to reduce the data amount and computation
time for the following steps. It was realized by interactive drawing of rec-
tangles in the different viewer directions.

3) Liver segmentation.

Initially, the global and interactive watershed algorithm was used for this
step and required downscaling the data before segmentation and subse-
quent upscaling of the liver mask to reduce the required memory and com-
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4)

5)

6)

7)

8)

9)

putation time for the algorithm [Schindewolf and Peitgen, 2000]. An edit-
ing step allowed correcting results. These four steps were later replaced by
our live wire approach.

Tumor segmentation

Lesions could be extracted using the watershed approach in case of ho-
mogenous tumors or had to be manually drawn on the 2D images slices.

Vascular preprocessing

A pipeline of several filter algorithms was used to reduce noise and to en-
hance the contrast between vessels and liver tissue.

Vessel segmentation

Vascular systems were extracted by global region-growing that stored all
results in a hierarchical data structure allowing for subsequent interactive
real-time adjustment of the threshold [Selle et al., 2002].

Vascular skeletonization

In this step, centerlines and local vessel radii were computed and the seg-
mentation result was transferred into a dedicated graph data structure.

Vascular analysis

Vascular systems could be separated and interactively subdivided hierar-
chically by clicking on single branches, subtrees, or complete trees to de-
fine the basis for computating local supply or drainage.

Computation of vascular territories

According to supply or drainage, local territories according to the supply
or drainage were computed based on the liver mask and the subdivision of
a vascular system.

10) Visualization

A 2D and 3D viewer allowed selective display of relevant structures, rota-
tion and zooming objects, and different types of volume visualization (see
Figure 18).

All algorithms were implemented as separate image processing networks in
[labMed [Schenk et al., 1999], a predecessor of the MeVisLab research and de-
velopment platform [MeVisLab, 2012]. Each step required loading data and
explicitely saving results. Several parameters had to be entered by the user into
single IlabMed module interfaces, and sometimes the same parameters, such as
voxel size, had to be provided in several image analysis steps.

In 1998, there was a high demand for a comprehensive application with a conven-
ient workflow that included all steps of data analysis and a subsequent visualiza-
tion and mean of exploring results. Parameters that could be derived from the im-
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age data should be determined automatically, and the exchange of information and
data between the single steps should be highly automated.

Such a comprehensive liver application, the first HepaVision, was developed in
1998 by a joint project of the liver team at MeVis (including the author) [Schenk
et al., 1999]. We developed and implemented the global workflow including tem-
plate classes for the exchange of data and parameters, a consistent graphical user
interface (GUI) for all single steps, and templates for the HTML help files. The
important information for each patient case was transferred between the steps in
an XML file that included image and algorithmic parameters, file names, results
of volume measurements, visualization parameters, and other data. The applica-
tion including GUI and workflow, was implemented in APrIL, an object-oriented
Application Programming Interface Language developed at MeVis. The first
HepaVision application was used in clinical research projects at the Medical
School Hannover and at the University Hospital Magdeburg. Images of the liver
segmentation and the visualization step are shown in Figure 18.

In 2001, changing the operating system from Unix to Windows and significant
modifications in the underlying MeVisLab platform led to redesigning the appli-
cation. The image analysis steps were separated from the final visualization step,
and two new software assistants were developed. In the new planning assistant
HepaVision2, the GUI was optimized, and additional steps for virtual resection
and risk analysis were included in the following years [Bourquain et al., 2002,
Konrad-Verse et al., 2004, Schenk et al., 2008b]. Although switching operating
systems resulted in several modifications, the basic application concepts devel-
oped for the first HepaVision version were adopted and are still in use in the cur-
rent application, including the workflow concept, the global layout, and the XML
data exchange.
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Figure 18: The first version of HepaVision developed in 1998 shown with the first watershed-
based liver segmentation step (top) and the visualization step (bottom). In the lower window area,
every single step of the application could be selected via a tab. The right border shows the GUI
elements of the single step including the information panel, load and save buttons (upper area),
step-specific fields (middle), and the help buttons (below).
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3.2.2 Integration of Planning Data into Liver Laparoscopy

The first tools and and applications for computer-assistance in liver surgery plan-
ning were available in the beginning of the 21% century, but the transfer of this
information into the intervention room, especially for abdominal surgery, was
rarely investigated. In 2002, there were only few applications to provide planning
information during the intervention and these mainly focused on neurosurgery. In
liver surgery, matching the virtual liver model with the real organ was typically
performed in the surgeon’s mind. Few publications have presented feasibility
studies for liver registration using organ phantoms or initial trials in open liver
surgery [Herline et al., 1999, Vetter et al., 2002]. For minimally invasive liver
interventions such as laparoscopic surgery, there was no published approach com-
bining computer-assisted planning and hepatic interventions.

To assist laparoscopic surgery, we collaborated with the University Erlangen-
Niirnberg computer graphics group. This group had developed an augmented real-
ity system that projected the 3D planning data into the real laparoscopic video
stream [Scheuering, 2003]. The system had been evaluated in five minimally in-
vasive interventions, but during these tests, no preoperative planning information
was included. The first integration of planning results was performed in a collabo-
rative work in a minimally invasive intervention in a swine in 2002 [Scheuering
et al., 2003].

For this evaluation, a routine abdominal CT of the animal liver was performed at
the University Hospital Klinikum rechts der Isar in Munich. The anatomical struc-
tures were segmented with the HepaVision assistant, described in Section 3.2.1
[Schenk et al., 1999]. Due to the smaller structures in the animal and breathing
artifacts, only the organ and the larger vascular structures (portal vein and hepatic
vein) could be segmented. The augmented reality system was calibrated before
intervention and rigid registration was performed using anatomical landmarks and
four fiducial markers placed onto the body surface before CT acquisition. The
virtual 3D liver anatomy was directly projected into the laparoscopic camera view.
The display of the vessel system and the liver was utilized for trocar and needle
placement (see Figure 19). For interventional assistance, an electromagnetic track-
ing system was applied and the sensor of the augmented reality system was fixed
to the laparoscopic camera. The technical details of the navigation system, that is
not part of this thesis, are described in [Scheuering, 2003].

The first trial to combine the individual liver anatomy and planning data with a
navigation system for laparoscopic interventions in 2002 established the principal
application of such a navigated intervention. Registration accuracy was limited
due to the use of external landmarks and hardware limitations. Several improve-
ments in hardware and software have been conducted since our first trial, improv-
ing accuracy and workflow for navigated open and minimally invasive liver sur-
gery [Hansen et al., 2010b, Peterhans, 2010, Nicolau et al., 2011].
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Figure 19: Integration of 3D planning data into the laparoscopic camera view in the year 2002.
Left: The individual liver shape and portal vein of the swine are displayed in the view of the en-
doscope camera to support needle and trocar placement. Right: The laparoscopic view shows the
real animal’s liver inside the body cavity (red-brown structure lower half) combined with simple
3D renderings of the individual vascular structures extracted from CT data (bright red).

3.2.3 Measuring Cooling Effects in Thermal Ablation

Radiofrequency and other thermal ablation procedures are increasingly being used
as an alternative therapy to liver resection. However, local recurrence after abla-
tion of liver tumors in the proximity of major vessels was found, including a
36.5% recurrence rate for liver metastases after RFA [Mulier et al., 2005]. The
main cause of recurrence is the cooling effect of adjacent liver vessels, which re-
move heat and thus preventing neighbored cells to reach adequate temperatures
for destruction. Since thermal ablation is a minimally invasive technique, it is dif-
ficult to monitor the amount of tumor destruction during the treatment, and
intraprocedural monitoring options in the daily clinical routine are limited. These
factors motivated the development of computer-assistance for the planning and
assessment of ablation procedures.

Fraunhofer MEVIS developed the first prototype to support thermal ablation pro-
cedures as early as 2002. In an interdisciplinary project with surgeons and radiol-
ogists of Campus Benjamin Franklin at the Charité and physicists of the institute
LMTB in Berlin, we combined the individual 3D reconstruction of the patient’s
liver from radiological data [Schenk et al., 1999, Bourquain et al., 2002] with a
numerical simulation of laser-induced thermotherapy (LITT) [Roggan et al.,
2001]. The resulting software assistant allowed for the probe placement in 2D and
3D under consideration of the tumor location and the patient’s liver vessel struc-
tures imported from the planning tool. A subsequent LITT simulation including
the computation of vascular cooling effects allowed assessing tumor destruction

52



under different ablation parameters [Littmann et al., 2003a, Lehmann et al., 2003].
In a clinical study with six pigs, LITT lesions were induced in the neighborhood
of major hepatic vessels in vivo. After explantation, the livers were cut into 2mm
slices perpendicular to the probe axis and digitally photographed. The volumes of
the simulated lesions and the real lesions (computed from manually drawn con-
tours on the photographs) were compared. The analysis showed good correlation
with a sensitivity of 0.90 and a specifity of 0.86. Details of the study and the re-
sults are given in [Lehmann et al., 2011].

The analysis of the heat sink effect in LITT lesions showed an important
phenomen: cooling by the portal triad (portal vein, artery and bile duct) was much
stronger than that of the hepatic veins. Lesions influenced by the cooling of the
portal field were flattened on the vessel side in all 28 cases, while hepatic veins
indented the lesion (indentation) by their heat sink effect in 31 cases, or were even
encased by the ablation zone (inclusion, 6 lesions) [Frericks et al., 2008]. Figure
20 illustrates the different heat sink effects.

The observation of this important effect, which should be considered when ablat-
ing a lesion near a larger vessel, motivated the development of a measurement
tool for additional, more detailed analyses. The developed software application
allowed quantifying the size and shape of thermal lesions in digital photographs,
for a characterization of the heat sink effect by angle measurements and detailed
quantification of the vessel surrounding area [Schenk et al., 2008a].

Indentation Inclusion

Figure 20: Different types of heat sink effects in RFA analyzed in an ex-vivo experiment with pig
livers. Heat is induced from the RFA applicator position (small ring centrally in each image) in-
duces heat, and the liver parenchyma coagulated (yellow to bright red tissue). The vascular cool-
ing effect simulated by perfused glass tubes (larger ring) differs depending on factors such as
distance between cylinder diameter, distance to applicator and flow velocity. Flattened lesions
(left) resulted from a stronger cooling effect than the indented lesions (middle), whereas the cool-
ing of included real or simulated vessels was weak during ablation (right). Images courtesy of
B.F. Frericks and K. Lehmann, Charité Berlin.
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After the initial LITT project, further research focused on RFA, following the clin-
ical trend towards this ablation method. Here, different blood flow parameters
were evaluated for their cooling effects during ablation. In an ex-situ study, vascu-
lar structures were simulated by glass tubes with different diameter and varying
distances to the applicator. Blood circulation was simulated by internal water and
different flow velocities were achieved with an attached pump. Our measurement
tool was applied to more than 400 lesions and the lesion deformation defined by
the expert on digital photographs was compared to the automatic characterization
of the software. The agreement with the expert definition was above 96% for in-
dented and flatted lesions and 100% for lesion with vessel inclusions [Schenk
et al., 2008a].

The evaluation of the cooling effect for the different study parameters showed the
following results [Lehmann et al., 2009]: The distance between applicator and
vessel model (Smm and 10mm) appeared to be the most important parameter with
strong differences between the two distances. The vessel diameter (5, 8, and
10mm) showed a trend towards increased cooling with larger diameter, but the
differences were not significant in the study. Lesions at Smm applicator-to-vessel
distance showed local cooling effect with a radial reduction of 50.6% on the ves-
sel side independent of the flow volume. We found no significant differences be-
tween six different flow volumes (between 250 and 1,800 ml/min) covering the
range that can be measured in hepatic blood vessels. The results support the con-
clusion that the blood flow rate in the measured range has essentially no influence
on the ablation result.

This study and the more recent joint projects with the clinical partners from the
Charité, Benjamin Franklin, were dedicated to RFA. A new numerical simulation
of the ablation was investigated by Fraunhofer MEVIS and considered three bio-
physical RFA processes: First, the delivery of energy to the tissue via the alternat-
ing electric current, second, the generation of heat, its diffusion, and the cooling
through blood flow and perfusion, and third, the denaturation of proteins in the
tissue cells by the heat [Preusser et al., 2005]. Mathematical models consisting of
partial differential equations, integral equations, and algebraic equations describe
these biophysical processes. Details of the numerical implementation and parame-
ter identification are given in [Kroeger et al., 2006, Paetz et al., 2009, Tiesler,
2011]. The numerical simulation is embedded in MeVis SAFIR, a software assis-
tant that supports ablation planning and comparing lesion, numerical simulation,
and postinterventional data.

Recent developments to support ablation procedures were performed by the Mod-
eling and Simulation group at Fraunhofer MeVis and include the optimization of
applicator position to consider lesion size, shape, and the cooling effect of nearby
vessels [Altrogge et al., 2007, Kroeger et al., 2010b, Altrogge et al., 2012] and
anatomical constraints [Haase et al., 2012], a fast estimation of the ablation zone
for interactive use [Kroeger et al., 2010a, Rieder et al., 2011], and the postopera-
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tive assessment after registration of pre- and post-interventional CT data [Rieder
etal., 2010, Rieder et al., 2012]. An overview of algorithms and related approach-
es for computer-assistance in radiofrequency ablation for liver tumors was given
in [Schumann et al., 2010].

3.2.4 Interactive Risk Analysis for Liver Surgery

As described in Section 3.2.1, risk analysis for liver surgery is performed step-
wise. After segmenting liver and vessels, the vascular territories were computed,
followed by a virtual resection using liver and vessel visualizations. Finally, the
resection plan was combined with the vascular territories, and the risk of truncated
vessel branches with the related perfusion impairments was quantified and visual-
ized. Due to this stepwise procedure, the user was forced to define and modify the
virtual resection without any direct feedback about the perfusion-related risks in-
duced by the current cutting line. Thus, a resection had to be determined based on
the user’s experience and expertise, or by repeating of virtual resection and risk
analysis. To improve this procedure and to allow directly risk-related resections
the so-called interactive risk analysis was developed. This application provides
interactive definition and modification of a virtual resection including feedback
about the risks of the resection plan almost in real-time.

The development of the interactive risk analysis was challenging for two reasons.
First, the risk factors for a resection had to be defined to allow quantitative meas-
urements. Second, the enormous amount of information included in different data
structures had to be converted into a form that enables fast access and updates
with every modification of the resection. The following risk factors were defined
and integrated into the computation of a global resection score:

Remnant volume

Safety margin

Supplied volume of the remnant
Drained volume of the remnant
Resection surface areca

Curvature of the resection surface

The single risk scores were normalized to values between 0 and 1 according to
predefined boundary values, e.g. a minimal remnant volume of 30% of total liver
volume is set to a score of 0. The overall resection score was computed as a
weighted sum of the individual risk scores. Predefined boundary values and
weights for the single risk factors were determined after discussions with liver
surgeons, leading to different default values for HCCs and liver metastases. Both
our previous experience in surgical planning and interviews with the surgeons
yielded that an individual parametrization of risk factors remains necessary for
users and for individual patients with pre-existing liver disease. Parameters for the
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single risk factor and the computation of the resection score were presented in
[Demedets et al., 2010]. The application GUI is shown in Figure 21.

The implementation of the new resection tool required the development of a new
data structure that could quickly compute all single risk factors and the overall
resection score. A 3D byte array was implemented that stored the precomputed,
pixel-based risk information, such as portal and hepatic vein branch relations and
tumor distance, and provides the flags for fast updating resection-related risks as
the current supply and drainage status of each single image voxel. For implemen-
tation details see [Demedts, 2010].

The interactive risk analysis has been evaluated in a small user study with two
radiological technicians at MeVis who are experts in resection planning. The re-
section line was first defined using the existing virtual resection tool [Konrad-
Verse et al., 2004] and several days later, with the new interactive risk analysis
application. The two resection proposals for each patient were compared in terms
of quality (measured by the resection score) and time.

Figure 21: Snapshot of the Interactive Risk Analysis application with a preliminary GUI. In the
3D viewer (upper left) and 2D viewer (lower left) the resection line can be defined and modified.
On the right side of the GUI, the user can choose presetting or individual parameters for the risk
factors (such as minimal remnant volume). Risk values for the current resection were given in
absolute values and as scores between 0 and 100, visualized as white bars. The risk areas for per-
fusion are displayed as colored overlay in the 2D viewer: full perfused (safe) remnant tissue in
green, outflow obstructed areas in yellow, and regions without supply and drainage in red. In this
case, a hemihepatectomy right including the red areas would improve the resection score but the
user had to check for the drainage of territory 4 (yellow) that is at risk with the current resection
line.
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The evaluation showed that the quality improved and led to more accurate safety
margins with the new tool at the cost of slightly increased time requirements. Due
to the presentation of additional risk information and the demand to find an opti-
mal resection, the users took more time than with the conventional approach. A
clinical evaluation with further user groups (such as surgeons) is asubject of future
research.

A second motivation for developing a risk function was automatic creation of op-
timal resection proposals. Manually defined or automatically initialized resections
have to be optimized with respect to a quality function. For the interactive risk
analysis, we developed the resection score as a first version of such a quality func-
tion. Parallel to this work, a first approach for the determination of automated re-
section proposals for standard and local resections had been developed [Hansen
etal., 2010a]. The combination of these two approaches is the starting point for
the automated creation of optimal resection proposals in a future project.

3.2.5 Summary

The first attempts to support hepatic interventions by software, were characterized
by technically demanding tools and a workflow that was not dedicated for clinical
use. Our first liver application that included the necessary basic steps for the anal-
ysis of abdominal CT data and the planning of liver surgery was the first compre-
hensive tool for clinical use. A second important step, the transfer from the indi-
vidual liver model into the real interventional situation was tested on an animal
and shown in 2002. The organ and vascular structures were extracted from CT
data and overlaid as volume renderings in the endoscopic camera view during the
intervention. Our approach was the first published navigated abdominal laparos-
copy to combine individual 3D planning data and an augmented reality system.
Further work focused on computer-assistance for thermal ablations, for which
cooling effects of the vascular structures can reduce the coagulation zone and lead
to incomplete tumor destruction. Numerical models and dedicated algorithms to
support ablation planning and postoperative lesion assessment have been devel-
oped and integrated into a software assistant. In research projects with clinical
partners from the Charité Berlin, the methods were discussed, tested, and evaluat-
ed. To quantify heat sink effects in ex-situ studies, a measurement tool was devel-
oped to assess the size and shape of a lesion and to quantify the influence of vas-
cular cooling.

Publications: The software assistant HepaVision was presented at the
congress of the German Radiological Society and during a talk at
BVM in 1999 [Schenk et al., 1999]. We performed the first application
of 3D planning information for abdominal laparascopy with Michael
Scheuering and co-workers, and the work was presented at SPIE in
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San Diego [Scheuering et al., 2003]. Subsequent developments in
computer-assistance for liver surgery at MeVis up to 2007 were given
in a comprehensive overview [Schenk et al., 2008b], and recent work
was summarized in a special issue of IEEE Pulse for image-guided
therapies [Schenk et al., 2011].

Developments to support thermal ablation planning began with a joint
project with clinical partners from the Charité and LMTB in Berlin.
The first prototype was implemented by Arne Littmann using dedicat-
ed visualization techniques [Preim et al., 2003]. It was presented in
2003 at BVM [Littmann et al., 2003b] and by our clinical partners at
CURAC [Lehmann et al., 2003]. The software was evaluated in ani-
mal studies by Bernd Frericks, Kai Lehman, and Charité co-workers
[Lehmann et al., 2008, Frericks et al., 2008, Lehmann et al., 2011].
The measurement tool for the quantification of cooling effects in
thermal lesions was implemented together with Andreas Weihusen and
was later extended by Christian Rieder. The tool was evaluated on 400
ex-vivo lesions [Schenk et al., 2008a] and used to quantify heat sink
effects in RFA lesion in an ex-vivo study [Lehmann et al., 2009]. Nu-
merical RFA modeling developed in this project [Kroeger et al.,
2010a] was later extended by members of the Modeling and Simula-
tion group at Fraunhofer MEVIS.

The interactive risk analysis was implemented by Daniel Demedts
during his master thesis (supervised by the author) [Demedts, 2010].
The software was evaluated in an in-house study, and the algorithm
and results were presented at CURAC [Demedsts et al., 2010].
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3.3 Adult Living Donor Liver Transplantation

MAN: Hello. Can we have your liver?

MR. BROWN: My what?

MAN: Your liver. It's a large, eh, glandular organ in your abdomen.
MAN: You know, it's, -- it's reddish-brown. It's sort of ,--

MR. BROWN: Yeah, yeah, I know what it is, but... I'm using it, eh.

Monty Python's Meaning of Life,
Live Organ Transplant, 1983

For surgeons, the main considerations during preoperative planning for ALDLT
include:

e Precise prediction of anatomical and functional volumes of both graft and
remnant livers

e Deciding whether to use the right or left hemiliver as a graft
e Including the MHYV in the graft or retaining it in the remnant liver

e The appropriate type of venous outflow reconstruction.

To support these decisions, there are two major issues for computer-assistance for
ALDLT planning: first, the precise segmentation and visualization of the individ-
ual vascular liver anatomy including anomalies, and second, a virtual resection
planning tool for computing vascular territories, areas of potential outflow ob-
struction and related volumes in both remnant and graft livers.

3.3.1 Vascular Anatomy and Risks

For ALDLT, the liver is divided centrally, typically partitioning the portal vein
near its main bifurcation and following the main course of the hepatic vein from
the confluence to the gall bladder fossa, as illustrated in Figure 11.

Common anomalies of the portal vein are trifurcations with an incidence of 11%
(see example in Figure 22), and H-shaped main ramifications found in about 10%
of individuals [Koc et al., 2007]. Although these variants are important for the
surgeon to know, they do not contraindicate donation [Fan et al., 2011]. Further
important variants of the PV are branches that cross the resection line, e.g., territo-
ry 5 or 8 portal veins that arise from the left main branch of the portal vein.

For the hepatic vein system, existing inferior veins arising directly from the infe-
rior vena cava (cf. Figure 22) should be known to the surgeon in right graft dona-
tion, because these veins are resected and have to be reconnected in the recipient
if they drain a relevant territory. Radtke showed that the incidence of inferior
veins in donor livers was about 50% in Western donors [Radtke et al., 2006b], and
Bourquain and Hindennach found that the volume drained by theses veins is dif-
ferent in Western and Eastern individuals [Hindennach et al., 2006]. The dilemma
of the MHV for ALDLT and the related outflow obstruction (see sections 2.2.3
and 3.3.2) is a major issue for preoperative planning. Venous outflow obstruction
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can lead to compromised function and reduced local regeneration. In cases with
limited functional liver volume, such impairment is frequently associated with the
small-for-size syndrome (SFSS), a serious clinical complication that may lead to
liver failure [Radtke et al., 2011, Tanaka and Ogura, 2004]. A topic of ongoing
discussion includes whether to retain the MHV in the donor remnant to expose the
healthy voluntary person to no additional risks or to include the MHV in the graft
to guarantee a full functionally organ for the diseased recipient. The decision is
often based on the surgeon’s preference, but recently there has been a trend to-
wards computer-assisted decision making to include MHV risk analysis (see next
section).

The hepatic artery (HA) is a vessel structure with several variants that may be a
risk factor in ALDLT. For example, in one of our studies with the Medical School
Hannover, arterial variants were found in about 40% of potential donors [Frericks
et al., 2004b]. Critical arteries are those that cross the resection line, e.g., arteries
that supply territory 4. These arteries can originate from different sides, either
from right or left but dual supply from both hemilivers is also possible. This in-
flow must be protected to prevent arterial occlusion and loss of the territory. A
second arterial issue is the number of arterial branches supplying the graft that
have to be reconnected to the arterial system in the recipient. Two or more arteries
may lead to technical difficulties during anastomosis due to smaller diameters
with an increasing number of arteries. With decreasing diameter, it is also hardly
possible to detect beneficial intrahepatic communications in the radiological im-
ages [Fan et al., 2011].

Figure 22: Vascular structures extracted from CT data. Hepatic artery (orange) and bile ducts
(green) twine around the portal vein (cyan). The hepatic veins (blue) reach between the branches
of the portal vein as the fingers from one hand between the fingers of the other hand. This patient
has an inferior vein (small blue branch at the lower image border) and a variant of the portal vein,
a trifurcation (image center).
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In our first research project for the computer-assisted planning of LDLT with the
Medical School Hannover, the CT data had a slice thickness of 2mm in the best
cases, limiting the segmentation of finer structures and segmental branches of
arteries [Frericks et al., 2004b, Schenk et al., 2002]. The anatomical evaluation of
56 potential donors showed that a region-growing based segmentation of the he-
patic arteries including the second-order branches was possible in 46 of 56 cases.
With new CT scanner generations, current image resolution has reached a pixel
size of 0.75mm or less, and the segmentation of arteries up to segmental level is
possible for most donor cases with correct timing during CT acquisition or if bo-
lus tracking is applied.

Bile ducts are the reason for a majority of complications after surgery and trans-
plantation [Fan et al., 2011, Radtke et al., 2008b]. Preoperative imaging of these
small vessel structures requires an additional contrast agent for CT, which can
cause allergic reactions and often prevents use in donors and patients [Fan et al.,
2011]. Alternative imaging methods are introperative cholangiography performed
in most centers for bile duct visualization during intervention, endoscopic retro-
grade cholangiopancreatography (ERCP) with a high complication rate, or
MRCP, which typically shows only the main bifurcation due to the low spatial
resolution. Recently, the combination of hepatocyte specific contrast agents with
high resolution MRI sequences was introduced [Asbach et al., 2008]. Image ac-
quisition requires dedicated radiological techniques and is therefore an issue of
current research (see Section 0). A summary of methods for bile duct imaging
including our results on MRI data is given in [Ketelsen et al., 2008]. In our re-
search project with the University Hospital Essen, the anatomy of bile ducts in
donors was studied in detail to develp a classification of hilar and segmental bili-
ary anatomy [Radtke et al., 2008b, Radtke et al., 2008a, Radtke et al., 2009].

In our first ALDLT study, begun in 1998 with the Medical School Hannover, 27
of the 56 potential donors were excluded from LDLT based on the results of the
preoperative evaluation [Frericks et al., 2004b]. For only one case was a vascular
variation (of the HA) the reason for the exclusion, while in all other cases, the
donors were excluded due to inadequate functional volume of the remaining liver
or the liver graft. A similar distribution in the exclusion criteria was found in our
study with the University Hospital Essen, which was part of the Optimization of
Living Related Liver Transplantation clinical research group. Here, 73% of poten-
tial donors (99 of 135) were excluded from donation, the majority (96 donors) due
to insufficient functional liver volume [Radtke et al., 2006a]. Both observations
show the importance of the second criterion, the functional liver volume.

In conclusion, anatomical variations typically do no prevent donation, but are very
important before surgery when choosing an adequate resection strategy and avoid-
ing complications. The main exclusion criteria, the functional remnant or graft
volume, will be discussed in the next section.
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3.3.2 Liver Volume and Outflow Obstruction

A remaining liver volume of 35% for healthy donor remnants and a graft provid-
ing 40% of the ESLV calculated by formulas, or 1.0% of the body weight of the
recipient, is believed to be safe for ALDLT [Asakuma et al., 2007, Fan et al.,
2011]. The risks when these volumes cannot be met are the small-for-size syn-
drome and the loss of the graft or liver failure in the donor [Kiuchi et al., 1999].
Thus, preoperative estimation of graft and remnant volumes is mandatory for
ALDLT.

Unfortunately, the overall volume of the partial livers is not sufficient to consider
all risks. Due to resection near the MHV in ALDLT, branches of this vein are
truncated and the drainage and related liver function may be further decreased.
The anatomical background for this risk of venous congestion is induced by the
mismatch of portal vein territories (PVT) and hepatic vein territories (HVT): The
boundaries of PVT typically do not run parallel to the borders of the HVT (see
Figure 23 and Figure 24). An exception is the borderline between left lateral terri-
tories (PVT 2 and 3) and the large right liver lobe that are anatomically more sep-
arated (cf. Section 2.2.1). When planning an ALDLT resection, the inflow is con-
sidered first, and, thus, the cutting line typically follows the boundaries of the
PVTs. In doing so, HVT and related HV branches will be truncated, resulting in
an area of outflow obstruction. On the other hand, following the course of the
HVT for resection cannot solve this problem because it will cause even more se-
vere problems of insufficient inflow.

Figure 23: Mismatch between portal vein territories and hepatic vein territories. The images show
the PVTs (left) and the HVTs (right) with dark lines illustrating the PVT boundaries and the mis-
match between the territories. The black line in the middle of the MHV territory indicates the
border between right and left hemilivers (defined by the PVT 1-4 and 5-8 respectively), and thus
the zone where the donor liver will be typically divided.
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With the software assistant HepaVision, our clinical partners in Hannover and
Essen retrospectively evaluated the data of donor livers for which a SFSS in the
recipient led to graft loss and for which the patients had to be retransplanted (three
patients in both institutions). In Hannover, no venous reconstruction of MHV
tributaries in the graft was performed in the very early cases. In all donor livers,
the area drained by truncated MHV branches was at least 20% of the graft volume
(20%, 29%, 41%) [Frericks et al., 2006]. In Essen, three of the first 23 recipients
in a preliminary study, for which the MHV was not included in the graft, sus-
tained a SFSS with liver failure. In these cases, the area of venous congestion es-
timated by the software was 36% and higher (36%, 38%, 39%) [Radtke et al.,
2010].

The importance for the early postoperative phase after the transplantation was also
shown by our clinical partners in Nagoya. Kamei and colleagues compared pre-
operatively computed anatomical and functional graft volumes with postoperative
liver function parameters and concluded that only the functional (non-congested)
graft volume correlates to early graft function [Kamei et al., 2007].

The territories of potential outflow obstruction can be computed by combining the
virtual remnant or graft with the MHV territories computed by the methods de-
scribed in Section 2.2.3 and Section 3.2.1 [Bourquain et al., 2003, Schenk et al.,
2007]. Depending on the decision whether the MHV will remain in the remnant
liver or will be included in the graft, these risk territories are located on the right
or left side of the donor liver (see Figure 24).

Figure 24: Risk analysis for ALDLT for two variants of virtual resections. The left image shows a
right lobe graft. With this resection the MHV will be retained with the remnant (left hemiliver)
and three branches of the MHV will be transected. The dependent territories (blue, cyan, green)
are at risk of insufficient drainage and will decrease the postoperative graft function when not
anastomosed in the recipient. The right image illustrates the remnant liver when the MHV is in-
cluded in the graft. The related risk analysis shows small regions with potential outflow obstruc-
tion (green territories) and a safe territory of a separate vein branch draining segment 4a (cyan). In
this example, the MHV was included in the graft (right variant).
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The potential to compute the risk of venous congestion in ALDLT with the algo-
rithms developed by MeVis was immediately recognized by Prof. Koichi Tanaka
and his team in October 2002 when the two groups first met. Prof. Tanaka, the
leading LDLT surgeon at that time, used the method for every ALDLT thereafter.
The fundamental change in ALDLT planning at the Kyoto University was de-
scribed in [Asakuma et al., 2007]:

‘Before the introduction of 3D-CT volumetry, MHV regional volume was
subjectively and qualitatively estimated using conventional 2D-CT. Thus,
the issue of potential congestion remained unresolved. With the introduction
of 3D-CT simulation with MeVis software, however, the situation has
changed dramatically. When this software was first developed, the major
aim was to carry out portal vein volumetry. As the team at Kyoto University
Hospital was dealing with the problem of right-lobe graft congestion in
LDLT at that time, we proposed that this software be used for regional he-
patic venous volumetry, our team and the MeVis group then collaborated on
this project. Regional volumetry enables us to objectively assess graft selec-
tion by introducing an algorithm based on the concept of hepatic dominan-
cy. Using this method, it is easy to objectively select the type of right-lobe
graft needed. With step-by-step improvement of the software, it is possible
for us to not only evaluate regional venous volumetry but also to visualize
hepatic venous construction. This information benefits the surgeon by ena-
bling preoperative prediction of the kinds of vessels that are likely to appear
at the parenchymal transection line.’

The only other group that developed an approach for the computation of outflow
obstructed territories in ALDLT in those early years was the team of Prof. Sung-
Gyu Lee at the Asan Medical Center in Seoul. Based on manual delineation of
MHV territories in 2D CT images slices by an expert, they estimated the venous
congestion for right lobe grafts [Hwang et al., 2006].

On the basis of our risk analysis for ALDLT, the transplantation centers in Kyoto
and Essen were able to develop new decision algorithms for ALDLT. With these
algorithms, surgeons decide whether the MHV will be included in the right lobe
graft (Figure 25) [Asakuma et al., 2007], or if MHV tributaries have to be recon-
structed [Radtke et al., 2010]. Furthermore, the 3D analyses enabled the develop-
ment of a new dominancy concept for hepatic veins with respect to the whole liver
and to the right and left hemilivers [Radtke et al., 2005, Radtke et al., 2006b,
Asakuma et al., 2007].
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Figure 25: Decision tree about MHV inclusion in right graft donation in ALDLT developed at the
University Hospital Kyoto [Asakuma et al., 2007]. Depending on three criteria, the decision to
include the MHYV in the graft or keep it with the remnant liver is made: 1) the amount of estimated
congested volume in territories 5 and 8 (ECR), 2) the graft-to-recipient weight ratio (GRWR), and
3) the remnant liver volume ratio of the total donor liver volume (%RLV). Grafts are defined to be
‘MHYV dominant’ if the estimated congestion ratio (ECR) is above 40% of the graft volume, oth-
erwise it is a ‘RHV dominant’ graft.

3.3.3 Liver Regeneration in Donor and Recipient

In 2002, Maema found that right lobe grafts with partial outflow disturbances are
associated with latent disadvantages in postoperative liver volume regeneration
[Maema et al., 2002]. At that time, there was no systematic morphologic regenera-
tion study assessing the individual local liver growth and quantitatively comparing
it to areas with outflow obstruction. Furthermore, the growth of vascular struc-
tures after resection was not investigated, although the postoperative vascular
situation could be an important factor for the patient and thus influencing the sur-
gical strategy. We investigated these and related issues in a liver regeneration pro-
ject together with the University Hospital Essen by studying the hepatic growth in
donors and recipients after ALDLT.

In our study, preoperative abdominal CT images of the donor were acquired and
both donor and recipient were scheduled to be scanned at day 7 to 10, as well as
three, six, and twelve months after surgery. These scans where performed if the
patient condition and compliance allowed.
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Algorithms to register the different time phases and an application to evaluate
local growth in tissue and vessels were developed [Hindennach et al., 2007, Lohe,
2007, Metzen et al., 2009]. Automatic tree matching algorithms were developed
but could not successfully register the growing vessels with different image posi-
tions in the follow-up data, changing length and thickness, and a varying number
of bifurcations depending on image quality and contrast. Therefore, we interac-
tively transferred the classification for PV and HV systems interactively from one
time to the next after application of a rigid registration (Figure 27). Later, a land-
mark-based registration approach was developed, matching the data by a non-rigid
transformation and allowing for a more exact alignment of vascular branches. We
utilized this method to combine the area of potential venous congestion with the
PV territories in the remnant and computed the estimated ratio of outflow obstruc-
tion for each territory and the local regeneration rate (illustrated in Figure 26).

Figure 26: Determination of local outflow obstruction in PV territories. The analysis of preopera-
tive drainage (upper left), shown here with HV, resection line (yellow), LHV territories (white),
and truncated MHYV territories (light red), is combined with the portal vein segments (upper right).
Subsequently, the ratio of potential outflow obstruction in each segment can be computed (lower
left) and the outflow obstruction in the single PV territories can be visualized (lower right).
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Figure 27: Registration of vascular structures from different time points during regeneration. The
upper row shows the HV extracted from the preoperative scan, day 10, tree months, and twelve
months after surgery (from left to right). In this donor, collaterals can be found in CT data three
and twelve months after transplantation but not in the first postoperative scan (missing yellow
branches in the lower left image, arrow). The lower row shows registered postoperative vessels
(left) and a comparison of the remnant surface before operation (white) and twelve month after
operation (red), illustrating the growth and organ rotation in the abdomen (right).

The CT scans of 25 donors and eight recipients could be evaluated at all time
points. We analyzed all single time points (cf. Section 2.2.5 and Section 3.2.1),
matched the data of the different time points by registration and compared the
growth of the liver with respect to several issues. The main results of the evalua-
tion were [Schenk et al., 2009]:

e Overall growth of the remnant and graft liver

The organ growth measured on the basis of CT data differs between grafts
and remnant livers (Figure 28). In the donors, almost double the remnant
volume within the first three postoperative months could be observed,
from 34% to 77% of total liver volume. After one year, the donor remnant
livers reached 86.5% of the original tissue amount (cf. Figure 29). In the
recipients, the maximal volume in the postoperative course was found at
the first time point of our follow-up data. Due to the inflammatory pro-
cesses and the swelling of the implanted organ, this volume represents
more than the liver regeneration. At the following time points, the liver
volume decreases again. The majority of volume growth in donors and re-
cipients was found in the first few days after surgery.

67



Local remnant growth in relation to the MHV

The overall volume of remnant livers, including the MHV after 12 months
was comparable to the volume of livers without this draining vein. At the
first time point, the growths of hemilivers without MHV were not much
different from those that included the vein when normalized to the initial
remnant volume. Afterwards, the remnants with retained MHV showed a
minor advantage, which equalized until almost full recovery after twelve
months. Our study data was very limited with only four remnants includ-
ing the full MHV drainage, but similar result were found by other groups
[Scatton et al., 2004, Zappa et al., 2009].

The left lateral territories (2 and 3), which were not impaired by the resec-
tion, showed increased growth compared to that of territory 4 for all cases,
and this difference was larger when the MHV was not retained with the
remnant liver. This result leads to the conclusion that territories 2 and 3 are
able to adjust the reduced growth of territory 4.

Local growth and outflow obstruction

Using the methods described above, we evaluated the local growth of terri-
tory 4 with different outflow obstruction rates in the regions of territory 4a
and 4b. The results showed that the ratio of outflow obstruction is nega-
tively correlated to the local regeneration. It also demonstrated the suc-
cessful surgical strategy to maintain the outflow of territory 4a by preserv-
ing smaller and median hepatic veins arising from the MHV or LHV and
draining this territory. Territories 4b, typically with a bad prognosis of high
congestion rate, showed very low regeneration rates and disappearing in
some cases (cf. Figure 30).

Development of collaterals

In our study, we found no collaterals in the donor remnant between trun-
cated branches of the MHV and the LHV in the first CT data after trans-
plantation, but these collaterals were clearly visible in 60% of donors after
three months and in the later images. The remnants with collateral for-
mation had a higher rate of outflow obstruction than those without collat-
erals (31.3% =+ 8.1% versus 20.7% =+ 8.9%).

In 13 of the 21 remnants without MHYV, revascularization of territory 4b
veins was detectable in CT images three months after surgery. The collat-
erals were connected to a retained MHV4a branch, to LHV4a branches, or
to branches of the LHV originally draining only the left lateral lobe before
surgery. Example cases with collateral formation are illustrated in Figure
29 and Figure 31.
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Figure 28: Regeneration in recipient and donor. The curves show the growth of graft livers in
eight recipients (left) and the growth of remnant livers in 21 donors (right). Grafts were normal-
ized to the volume after 12 months due to the unknown original liver volume in the recipient. The
curves show the initial high increase of regeneration and swelling that is more prominent in the
recipients due to immune reaction and inflammatory processes.
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Figure 29: Regeneration in recipient and donor. The preoperative donor liver (upper row) is di-
vided near the MHV (resection line in yellow) with an estimated graft volume of 1075 ml and a
remnant liver volume of 488 ml. The graft growths within twelve months to 1337 ml, while the
small remnant liver regenerates to 1214 ml. Collaterals can be seen in this donor liver (lower left
image, between cyan and dark yellow branches).
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Our results show that venous congestion in territories with truncated hepatic vein
branches leads to reduced local regeneration. Those areas have a growth deficit
which is partially compensated by increased growth of the uncongested remnant
region. Collaterals between truncated MHV veins and intact neighboring veins
were not visible in the first scans and seem to develop over the first days and
weeks after surgery. This results contradicts the hypothesis that pre-existing com-
munication between hepatic veins exists that will prevent venous congestion. In
ultrasound examinations, such connections can be found in some patients, but
they are small and cannot take over the MHV drainage immediately after occlu-
sion of the vein [Fan et al., 2011]. For example, the first study of Kaneko and col-
leagues [Kaneko et al., 2000] found that the flow signal in the veins of territory 5
and 8 of a right lobe graft without MHV was obvious no earlier than postoperative
day six after implantation. In 2005, the same group showed, that five of 28 MHV
tributaries (territory 5 and 8 veins) were connected to the RHV on the first post-
OP day, and ten further collaterals were found between post-OP days 2 and 7,
while the remaining 50% of all connecting veins were later detected, after the first
week [Kaneko et al., 2005]. In conclusion, single intrahepatic venous collateral
develop but cannot compensate the outflow obstruction in the critical first postop-
erative days.
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Figure 30: Growth of territories 4a and 4b in donor remnants twelve months after surgery in
relation to the ratio of outflow obstruction. The growth is normalized with respect to the preopera-
tive remnant ratio of the territory, showing that almost all territories 4a and 4b grow less than the
left lateral lobe (ratio < 100%). Territory 4b typically has a higher percentage of outflow obstruc-
tion, which is related to the surgical technique of including most of the MHV in the graft but try-
ing to maintain the drainage of segment 4a. There is an overall tendency for reduced volume re-
generation of territories with a higher rate of outflow obstruction.
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Figure 31: Development of collaterals in a donor remnant liver. The resection line follows the
course of the MHYV that is included in the graft. As a result, tributaries of the MHV have to be
transected (blue and cyan in preoperative image, left). A large part of this remnant liver was out-
flow obstructed and collaterals were found in this donor liver, connecting tributaries of territory 4
(cyan) with hepatic veins of territory 3 (red).

3.3.4 Influence of Outflow Obstruction on Regeneration

In the critical first postoperative days after surgery, human studies cannot assess
the outflow obstruction process with collateral formation and its impact on perfu-
sion, function, and regeneration. Therefore, we performed an animal study with
clinical partners at the University Hospital Essen as project of the Optimization of
Living Related Liver Transplantation clinical research group.

The livers of rodents (e.g., rat, mouse, and woodchuck) consist of four major
lobes, with two larger lobes (left lateral and median) and two smaller lobes (right
and caudate). The median lobe has a dual inflow and three draining veins and thus
shares the basic vascular situation of the human liver. With a ligation of the right
vein of the median lobe (RMHYV), an outflow problem similar to the situation of
the MHV transection in ALDLT can be created. In our study with rats, this con-
gestion model was combined with a resection of about 50% of the rodent’s liver
mass to induce liver regeneration and to mimic the clinical situation after ALDLT
(for details of the surgical technique see [Dahmen et al., 2008a, Dahmen et al.,
2008b])).

Microcirculation, functional parameters derived from histological data, and blood
values were studied for the evaluation. The microcirculation was assessed by or-
thogonal polarizations spectroscopy (OPS) [Dirsch et al., 2008] in different areas
of the median lobe, in the outflow-obstructed zone (OZ), the normal zone (NZ)
and in the border zone (BZ). Measurements were taken during surgery and on
postoperative days 1, 2, and 7. At the same time points, probes from the different
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zones were taken from sacrificed animals, and several parameters regarding re-
generation, necrosis, and vascularization were assessed by histological evaluation.

In the project, software for the automatic calculation of the proliferation index (PI)
was developed. The PI reflects regeneration activity and is computed as the ratio
of proliferating (dividing) hepatocytes to all hepatocytes. The nuclei of the prolif-
erating cells can be identified by immunohistological staining with 5-bromo-2-
deoxyuridine (BrdU). The approach for PI computation consists of a processing
pipeline of smoothing, automated thresholding, a search for objects with certain
size and shape followed by a Hough transform to detect overlapping nuclei
[Ivanovska et al., 2008]. The algorithm was further improved by a step that is able
to detect vascular structures [Ivanovska et al., 2010]. Different smoothing filters
were evaluated and compared to a manually defined ground truth [Ivanovska,
2009].

Later, a more general approach based on machine-learning classifiers was devel-
oped and is currently used to evaluate histological whole-slide data [Homeyer
et al., 2011]. This method is more flexible and better suited for the high variability
in histological data related to different staining intensities, slice thickness, and
other variations of the laboratory routine.

Figure 32: The median lobe of a rat liver on the macroscopic level (left) and microcirculation in
the border zone between obstructed and normal zones visualized by OPS (Right). The outflow
obstructed area in the median lobe after ligation of the RMHYV is clearly visible as dark red area.
The visualization of microcirculation on day 7 after surgery shows a vascular canal in the border
zone (image center) surrounded by sinusoids of normal diameter. Images courtesy of U. Dahmen
and O. Dirsch, Friedrich-Schiller-University Jena.
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The observations in the rat study included [Dirsch et al., 2008]:

On the macroscopic level, the OZ was clearly visible after surgical occlu-
sion of the RMHV (Figure 32). On days 1 and 2 the OZ was still recog-
nizable but no macroscopic sign of outflow obstruction was detected on
day 7.

The microcirculation measurements with OPS showed that there was no
blood flow in the OZ after ligation. On days 1 and 2, the blood flow veloc-
ity increased in all zones, and sinusoids in OZ and BZ were highly dilated,
especially in the BZ. By day 7, both sinusoidal diameters and flow veloci-
ty decreased and showed almost normal values. Single highly dilated si-
nusoids were visible in the BZ on day 7 (Figure 32). The histological find-
ings showed that some of these canals were connected to central veins.

The ligation of the RMHV caused necrosis in the OZ with about 25% of
affected tissue. The necrotic areas were visible in histological data from
days 1 and 2 and disappeared on day 7.

In serial sections, no vascular structure corresponding to the theory of pre-
existing shunt vessels connecting larger veins was found.

Liver regeneration measured by PI was highly increased in the NZ and in
the BZ, but only single proliferating cells were found in the OZ, indicating
a severe reduction of liver function. On day 2, the PI increased slightly in
the OZ and decreased in the normal and border zone. Almost no prolifera-
tion was detected in all zones on day 7.

Vascular markers (Laminin, van Willebrandt Factor) were observed in the
dilated sinusoids on days 1 and 2, more than twice the number of positive
cells in the OZ than in the NZ. Later, the sinusoidal canals in the BZ
showed positive staining, while the number of laminin-positive cells was
in a similar range in NZ and OZ.

In conclusion, sinusoids at the border between venous congestion and the normal
zone were dilated and remodeled to vascular canals serving as communication
(collaterals) between the areas. Furthermore, we observed necrosis and decreased
cell regeneration in the critical early postoperative phase in the outflow-obstructed

arcas.

Because the time directly after surgery is crucial for the development of the poten-
tially lethal small-for-size syndrome, excluding the potentially congested territo-
ries from the functional liver mass seems to be the logical consequence for the
preoperative risk analysis.
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3.3.5 MRI Data for Risk Analysis and Surgical Planning

Surgery planning for LDLT is usually performed on the basis of CT data. For the
evaluation of the healthy and mostly younger donors, it is desirable to avoid the
radiation dose and to plan using MRI data. For this purpose, we developed and
adapted existing image analysis methods for MRI data and performed a study with
new imaging sequences and a hepatocyte-specific contrast agent. In our study, CT
and MRI data from donors were available, and the results of the image analysis
could be compared.

Figure 33: Elimination of inhomogeneities in MRI data: Original slice of a T1 weighted ab-
dominal MRI with Gd-EOB-DTPA as contrast agent (left) and same image slice after application
of the correction filter N3 with identical contrast and brightness parameters (right).

Typical challenges for image analysis and surgical planning with MRI data in-
clude inhomogeneities and artifacts in the images and lower resolution when
compared to CT. MRI resolution in abdominal data is limited, because the liver is
scanned during breath-holding and the MR acquisition takes more time than a CT
scan. With a 3T scanner and routine breath-holding sequences, one 3D liver vol-
ume with a resolution of 1.5%1.5%3.0mm can now be acquired in 10-12 seconds.

In our studies, the MR acquisition involved the administration of the liver specific
contrast agent Gadoxetic acid (Gd-EOB-DTPA), which is partially taken up by
the hepatocytes and excreted via the bile ducts. The dynamic image sequence
shows first enhancing arteries followed by enhancement of the portal veins. In the
venous phase, the hepatocyes have taken up so much of the contrast agent that the
liver parenchyma shows the same enhancement as the hepatic veins. After 20 to
30 minutes the maximal tissue enhancement is reached, and in this /ate or hepato-
cyte-specific phase the vascular structures appear dark compared to the bright pa-
renchyma. The excretion of the contrast agent via the bile ducts leads to enhance-
ment of this vessel structure in the late phase and later images and enables the
segmentation of this structure (Figure 3 and Figure 33). For image processing, the
images were filtered using a statistical approach to eliminate the inhomogeneities
typically found in MR images [Schenk et al., 2007, Sled et al., 1998]. Liver seg-
mentation of portal and hepatic veins was performed on the late phase of the con-
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trast-enhanced images (Figure 33). For liver segmentation, our contour-based ap-
proach with live-wire and shape-based interpolation was applied. Intrahepatic
vascular structures were segmented by applying the same region-growing method
as for CT data, but with inverse thresholding [Selle et al., 2002]. Portal and hepat-
ic veins were separated interactively, and smaller vessels were added by manual
drawing when necessary. The following steps of tree labeling and territory com-
putation were performed with the same algorithms that were applied to CT data.

Patient: BE_845852
1D: 8

Paﬁent:ABE_MS 852

ID: 845852

Figure 34: Vascular structures extracted from CT (top) and MRI (below) data of the same do-
nor candidate. The topology of portal vein (cyan), hepatic artery (orange) and bile ducts
(green) is comparable with a few more details visible in the CT-based results.
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Two evaluation studies were performed, one with our clinical partners in Essen,
and the other with radiologists and surgeons from the University Hospital in
Tiibingen. A first study on 20 potential donors who underwent both CT and MR
imaging was performed in Essen in 2006 and 2007. The CT data showed en-
hanced hepatic vessels and bile ducts after sequential injection of a biliary and
conventional iodinated contrast agent, as published in [Schroeder et al., 2006].
The CT and MRI data was analyzed with the methods described in Section 2.2.5
and above.

The study showed that the liver volumes of MRI- and CT-based analyses deviate
in the magnitude of 5%, with larger volumes from the MRI data. The level of hi-
erarchy for PV and HV extracted from MRI data was comparable to CT and suffi-
cient for LDLT planning (cf. Figure 34). The territorial volumes for the portal
vein showed a difference between MRI and CT data of 1.1% of CT liver volume
on average with a standard deviation 0.3%. Volume differences in the HV territo-
ries were 1.4% (standard deviation 0.8%). Imaging of BD and HA was not suffi-
cient for most patients in this study related to the slice thickness of 2mm. Details
of the study results are given in [Schenk et al., 2007].

The second evaluation involved potential candidates for LDLT scanned following
a newly developed MRI protocol with almost isotropic image resolution of 1mm
for the late phase [Asbach et al., 2008, Mangold et al., 2012]. So far, only a few
donor candidates have been examined with both CT and MRI. The analysis and
evaluation of the first two data sets showed that the volumetric deviations were
slightly smaller than in the first study [Schenk et al., 2010]. More importantly, the
quality of hepatic arteries and bile ducts increased, almost reaching the same ana-
tomical details as the structures extracted from CT data. According to the surgeon,
the quality for these cases was sufficient for resection planning. Future research
includes optimizing the MRI protocol and the analysis methods, and evaluating
more data sets.

In conclusion, the applicability of MRI data for donor evaluation and LDLT plan-
ning depends on imaging protocols and requires a data resolution of 1.5mm or
better and optimal timing of the arterial phase. MRI is a highly promising future
modality because it allows evaluating other aspects of liver perfusion and the con-
dition of abdominal tissue. This includes the local assessment of liver function in
terms of contrast media uptake and excretion [Nilsson et al., 2009, Nilsson et al.,
2010], as well as examining disease-related fat and iron content [Hu et al., 2012,
Sirlin and Reeder, 2010].
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3.3.6 Summary

The application of liver segmentation and software assistants to ALDLT is
manifold. We presented preoperative planning based on CT and MRI data, liver
regeneration in human donors and animals, and the influence of outflow
obstruction on perfusion and collateral formation. The developed algorithms and
applications assist the surgeon during preoperative planning by providing
important information about vascular anomalies and predicting the anatomical and
functional volumes for both graft and remnant livers. Liver regions with a high
risk of developing venous congestion are estimated by combining the territories of
MHV branches with a virtual resection for ALDLT. We evaluated the
consequences of venous congestion in the postoperative course in human and
animal livers. The studies showed that outflow obstruction reduces local liver re-
generation, and that communicating veins that could resolve the outflow problem
were not pre-existing, but instead develop from dilated sinusoids in a continuous
process. The retrospective 3D analysis of patients with SFSS and liver graft loss
after ALDLT uncover large territories of truncated MHV branches that had not
been surgically reconnected in earlier years. The negative correlation of outflow
obstruction and regeneration as well as the delayed development of collaterals
lead to the conclusion that the exclusion of potentially congested territories from
the functional liver mass seems to be the logical consequence for preoperative risk
analysis.

Recent work focuses on transferring the planning procedure from CT to MRI data
to avoid the radiation dose for healthy donors and to enable additional functional
evaluations. An initial study comparing CT and MRI analyses from potential do-
nors showed that portal and hepatic veins can be extracted from MR images in
sufficient quality, but further research was needed for hepatic artery and bile
ducts. Most recent MRI sequences and improved protocols have shown promising
results, even for arteries and bile ducts, increasing optimism that MRI can be a
sole imaging modality for ALDLT planning.

Publications: The application of liver segmentation, vascular analysis,
planning, and risk analysis to LDLT were performed together with
several clinical partners and evaluated in joint projects. With clinicians
from the Medical School Hannover, we planned and evaluated the first
ALDLTs in 1998. The methods and software application were present-
ed at BVM 2001 and received the first prize for the best poster and
software demonstration [Schenk et al., 2001b]. The clinical evalua-
tions were published by Bernd Frericks and co-workers [Frericks
etal., 2004b, Frericks etal., 2006]. Vascular analysis, volumetric
evaluations, and regeneration studies were performed in projects with
the University Hospital Essen. The 3D analyses in donors enabled
studies on anatomical variations of liver vessels [Radtke et al., 2008b,
Radtke et al., 2008a, Radtke et al., 2009], the development of a new
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dominancy concept [Radtke et al., 2005, Radtke et al., 2006b] and a
decision algorithm for the surgical strategy [Radtke et al., 2011].

Work concerning human liver regeneration was partially presented at
the congress of the International Liver Transplantation Society (ILTS)
in 2007 and 2009, and at the German Transplant Congress in 2008 and
published in [Schenk et al., 2009]. The work was supported by algo-
rithms implemented by Milo Hindennach [Hindennach et al., 2007]
and Jan Metzen (co-supervised by the author) [Metzen, 2006, Metzen
et al., 2009].

Animal experiments for the regeneration studies in rodents were per-
formed by Uta Dahmen, Olaf Dirsch, and co-workers at the University
Hospital Essen [Dahmen et al., 2008a, Dahmen et al., 2008b, Dirsch
et al., 2008]. The algorithm for automated computation of the regener-
ation ratio was implemented by Tetyana Ivanovska, who was super-
vised by the author in parts of her thesis [Ivanovska et al., 2008,
Ivanovska et al., 2010, Ivanovska, 2009].

The research about the ability of MRI to serve as the sole imaging
modality for LDLT was performed in joint projects with the Universi-
ty Hospital Essen and with the University Hospital Tiibingen. The first
comparison of vessels and territories for potential donors was present-
ed at CARS [Schenk et al., 2007]. The initial results based on new
MRI sequences were introduced during a talk at ILTS [Schenk et al.,
2010], and the related bile duct visualizations were published in
[Ketelsen et al., 2008].
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4 Summary and Outlook

“One never notices what has been done; one can only see what remains to be done.”
Marie Curie

This thesis presents a newly developed method of liver segmentation and its inte-
gration into dedicated software assistants for hepatic interventions. New insight
about the early postoperative liver function and regeneration could be gained in
joint projects with clinicians by applying our algorithms and prototypes and eval-
uating the outflow-obstruction process after liver resection.

In high-risk surgeries, such as extended hemihepatectomies for adult living donor
liver transplantation, or resections of diseased organs, the remaining liver function
is a major concern for the survival of the organ and the patient. To guarantee reli-
able prediction of the functional reserve, the liver volume and the liver segmenta-
tion have to be accurate. The first part of the thesis describes the developed liver
segmentation approach and subsequent evaluation. The intuitive user-steered ap-
proach enables obtaining precise segmentation results. To achieve this aim, the
live wire method was extended and optimized in terms of computational speed
and accuracy. In combination with shape-based interpolation, the interaction effort
was reduced while maintaining high quality. Two correction methods enable the
user to finally optimize the liver contours. Default parameters and a learning
method were implemented to avoid technical parameterization that may be chal-
lenging for clinical users. Three studies and the wide application to patient data in
the last twelve years have demonstrated the performance of the algorithm. An
extensive evaluation on more than 2000 data sets showed that our semi-automatic
approach of live wire and shape-based interpolation alone already leads to satisfy-
ing results, and that the time and effort for control and correction should be con-
sidered when comparing liver segmentation approaches.

The second part of the thesis focuses on the development of clinical prototypes
and their application to liver interventions. In 1999, the first comprehensive soft-
ware assistant for liver surgery was developed. The application included ten im-
age processing steps and a final visualization to explore all results. In later ver-
sions and updates of the software assistant, the basic concepts of the first
prototype were maintained. The results of the 3D analysis achieved by the proto-
type were transferred into the intervention room three years later. Through collab-
orative work, we demonstrated the integration of abdominal planning data into the
laparoscopic camera view. In this successful first example of liver laparoscopy
including previously segmented vascular structures overlaid onto the endoscopic
view.
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In joint projects with clinicians, we investigated the heat sink effect of liver ves-
sels in thermal ablation procedures. The 3D reconstruction of the individual liver
and its vascular systems was combined with a numerical simulation of thermal
ablation. A measurement tool was developed to assist the evaluation of ablation
lesions in ex-situ and in-vivo studies. Our results showed good agreement be-
tween expert and automated classification, significantly different cooling effects
of portal vein and hepatic vein, and a minor impact of vessel flow velocity and
diameter on the extend of the heat sink effect.

Risk analysis for liver surgery combines vascular territories and tumor safety
margins with different virtual resection plans to determine an optimal surgical
strategy. We improved the existing iterative approach with a new interactive risk
analysis with immediate user feedback during modifications of the virtual resec-
tion. For this purpose, a new risk score was developed to quantify different risk
factors. This score may serve as a quality measure for user-independent optimiza-
tion of resection proposals in the future.

In the third part of the thesis we focused on computer-assistance in the context of
adult living donor liver transplantation. Here, methods and applications for pre-
operative planning, registering follow-up data after transplantation, and assessing
regeneration in humans and animals were developed and utilized. In close cooper-
ation with our clinical partners, we investigated the influence of outflow obstruc-
tion on regeneration in the critical early postoperative phase and in the first year
after surgery. Our studies showed that although venous collaterals develop in the
first days and weeks and take over the drainage of the obstructed areas in the long
term, perfusion and regeneration in these regions are highly impaired directly after
surgery. In conclusion, the related preoperative risk analysis that excludes the ob-
structed volume from the functional liver volume seems justified.

The thesis provides a substantial contribution to the accurate determination of
anatomical and functional liver volumes. Starting with the technical development
of an intuitive liver segmentation approach and the integration into a comprehen-
sive software assistant for surgical planning, further research focused on the clini-
cal issues of outflow obstruction and the relevance of this impairment to regenera-
tion and risk analysis. Most recent investigations into the analysis of MRI data
provide the option to include global and local liver function parameters into the
risk analysis and to further improve liver surgery planning.

Future developments in liver segmentation will focus on intuitive and fast correc-
tion methods. Due to the described challenges in extracting the liver from radio-
logical data, this step will still be required in clinical routine and is essential to
achieve accurate volumes for high-risk surgery. Besides the more general aim to
improve single image processing steps in the software assistants by developing

80



highly efficient methods and intuitive workflows, the computation of optimal re-
section proposal based on a resection score as developed in this thesis will be in-
vestigated. Regardinig clinical application, the use of mobile devices and cloud-
based medical data exchange and computing will transform existing hospital
workflows. The integration of software assistance for preoperative planning, risk
analysis and interventional support in this changing clinical environment will play
an important role in future projects.
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5 Publications - Liver Segmentation
5.1 Efficient Semiautomatic Segmentation of 3D Objects in Medical Images
Andrea Schenk, Guido Prause, and Heinz-Otto Peitgen

Presented during a talk at MICCAI 2000 and published in S.L. Delp, A.M.
DiGioia, and B. Jaramaz (Eds.): MICCAI 2000, LNCS 1935, pp. 186—195.

Copyright 2000 Springer. Reprinted with permission.
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Efficient Semiautomatic Segmentation of
3D Objects in Medical Images

Andrea Schenk, Guido Prause, and Heinz-Otto Peitgen

MeVis — Center for Medical Diagnostic Systems and Visualization
Universitaetsallee 29, 28359 Bremen, Germany
{schenk,prause,peitgen}@mevis.de

Abstract. We present a fast and accurate tool for semiautomatic seg-
mentation of volumetric medical images based on the live wire algorithm,
shape-based interpolation and a new optimization method.

While the user-steered live wire algorithm represents an efficient, precise
and reproducible method for interactive segmentation of selected two-
dimensional images, the shape-based interpolation allows the automatic
approximation of contours on slices between user-defined boundaries.
The combination of both methods leads to accurate segmentations with
significantly reduced user interaction time. Moreover, the subsequent au-
tomated optimization of the interpolated object contours results in a bet-
ter segmentation quality or can be used to extend the distances between
user-segmented images and for a further reduction of interaction time.
Experiments were carried out on hepatic computer tomographies from
three different clinics. The results of the segmentation of liver parenchyma
have shown that the user interaction time can be reduced more than 60%
by the combination of shape-based interpolation and our optimization
method with volume deviations in the magnitude of inter-user differ-
cnces.

1 Introduction

Fully automated segmentation is still an unsolved problem for most applications
in medical imaging due to the wide variety of image modalities, object properties
and biological variability. On the other hand the most general approach, manual
contour tracing, is time-consuming, inaccurate and unacceptable for large three-
dimensional data sets.

To overcome these problems, a lot of work has been invested in semiautomatic
segmentation methods. A popular group attracting considerable attention over
the last years are the two-dimensional active contour models or snakes intro-
duced by Kass et al. [1]. These algorithms try to minimize an energy functional
based on contour deformation and external image forces. For initialization an
approximation of the object boundary is required which is usually drawn manu-
ally by the user or in some cases is generated from a priori knowledge. However,
active contours are sensitive to the settings of their numerous parameters and the
quality of the initial contour which limits their applicability to medical images
in the clinical routine.

S.L. Delp, A.M. DiGioia, and B. Jaramaz (Eds.): MICCAI 2000, LNCS 1935, pp. 186-195, 2000.
(© Springer-Verlag Berlin Heidelberg 2000
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Another promising approach to interactive boundary detection in two-dimen-
sional images is the live urre algorithm, also known as intelligent scissors, which
was first introduced in 1992 [4,5]. With live wire the segmentation process is
directly steered by the user who has immediate control over the automatically
suggested object contours. The contours are found as minimal paths with respect
to a cost function similar to the external energy function of active contours.

Semiautomatic segmentation of three-dimensional objects in volumetric med-
ical images is often based on two-dimensional methods which is prohibitive when
each slice needs to be segmented in a larger data set. Although snakes have a
direct three-dimensional extension introduced as balloons [2] the propagation
of an initial two-dimensional snake over the slices and subsequent adjustment
is preferred in most applications for reasons of robustness and practicability.
For live wire only one approach for segmentation of three-dimensional images
has been published so far [3] based on the projection of few interactively defined
contours onto orthogonal cross-sections through the volumetric image. With this
approach it is difficult to keep track of the topology of complex shaped objects
without major user interaction.

The goal of our work was to extend the two-dimensional live wire algorithm
to an efficient and easy to use approach for semiautomatic segmentation of three-
dimensional objects in medical images. This is achieved by reducing the number
of interactively segmented slices and automatic calculation of all missing in-
termediate contours by an optimized interpolation method which is robust to
topological changes. The resulting approach is validated in five hepatic CT scans
from three different clinical sites.

2 Methods

2.1 Live Wire

The live wire algorithm is a user-steered segmentation method for two-dimensio-
nal images based on the calculation of minimal cost paths by dynamic program-
ming [6] or Dijkstra’s graph search algorithm [7]. Several modifications of the
basic approach including quality studies have been published [8,9,10,11], proving
the high accuracy, efficiency, and reproducibility of the algorithm.

The version of live wire we use in our approach is comparable to the algorithm
in [11] and we resume the fundamental ideas of this method. The two-dimensional
image is transformed into a directed and weighted graph. Vertices of the graph
represent image pixels while edges connect neighboring pixels in two directions.
The edges are weighted with local cost functions, related to the external image
forces of active contours. The cost function used in our implementation is a
weighted sum of different gradient functions, the Laplacian function and the
gray values at the object boundary.

After the calculation of the cost graph the user starts with the segmentation
by setting a first seed point on the boundary and moving the mouse along the
outline of the object. Shortest paths — in the sense of paths with lowest accumu-
lated costs — from the seed to at least the current mouse position are computed
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using Dijkstra’s algorithm. Computation and display of the resulting live wire
boundary segment is achieved in real-time even on larger images. The live wire
path snaps to the boundary while the user moves the mouse over the image
and a new seed point has to be set before the path starts to deviate from the
desired contour. New shortest paths are computed from the new seed point and
the procedure is repeated. A final closing leads to a controlled and piece-wise
optimal segmentation result.

Our live wire approach is provided with the additional concepts of bound-
ary snapping, data-driven cooling for automated generation of seed points and
learning of cost function parameters [6,8].

2.2 Shape-Based Interpolation

Interpolation techniques [12] are used for many applications in medical imaging,
e.g. image generation, resampling and visualization. They can be broadly divided
into two categories: scene-based and object-based interpolation. While scene-
based techniques determine the interpolated values directly from the intensities
of the given image, object-based interpolation uses additional information about
the objects in the image.

> r r 3
e ) +—— j
(a) (b) (a)
Fig. 1. Shape-based interpolation: (a) user-defined contour in CT images (top),

binary scenes (middle), distance images (bottom); (b) interpolated distance im-
ages (bottom), binary scenes (middle), interpolated contours in CT images (top).

87



Efficient Semiautomatic Segmentation of 3D Objects in Medical lmages 189

The shape-based interpolation method we use in our approach is the first
object-based interpolation approach published in the literature [13] and it inter-
polates between binary images of a three-dimensional data set.

Shape-based interpolation consists of the steps illustrated in Figure 1. In the
first step a binary scene is generated from a given object contour. Subsequently,
the distance to this boundary is mapped into a new gray-level scene with positive
distance values inside and negative distance values outside the object (shown as
absolute values in Figure 1). In the third step the distance images are interpo-
lated employing a conventional gray-level interpolation technique such as linear
or higher-order interpolation. The interpolated gray-level scenes are converted
back to a binary contour image by identifying the zero-crossings.

The distance transformation can be calculated efficiently with a version of
the city-block distance [13] or, as in our implementation, with two consecutive
chamfering processes [14,15] realized with 3x3-kernel operations. The chamfer-
ing method leads to more accurate results since this transformation is a better
approximation of the Euclidean distance.

2.3 Combination of Live Wire and Interpolation

For the segmentation of volumetric objects we have combined the user-steered
two-dimensional live wire segmentation and the fully-automated shape-based in-
terpolation. The user starts with the live wire algorithm on individually selected
slices. If contours on at least two slices are available, all contours on slices in
between can be computed utilizing the shape-based interpolation.

The user has free choice of applying the two methods: either live wire and
shape-based interpolation in an alternating fashion, or — in a two-stage approach
— interactive contour tracing first and interpolation subsequently. The only re-
striction is that the first and the last slice of the object of interest must be
segmented interactively with the live wire algorithm.

User-steered : Automated

P —=  _di
e

: \ Interpolation

\ P ) 7 Optimization
P
L

Live Wire

Fig. 2. Combined segmentation scheme: User-steered segmentation of selected
slices followed by automatic interpolation and optimization of the intermediate
contours.
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If the variations of the object boundary between user-selected slices are sig-
nificant, the interpolation result can be unsatisfying. In this case there is a need
for interactive or automatic optimization methods which can be also used for
further reduction of the number of interactively segmented image slices.

2.4 Optimization of Interpolated Contours

For the optimization of the interpolated contours we use the basic method of
the live wire algorithm and recalculate contour segments as optimal cost paths
between seed points with Dijkstra’s algorithm.

After the shape-based interpolation the zero-crossings of the interpolated
distance images define the boundary points of the new contours. To bring these
points into the correct order and to identify separate contours we apply a path
search algorithm. Starting with a first contour point (e.g. lower right) we follow
neighboring pixels in counterclockwise direction (Figure 3a) until the first point
is reached again. The algorithm is repeated until all boundary points are assigned
to a contour path and it is provided with a backtracking method to deal with
cases of contours connected by a single pixel line (Figure 3b).

(b)

Fig. 3. Tracing the contour in the zero-crossings (gray) of the interpolated dis-
tance images. a) From the current pixel C of the marked path (dark gray) the
next contour point is found as first (light gray) neighbor in counterclockwise
direction (numbers describe the search order in the 8-neighborhood). b) If two
boundaries are connected via a single pixel line a backtracking algorithm sepa-
rates the single contours and deletes the connecting pixels (arrows).

To establish a basis for the minimal path search, the seed points from the
two adjacent user-defined contours are projected onto the slices with interpo-
lated boundaries. For every user-defined seed point the nearest point on the
boundary path is determined. If two points are closer together than a given
minimal distance they are merged to one central seed point. The utilization of
the user-defined instead of e.g. equally distributed seeds along the contour is
suggestive, since these points represent the knowledge of the user in regions of
high curvature or weak edges.
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The automatic contour optimization starts on all interpolated slices with the
calculation of the cost matrix. Based on this data structure and the approximated
seed points all contour segments linking two seeds are computed as minimal cost
paths.

In the interactive optimization mode the user moves, deletes or inserts new
seed points and the piece-wise optimal paths concerning these seeds are recom-
puted and displayed in real-time.

Fig. 4. Liver CT with segmented parenchyma: a) Image with shape-based in-
terpolated contour and approximated seed points from the two adjacent user-
defined slices; larger deviations occur at the gall bladder (dark gray) b) contour
after automated optimization.

3 Experiments and Results

Our approach has been successfully applied to CT and MR images of the liver
and the lung for interactive segmentation of the parenchyma. It is part of an
ongoing clinical project for the approximation of patient-specific organ segments
and preoperative planning of surgery [17,18]. Compared with the other image
processing steps of this project the segmentation is the most time-consuming
part.

The test presented here was designed to quantify the volumetric deviations
that have to be expected when the interactive segmentation is reduced and
gradually replaced by automated interpolation. For the experiment we used five
diagnostic liver CT data sets (I1-15) from three different hospitals. The under-
lying examinations are helical CTs during arterial portography (CTAP) (11-14)
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and one biphasic spiral CT scan (I5, data set from the portal venous phase). All
images have 512x512 pixels in plane and consist of 3441 (I1-14) or 86 (I5) slices
with a distance of 4 mm (I1-14) or 2 mm (I5). Three users segmented the liver
parenchyma with the live wire algorithm on all slices and the time needed for the
segmentation was recorded. For one image slice an average time of 6-11 seconds
and 4-6 seed points were needed depending on the user. The cost function used
for the test was identical for all images and was based on a Sobel-like gradient
function (feature f5 in [10] extended to 8-neighborhood) and the gray values at
the object border with relative weights of 0.45 and 0.55, respectively. Parameters
for both functions (mean and deviation) were determined experimentally.

Table 1. Results for the test images: inter-user variability, volume deviation for
the SBI and OPT interpolation methods and saved interaction time (in %).

Inter-user |Automated interpolations Saved
variability SBI SBI+OPT |interaction time
Image 1 1.68
8 mm 1.24 0.79 51.0
12 mm 2.03 1.20 65.5
16 mm 3.20 1.95 72.7
Image 2 3.47
8 mm 2.28 1.83 47.4
12 mm 2.70 1.65 62.3
16 mm 5.70 4.35 72.8
Image 3 1.43
& mm 1.57 1.19 51.9
12 mm 2.87 1.98 65.3
16 mm 3.81 2.69 75.0
Image 4 1.24
& mm 1.34 1.17 50.1
12 mm 1.89 1.30 67.5
16 mm 2.50 1.92 75.2
Image 5 1.26
8 mm 1.91 1.85 74.5
12 mm 2.20 1.67 82.9
16 mm 3.17 2.30 86.5

The interactively segmented slices were reduced to data sets with slice dis-
tances of 8, 12 and 16 mm and the omitted intermediate slices were automati-
cally calculated with shape-based interpolation (SBI) and, additionally, with the
cost-based optimization described above (OPT).

We defined the user-dependent reference volumes as the results of the inter-
active segmentation on all slices. The differences between two reference volumes
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(inter-user variability) or between an interpolated volume and its reference vol-
ume were calculated with the formula

JAVNVAL
Vil + [Vj

which is equal to 1 minus the similarity index [16]. These relative volume dif-

ferences were averaged over the three users and listed as inter-user variability,

respectively volume deviations for the automated interpolations in Table 1.

The results for the sequences 11-14 show that we can save more than 50% of in-
teraction time with the shape-based interpolation alone if we tolerate deviations
in the order of the inter-user variability. Moreover, we can use the optimization
method (OPT) for a further reduction of the differences (up to one half) or for
further savings of user interaction time.

With an optimized interpolation (SBI + OPT) between all 12 mm slices we
have comparable deviations to the SBI method for 8mm slices, but interaction
time savings of approximately 66% instead of 50%. The interpolation on the 16
mm distant slices lead to deviations of 2.5-5.7%. With automated optimization
these results can be improved, but the inter-user variability can only be reached
with manual corrections which require extra interaction time.

With the biphasic image sequence I5 we achieved similar results to those of
I1-14, but due to the smaller slice distance higher savings of interaction time.
The interpolation leads to higher deviations compared to those of the other four
images, which is also caused by more than twice the number of intermediate
slices. Here we have for example a volume deviation of 1.67% and interaction time
savings of 82.9% with the shape-based interpolation and automated optimization
on 12 mm distant slices (set of every sixth slice) compared to the interactive
segmentation on all slices.

If the user verifies the automatically generated contours, the supported man-
ual optimization can be used for further improvements. Corrections of the SBI +
OPT results on few slices where the automatically determined lowest cost paths
considerably deviate from the object boundary (Figure 5, right), usually lead to
a significant reduction of the volume differences.

4 Conclusions

In this paper we presented a new approach for the semiautomatic segmentation
of three-dimensional objects in medical images. The combination of the live
wire algorithm and shape-based interpolation builds an effective and accurate
segmentation tool which we extended by an automated optimization method.
The live wire algorithm provides direct control to the user, is easy to use
and offers high flexibility regarding image modalities and segmentation objects.
For the segmentation of three-dimensional objects we combined this slice-based
method with shape-based interpolation, leading to a significant reduction of
interaction time compared to the segmentation on all slices. The applicability
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Fig. 5. Surface rendering of the user-segmented volume in image I1 (left), devi-
ations between this volume and the 12mm SBI volume (middle), deviations for
12mm SBI + OPT (right).

of this combination depends on the properties of the object contours, it is less
appropriate for strongly undulated boundaries (e.g. white/gray matter in the
brain), but a good choice for structures with a more regular surface (e.g. liver,
lung). The shape-based interpolation is especially suited for image sequences
with a large number of image slices like multi-slice CTs.

We showed in experiments with five hepatic CTs that we can considerably
improve the interpolation results or decrease — with constant level of accuracy
the number of user-segmented slices with an automatic optimization method
based on the ideas of the live wire algorithm. In the validation we have used
equal distances for the interactively segmented images, but we expect even better
results with slices individually selected by the experienced user who rates the
boundary changes during the segmentation process and specifies the images for
contour interpolation.

While the shape-based interpolation and the path-finding algorithm can be
calculated efficiently in a few seconds for all interpolated slices, the automated
optimization requires more computational time primarily due to the calculation
of the cost graph on every interpolated image. Therefore one focus in our current
work is the local restriction of cost computation.

Further improvements regarding the accuracy of the interpolated contours
can be expected from a better adjustment of the approximated seed points to
the underlying image data.
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ABSTRACT

We present an approach for the optimization of the live wire algorithm applied to 3D medical images. Our method
restricts the computation of the cost function to relevant areas and considers regionally specific properties of the
object boundary. As a consequence, precise contours can be obtained in reduced computation and interaction time.
For the calculation of the cost function on the current image slice, the nearest contour on an adjacent slice is taken
as reference. The reference contour is divided into local segments and the image pixels are classified into regions
with respect to their distance to the contour segments. The size of these regions is controlled by a given maximum
distance. Cost function parameters are learned separately from every local contour segment of the reference slice and
define the cost function for the respective region on the current slice. We used the local cost computation for the
interactive definition of object contours, as well as for the optimization of interpolated contours between user-defined
contours. Applied to CT and MR data of the liver, our method showed considerable advantages over the conventional
algorithm based on a global cost function, particularly for objects with inhomogeneities or with different surrounding
tissue.

Keywords: image segmentation, boundary detection, interactive segmentation, 3D segmentation, interpolation,
local cost computation

1. INTRODUCTION

The segmentation of 3D objects is an important step in medical image processing. Segmentation results are the basis
for many other subsequent processes like morphological and functional quantification or surface shaded displays in
a 3D visualization. Fully automatic segmentation methods are highly desirable but still an unsolved problem for
most applications in medical imaging due to the wide variety of image modalities, object properties and biological
variability. On the other hand, the most general approach, manual contour tracing, is time-consuming, inaccurate
and unacceptable for large three-dimensional data sets.

A reasonable compromise between fully automated and manual segmentation are interactive and semiautomatic
methods. A new approach for interactive boundary detection, the live wire algorithm, has been introduced in 1992 by
Mortensen and Udupa.’? The segmentation process of this method is directly steered by the user who has immediate
control over automatically suggested contours between interactively placed contour points. Object contours are found
as minimal paths between those points in real-time and with respect to a cost function similar to the external energy
function of active contour models.?

In this paper we present an approach for the efficient segmentation of 3D objects in medical volume data on the
basis of the live wire algorithm. We developed methods for the optimization of the underlying cost computation and
for the interpolation of contours between user-defined contours. The information we gain from one or more user-
defined contours is the basis for the optimization of the cost computation. We use the information about the image
region of the reference contour and local image properties at contour pixels for the segmentation on a neighboring
slice.

The position and shape information gives us the possibility to restrict the cost computation on the neighboring
slices to relevant areas. The computation time saved by this restriction is beneficial for the interactive process and
also accelerates the optimization of interpolated contours, an approach we proposed recently.* The second goal of our
work is the reduction of the necessary user interaction by improving the underlying cost function. This is achieved
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by replacing the global cost parameters by locally adapted characteristics. Both extensions of the live wire algorithm
make the segmentation method faster, more robust and thus applicable to a larger variety of medical images and
objects of interest.

2. METHODS
2.1. Interactive Segmentation with Live Wire

The live wire algorithm is a user-steered segmentation method for two-dimensional images based on the calculation
of minimal cost paths by dynamic programming® or Dijkstra’s graph search algorithm.® Several modifications
of the basic approach including quality studies have been published, proving the high accuracy, efficiency, and
reproducibility of the algorithm."'2

The first step of the live wire method is the transformation of a two-dimensional image into a directed and
weighted cost graph. Vertices of the graph represent image pixels while edges connect neighboring pixels in two
directions. The edges are weighted by the costs for the directed connection between one pixel and the respective
neighbor. The costs are computed as a weighted sum of different cost features like gradient functions, the Laplacian
function and the gray values at the object boundary. Every feature is defined by parameters like mean value and
deviation, expected at the desired contour. Examples for these global cost features and parameters are given by
Falcao et al.'¥ as well as by Mortensen and Barrett.!!

After the computation of the cost graph the user starts the segmentation by setting a first seed point on the
boundary and moving the mouse along the outline of the object of interest. Shortest paths — in the sense of paths
with lowest accumulated costs — from the seed to at least the current mouse position are computed using Dijkstra’s
algorithm. Computation and display of the resulting live wire boundary segment is achieved in real-time even on
larger images (512 x 512 pixels). The live wire path snaps to the boundary while the user moves the mouse over the
image and a new seed point has to be set before the path starts to deviate from the desired contour. New shortest
paths are computed from the new seed point and the procedure is repeated. A final closing leads to a controlled and
piece-wise optimal segmentation result.

2.2. Local Cost Computation
2.2.1. Locally restricted cost computation

The aim of the local restriction of cost computation is a speed-up of the computation time by a reduction of the image
area where costs are calculated. We define a relevant region on the current slice as a tube-like area around a contour
copied from the nearest adjacent slice. The pixels of this region are identified with the help of a distance transform.
All pixels which are less distant than a given maximal distance are marked as relevant. The distance transform
used in our approach, is an integer-based transformation proposed by Herman et al.'? in 1992, an extension of the
basic algorithm introduced by Borgefors.'* The distances are calculated efficiently with two consecutive chamfering
processes realized with 3x3-kernel operations. Since we use this method in our approach not only for the locally
restricted cost computation but also for other purposes, we repeat the main ideas of the algorithm.

A distance image in the size of an image slice is created and initialized with a large positive value inside and a
large negative value outside the object. The contour pixels, representing the inner border of the object, are assigned

N
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—

Figure 1. Templates and directions of the chamfering process used for the efficient calculation of an integer
approximation to the Euclidean distance. The left template is applied row by row, top to bottom and a left to right
ordering within the rows, the second template from bottom to top and from right to left.
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with +35, neighboring pixels outside the object (4-neighborhood) with -5. (To avoid separate edge treatment, a
temporary additional one pixel wide border around the image with the large negative value is proposed.)

Now the two chamfer templates given in Fig. 1 are applied, the values of the image are updated first with the
left and then with the right template. Both template operations change the pixels in a row by row fashion, the
left template from top to bottom and from left to right, the right template from bottom to top with a right to left
ordering within the rows (Fig. 1).

During this process the pixel in the center of the template is always the pixel in question. If it has the value +5
or -5 from the initialization, the pixel is left unaltered. If the sign of the central pixel is positive, then we add for
each non-empty template pixel the value of the image pixel to the covering template pixel. The value of the central
pixel is replaced by the smallest of these sums. If the pixel in the template center is negative, we subtract from each
non-empty template pixel the value of the underlying image pixel. The largest of these differences is the new value
of the central pixel. The second chamfering process is performed with the right template from Fig. 1 following the
same rules. If only positive distances from the contour are required, the process can be simplified. In this case, the
pixels next to the contour are initialized with +5 instead of -5 and the case for a negative value of the central pixel
can be omitted.

On the basis of the resulting distance image, the costs for a connection between two neighboring pixels are
calculated. If the distance is larger than a given maximum distance, the cost value is set to a maximum cost value
and otherwise the costs are calculated with the given cost function parameters. Depending on the size of the contour
and the given maximal distance, the time for the cost computation can be reduced significantly.

Figure 2. (a) CT of the liver with reference contour. (b) Global cost image of the next slice (shown is the minimum
cost value of all (8-neighborhood) connections from one pixel to its neighbors). (¢) Locally reduced cost image, the
saved computation time is about 44%. (d) Locally reduced cost image with a reduction of computation time of
approximately 67%.

2.2.2. Locally adapted cost computation

The idea of locally adapted costs in our approach is based on the assumption that the properties of the image at
the object boundaries are similar on neighbored slices. Therefore, we exploit the coherence between the image slices
and consider the contour on the nearest adjacent slice as a reference for the current image. Cost feature parameters
are learned from this reference contour and form the basis for the cost computation of the current image slice.
Considering the inhomogeneities and different surrounding tissues we found in several images (e.g. MRT), a locally
adapted learning seems to be more appropriate than a global learning,.

In our approach, we divide the reference contour into local segments and derive the cost feature parameters
separately for every contour segment. The regions on the current slice where these local parameters are applied,
comprise the pixels with the smallest distance to the respective segment of the reference contour.

The algorithm that identifies the pixels of every segment region works as follows. First an index image is created
and every contour segment is assigned a unique index number. From these contour pixels the indices are propagated
over the image with the help of the distance transformation described in Sect. 2.2.1. While the templates used in
this process are shifted over the image, the indices are updated simultaneously to the distance values. Utilizing the
distance transformation for index propagation we can also restrict the index regions by a given maximum distance.
Thus we perform the preparatory work for the locally adapted and restricted cost computation at once.
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Figure 3. (a) MRT with reference contour (b) Index image with eight equally spaced and locally restricted regions
used for all cost features. (¢) Index image for the inner gray-value feature with regions locally adapted to this cost
feature.

A prerequisite for the definition of indexed regions is the partitioning of the reference contour into segments. This
can be performed in the simplest way by dividing the contour into equally spaced contour fragments containing the
same number of pixels. As a consequence, local parameters for the different cost features are learned for the same
local regions. Furthermore, this approach does not take into account the changes of the single cost feature properties
occuring at the contour path. For example, a border between two segments usually does not reflect a change in the
gradient magnitude.

Due to the limitations of the simple method we developed a more elaborate approach, where the reference contour
is divided into segments, individually for every cost feature and depending on the particular feature characteristic
at the contour pixels. Thus a respective index image is calculated for every feature representing a locally adapted
partitioning of the image. The aim of the feature-specific subdivision of the contour is the determination of a given
number of segments, each with a relative small cost value deviation. For example, every segment computed for the
gradient feature should contain contour pixel with similar gradient values.

For this purpose we used a fast method inspired by the procedure of region merging. Initially every contour pixel
of the reference contour represents a single segment. The mean of this segment is the cost feature value at this pixel,
while the deviation is zero. A second list comprises the mean and deviations for all possible segments, built of the
initial segments and the respective neighboring segment. This list is ordered with ascending deviation. Now the
neighbors with the lowest deviation are merged, forming a new segment in the first list. The second list is updated,
new mean and deviations are computed for this segment and the two adjacent neighboring segments.

The merging step is repeated until a given minimal number of contour segments is reached. An additional merging
for short segments during this process can be used to avoid segments smaller than a minimal length. The indices of
the contour segments are finally propagated over the image and define one index image with feature-specific index
regions. For every cost feature such an index image is computed and for all local contour segments parameters are
learned separately from the reference contour.

On the current slice the costs from every pixel to its neighbors are calculated for all cost feature depending on
the pixel index and the respective local feature parameters. The weighted sum of all feature costs results in the costs
for the current image and is used for the subsequent path computation.

2.3. Shape-Based Interpolation

The aim of our approach is the efficient segmentation of 3D objects in medical data. Since the live wire algorithm
initially was designed for the segmentation on two-dimensional images, we developed a method to reduce the number
of interactively segmented slices and to calculate all missing contours automatically.! The method we use for this
automatic step is the shape-based interpolation'® which is illustrated in Fig. 4.

In the first step a binary scene is generated from a given object contour. Subsequently, the distance to this bound-
ary is mapped into a new gray-level scene with positive distance values inside and negative distance values outside the
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Figure 4. Shape-based interpolation: (a) user-defined contour in CT images (top), binary scenes (middle), distance

images (bottom); (b) interpolated distance images (bottom), binary scenes (middle), interpolated contours in CT
images (top).

object (shown as absolute values in Fig. 4). In the third step the distance images are interpolated employing a con-
ventional gray-level interpolation technique such as linear or higher-order interpolation. The interpolated gray-level
scenes are converted back to a binary contour image by identifying the zero-crossings. The distance transformation
is again efficiently calculated with the chamfering process described in Sect. 2.2.1.

The user has free choice of applying the two methods: either live wire and shape-based interpolation in an
alternating fashion, or — in a two-stage approach — interactive contour tracing first and interpolation subsequently.
The only restriction is that the first and the last slice of the object of interest must be segmented interactively with
the live wire algorithm.

2.4. Optimization of Interpolated Contours

For the optimization of interpolated contours we use the basic method of the live wire algorithm and recalculate
contour segments as optimal cost paths between seed points with Dijkstra’s algorithm, an approach we proposed
recently.?  After the shape-based interpolation the zero-crossings of the interpolated distance images define the
boundary points of the new contours. These points are brought into the correct order and separate contours are
identified. A basis for the minimal path search is built from the seed points of the two adjacent user-defined contours.*

The next step of the contour optimization is the calculation of the cost graph. Knowing the distance between
the interpolated and the adjacent contours, the cost computation can be reduced to relevant, locally restricted areas.
The distance values of the shape-based interpolation are directly used for the test against the tolerated distance, a
second distance transformation is not required. Based on the reduced cost graph and the approximated seed points
all contour segments linking two seeds are computed as minimal cost paths.

3. EXPERIMENTS AND RESULTS

Our approach has been successfully applied to CT and MR images for the segmentation of the liver parenchyma, the
gall bladder, the lung and other structures. It is part of an ongoing clinical project for the approximation of patient-
specific organ segments and preoperative planning of surgery.'-1® A test for the quantification of the volumetric
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Figure 5. (a) Global cost function for the liver parenchyma. (b) Live wire path between two contour points,
computed from the cost function in (a). The path was misled by the vessel structure in the middle of the liver
parenchyma. (¢) Locally restricted cost function, calculated in significantly reduced computation time. (d) Live
wire path based on the cost function in (c) following the boundary of the liver.

deviations that have to be expected when the interactive segmentation is reduced and gradually replaced by the
automated interpolation and subsequent optimization was designed. The test showed that the user interaction can
be reduced by more than 60 % compared to the segmentation with live wire on all slices when deviations in the
magnitude of the inter-user differences were accepted.*

Figure 6. Liver MRT with live wire paths. The paths are calculated based on (a) global costs, (b) local costs
with parameters learned on equally spaced contour segments, (c) locally adapted costs learned from a cost feature
specific partitioning of the reference contour. The images of the first row show a path between two contour points
based on the particular cost function. In the second row an acceptable segmentation of the liver parenchyma was
achieved with a varying number of seed points. For the method in (a) were 8, for (b) 6 and for (c) 3 seeds required.
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Experiments with the locally restricted cost computation have been performed, showing the acceleration of
computation time. Depending on the size of the contour and the given maximal distance, this time is reduced
considerably. In particular, the saved computation time is beneficial for the automatic optimization of interpolated
contours where more than one slice is processed. Moreover, if image pixels with low costs are found in the image,
misleading the live wire path to a wrong direction, an improvement can be achieved by the locally restricted cost
computation. If the unwanted pixels are more distant from the reference contour than the given maximal distance,
the unfavored path will not appear due to the maximal cost given to this image area (Fig. 5).

First experiments with the locally adapted cost computation showed the advantages of this method, particularly
for the segmentation of objects in MRT data. In these images the brightness is often not equally distributed, so
that the gradient, gray values and other properties vary along the object boundaries. Compared to a global cost
function the locally adapted and feature-specific costs represent a more suitable basis for the computation of live
wire paths. Utilizing the simple approach of equally spaced contour segments the number of needed seed points for
the interactive segmentation was reduced considerably. With the locally adapted and feature-specific partitioning of
the reference contour the segmentation process was even more simplified, the number of necessary seed points even
less (Fig. 6). The savings of interactively places seed points together with the better adapted live wire paths make
the user-steered segmentation more efficient and robust.

4. CONCLUSION AND FUTURE WORK

In this paper we presented an extension of the live wire algorithm for the semiautomatic segmentation of three-
dimensional objects in medical images. The combination of the live wire algorithm and shape-based interpolation
with subsequent optimization builds an effective and accurate segmentation tool. The additional methods of local
cost computation, we presented in this paper, make the algorithm more robust and applicable to a larger variety of
objects and image modalities.

With the local cost computation, the required computation time as well as the interaction time was reduced. The
computational time was shortened because the number of pixels to consider was decreased considerably. The use of
locally adapted cost feature parameters improved the cost function and thus the live wire paths. As a result, the
number of interactively placed seed points and therefore the interaction time was reduced.

We applied the local restriction of cost computation to the optimization of automatically interpolated contours.
The speed-up of the automatic optimization step led to a better acceptance in the clinical routine. The utilization
of the locally adapted cost computation for the optimization is part of our ongoing work. For this approach different
methods are possible and part of our studies.

Another focus in our current work is laid on statistical methods for the partitioning of the reference contour
depending on the local cost feature properties. A test on all possible subdivisions of the contour would lead to the
optimal solution, but is too time-consuming. Thus the aim of our research is a fast method with nearly optimal
results. Additionally, we focus on the automatic determination of the number of contour segments that are used for
the locally adapted cost computation.
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Accurate Liver Segmentation with Live Wire
and Interpolation: Evaluation on 2000
Computed Tomographies

Andrea Schenk and Heinz-Otto Peitgen

Abstract—. For the planning of critical liver interventions, an
accurate liver segmentation approach is mandatory. Automatic
methods are not able to achieve the required accuracy reliably
for all datasets, Interactive but more time-consuming algorithms
can obtain better results. In this paper, we present a semi-
automatic approach of live wire and shape-based interpolation
with two additional semi-automatic modes for correction.

The methods were applied and retrospectively evaluated on
more than 2000 abdominal computed tomography data sets from
different scanners and hospitals worldwide. In the evaluation,
results from live wire and interpolation alone were compared
with the final corrected segmentation mask in terms of accuracy
and time requirements. An intra- and interobserver study on a
subset of data sets complements the evaluation.

Our results show that the initial approach of live wire and
interpolation is already highly accurate, with less than 1%
volume overlap error and less than 1 mm average surface
distance when comparing the final and initial segmentation
masks. The semi-automatic initial segmentation required about
15.5 minutes on average for the overall routine data and 11.9
minutes in the intraocbserver study. The control and correction
step took an average of 11.4 additional minutes.

The evaluation demonstrated that our semi-automatic
approach of live wire and shape-based interpolation results in
already accurate results and that the control and correction step
should be taken into account when comparing liver segmentation
approaches.

Index Terms—Computed Tomography, Liver, Segmentation,
Surgical Planning

[. INTRODUCTION

LIVER segmentation is the prerequisite for many clinical
applications such as the planning of hepatic surgery,
tumor load computation, and therapy monitoring [1], [2], [3]
The applications have different demands for accuracy, and the
clinical routine often limits the available interaction time.
Thus, dedicated image processing techniques or different
parameters for liver segmentation approaches are needed.

The challenges for good liver segmentation are manifold:

A. Schenk is with Fraunhofer MEVIS, Universitactsallee 29, 28359
Bremen, Germany (corresponding author: phone: +49 421 218 59279; fax:
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several other organs and structures with similar density values
are in the neighborhood of or adjacent to the liver, including
the heart, spleen, diaphragm, and pancreas. Furthermore, the
liver parenchyma often appears inhomogeneous in the images
due to liver diseases, such as cirrhosis, or can have technical
reasons, e.g., field inhomogeneities from magnetic resonance
(MR) imaging. Intrahepatic structures with different gray
values also hamper the segmentation process. Typical
examples include vessels enhanced by contrast agent,
hypointense bile ducts in computed tomography (CT) data,
and lesions with different appearances and locations. Whereas
the mentioned difficulties present problems for methods
focusing on gray values, the wide variability of the liver shape
prevents the general success of shape-based approaches. As
shown by the MICCALI liver segmentation challenge, the most
successful automatic liver segmentation methods are
combinations of both segmentation paradigms [4], [5], [6].

The remnant liver volume is one of the most important
criteria in the decision for a hepatic therapy. It can determine
resectability and is relevant when the optimal intervention
strategy is sought under different options, e.g., open
hepatectomy with different resection extent or minimally
invasive interventions such as thermal ablations.

When analyzing the results of liver segmentations, the
acceptable error must be determined. In the continued
MICCAI web contest, the results of the three best automatic
algorithms show mean volume overlap errors of the ten test
data sets between 6 % and 8.5 % and an average error of 24 %
over all algorithms (http://www.sliver07.org/). In the MICCALI
live contest, where the teams had to segment ten other data
sets within three hours, the results were even less convincing.
The three best automatic approaches showed volume overlap
errors between 8.4 % and 14.6 %, while the best interactive
approaches had error rates of 7.1% to 8.1 %. The standard
deviations of the three best methods were about 4 % for the
automatic segmentations and about 2.4 % for the interactive
segmentations with the latter showing better consistency
related to the direct user control [6].

A volume overlap error of 10% in a mean liver volume of
1500 ml accounts for about 150 ml of erroneously segmented
parenchyma. In cases of critical oncologic surgery, this
volume typically exceeds the limit of 5-10 %, at which time a
decision about resectability has to be made. Thus, for high-risk
surgery, we propose liver segmentation that is as exact as



possible.

The liver segmentation approach presented in this paper is
dedicated to achieving accurate liver contours in a short time.
Therefore, our method includes user knowledge from the
beginning, aids the required interaction, and enables the
immediate control and correction of results. We first introduce
our basic semi-automatic approach combining the live wire
algorithm and a shape-based interpolation method and
subsequently describe two additionally implemented
correction modes. The evaluation was performed on more than
2000 CT data sets to study volumes and times and compare
the basic approach of live wire and interpolation alone with
the final segmentation result. An inter- and intraobserver study
on ten data sets completes the evaluation. In the final section,
we will discuss the most important evaluation results, review
errors related to liver segmentation, and conclude with future
issues for the correction task in liver segmentation.

1. METHODS

The presented liver segmentation approach consists of three
basic modules: the interactive segmentation with the live wire
method, a contour interpolation algorithm, and the contour
correction methods. A preliminary version combining live
wire and interpolation was presented at the MICCAI [7]. The
three steps are typically processed in a sequential way, but
they can also be used in a free, user—defined order with
additional parameter adjustment and automated optimization,
see Fig. 1. In the following, each algorithm will be described.

Adjustment of
Cost Function
¥ | Parameters

‘ Shape-based Interpolation }:‘_ :
/ ——

4 Automated
Lwi SEQWEDEG_I‘D

ContourOptimization
‘ Contour Correction and Control ‘

,,_————__\
GT Segmentation

Fig. 1. Workflow of the Liver Segmentation. Typically, the initial live wire
contouring on a limited number of slices is followed by shape-based
interpolation and a final manual correction and control of contours
(continuous arrows). The user is free to use the optional methods of adapting
the cost function parameters, automated optimization of contours, or to use
more than a single iteration of live wire and interpolation (right boxes, dotted
arrows). The intermediate result (LWI Segmentation) represents the
segmentation after a straightforward workflow of live wire and one
interpolation step, while our ground truth (GT segmentation) is the final
result after all user interaction.
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A. Live Wire for Liver Segmentation

The live wire algorithm was introduced in 1992 [8], [9] and
is a user-steered segmentation method for two-dimensional
images based on the calculation of minimal cost paths by a
graph search method such as Dijkstra’s algorithm [10]. We
will shortly review the fundamental ideas of this method;
details can be found in Falcao [11].

The two-dimensional image is transformed into a directed,
weighted graph. Vertices of the graph represent image pixels,
while edges connecting neighboring pixels in two directions.
The edges are weighted with local cost functions. After
calculating the cost graph, the user starts segmenting by
setting a first seed point on the boundary and moving the
mouse or some other drawing device along the outline of the
object. Shortest paths — those with lowest accumulated costs —
from the seed to at least the current mouse position are
computed using Dijkstra’s algorithm. The live wire path snaps
to the boundary while the user moves the mouse over the
image. This is achieved by a real-time computation of the path
with lowest costs from the last seed point to the current mouse
position. A new seed point has to be set before the path starts
to deviate from the desired contour. New shortest paths are
computed from the new seed point, and the procedure is
repeated. A final closure leads to a controlled and piecewise
optimal segmentation result.

In our implementation, costs are computed for an 8-
neighborhood allowing for diagonal connections between
image pixels in contrast to the 4-neighborhood of the original
live wire algorithm. The costs for diagonal connections are
subdivided by their increased length to avoid discrimination of
straight pixel paths. The cost function is a weighted sum of
different gradient functions, the Laplacian function, and the
gray values at the object boundary. For every cost function, a
preset of mean and standard deviation defines a Gaussian-
distributed value weighting. In the case of our boundary
function, the parameters are defined separately for values
inside and outside the object and then combined [7].

One time-critical step during computation of shortest paths
is sorting the list of pixels with undetermined final path. By
restricting the local costs between two image pixels to integer
values with an upper bound of the maximal local costs, the
required time can be reduced significantly by using a so-called
bucket list for sorting [12]. Although the maximal cost value
under all paths is unknown, the length of this bucket list can
be limited. Because paths are considered in ascending costs
and the new maximum will be below the current cost plus the
maximum of local costs C, the bucket list can be implemented
as a cycle of length C. In this way, the computational time for
sorting can be reduced from O(n log n) to O(n), where n
represents the number of nodes in the graph, i.e., pixels in the
image. A similar approach was published by Stalling and
Hege [13] and later by Falcao [14].

In our implementation, the parameters of the cost function
can be directly set and changed by the user. Whereas the
relevance or weight of a single cost feature can be judged by
inspecting the respective cost image, the parameter values of
each single cost feature are difficult to determine. A learning
algorithm allows automatically identifying these values based



on the evaluation of one or more existing contours. The user
can define these contours either manually or as live wire paths.

For difficult image areas where no real liver boundary is
available or where the live wire algorithm snaps to the wrong
edges, parts of the contour can be drawn manually. For this
purpose, the user keeps the mouse pressed while following the
user-estimated organ boundary. Internally, all mouse positions
will be collected and combined to a polygon that is part of the
final contour. This mode avoids multiple mouse clicks of the
live wire approach and accelerates the definition of the
contour in areas where the liver boundary has to be estimated
by the user.

Our live wire algorithm with shape-based interpolation is
implemented as a module in the research and development
platform MeVisLab, and the basic tool is available in the free
version (http://www.mevislab.de).

B. Shape-based Interpolation and Automated Generation of
new Live Wire Contours

Interpolation techniques are widely used in medical image
processing, for tasks such as resampling, registration, and
visualization. These techniques can be divided into two broad
categories: scene-based and object-based interpolation.
Whereas scene-based techniques determine the interpolated
values directly from the intensities of the given image, object-
based interpolation uses additional information about the
objects in the image. The shape-based interpolation
algorithm in our approach is an object-based interpolation
method that interpolates between binary images of a three-
dimensional data set [15].

The shape-based interpolation algorithm we use for contour
interpolations consists of the following steps. First, a binary
scene is generated from a given object contour. Subsequently,
the distance to this boundary is mapped onto a new gray-level
scene with positive distance values inside and negative
distance values outside the object. In the third step, the
distance images are interpolated with a conventional gray-
level interpolation technique such as linear interpolation. The
interpolated gray-level scenes are converted back to a binary
contour image by identifying the zero crossings.

To compute the distance transformation, a version of the
city-block distance is often employed [15]. We implemented
two consecutive chamfering processes realized with 3x3-
kernel operations [16], [17]. This chamfering method leads to
more accurate results because this transformation is a better
approximation of the Euclidean distance [17].

After the shape-based interpolation, the zero-crossings of
the interpolated distance images define the boundary points of
the new contours. To arrange these points into the correct
order and to identify single contours, we developed a
dedicated path search algorithm [7].

C.  Automatic Optimization and Manual Correction Modes

Shape-based interpolation is based solely on the geometry
of contours and takes no image information into account.
Therefore, interpolated contours may not fit to the desired
organ boundary in all image slices. To correct these contours
automatically or with the help of the user, an optimization step
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was developed [7].

The underlying idea was to adapt the new contours by
employing the live wire algorithm and to recalculate contour
segments as optimal cost paths between the seed points. Our
method copies the seed points from the two adjacent user-
defined contours onto the interpolated contour. For every user-
defined seed point, the nearest point on the contour path is
determined. If two points are closer than a given minimal
distance, they are merged into one central seed point. The use
of the user-defined seeds instead of equally distributed seeds
along the interpolated contour, for instance, is reasonable,
because these points represent the knowledge of the user and
were defined in regions of high curvature or weak edges.

After seed point creation, the live wire algorithm is started
for each seed point to determine the minimal-cost path to the
next seed point. Live wire segments are computed
automatically, leading in an iterative fashion to new optimized
contours.

Two modes of manual contour correction are offered in our
implementation. The first mode is based on the live wire
paradigm; the second is an intuitive form of manual contour
correction,

With the live wire mode, seed points can be added to a
contour, moved to a different position, or removed. All
affected contour paths are updated by computing them as live
wire paths between the adjacent seed points in real-time. The
whole contour can be updated in an automated way, where all
contour paths between seed points can be recomputed after
interpolation or after a change of the cost function.

In manual correction mode, the user can draw a boundary
line across the existing contour. The two outer intersecting
points of the new line with an existing contour are determined.
The new boundary between the intersecting points replaces the
shorter part of the old contour between these points. An
additional bow outside the object is added to the object, and a
shortcut line inside the object decreases the segmented region.
This intuitive method reflects the user expectations.

D. Type of Image Data

Most image analysis approaches are dedicated to contrast-
enhanced CT data utilizing the portal venous or venous phase.
Few approaches have been developed for magnetic resonance
(MR) data in recent years [18], [19].

Our algorithm can be applied to data from both imaging
modalities, but computed tomography images are favored due
to their higher spatial resolution. Resolution and slice
thickness have shown to be important factors for several
aspects of surgical planning, such as the detection of small
arteries and bile ducts as well as the accurate segmentation of
tumors. Therefore, we will present the evaluation of our
approach on abdominal CT data sets.

[11. DATA

Qur approach has been used for liver segmentation in



research projects and for a commercial surgical planning
service. For 2082 data sets available from different research
projects from 2004 to 2011, we retrospectively evaluated the
segmentation results in terms of volumes and time
requirements. When intermediate results were available, we
compared the segmentation based on live wire and shape-
based interpolation (LWI segmentation) with the final or
ground truth segmentation (GT segmentation).

The data sets were acquired on different scanners and sent
from different hospitals worldwide. In most cases, the images
were analyzed to plan tumor resections and living donor liver
transplantations (LDLT), but the data also includes
regenerating livers after surgery. These organs, as well as the
livers for LDLT planning, are lesion-free organs (n=1059,
50.9 %) that are healthy in most cases. The lesion cases
include livers with metastases, hepatocellular carcinomas,
cholangiocarcinomas, and other malignant or benign tumors
(n=1023, 49.1 %).
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Fig. 2. Resolution of evaluation data in terms of slice thickness.
The majority of cases are high-resolution images with a slice thickness of
1.0 mm or less.

The liver was typically segmented on the portal venous or
venous phase of contrast-enhanced CT image series. Data sets
used for evaluation were images with a slice thickness of
3.0 mm or less. Of all images, only 190 cases (9.1 %) show a
slice thickness of more than 2.0 mm. The images of 452 data
sets (21.7 %) are between 1.0 mm and 2.0 mm thick, whereas
the majority of images, 1440 cases (69.2%), are high-
resolution data sets with a slice thickness of 1.0 mm and less.
Mean slice thickness for all images was 1.16 mm (standard
deviation 0.46 mm; min 0.4 mm; max 3.0 mm), with a mean
in-plane resolution of 0.69 mm (dev 0.11 mm; min 0.33 mm;
max 1.76 mm). The distribution of the slice thickness for the
evaluation data is given in Fig. 2. The number of image slices
that include the organ and on which the segmentation had to
be performed is related to the slice thickness. In our study
data, the average liver spanned 161 axial image slices
(18.7 ¢m).

IV. EVALUATION

The data sets were analyzed by radiological technical
assistants and other radiological or technical experts with
more than 5 years experience in abdominal image analysis.
The results were verified by a physician or second expert and
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corrected until consensus was achieved. The liver
segmentation was performed with the methods described
above. Liver lesions were included in the segmentation mask,
but extrahepatic vessels such as the vena cava and the hilar
parts of the portal vein are not part of the organ mask. Because
the order of live wire, interpolation, and correction was not
restricted, users could repeat interpolation, change the cost
function, or correct contours between the other steps. Only
data sets with a sequential order of live wire, interpolation,
and subsequent correction allow for a comparison of the initial
results of live wire and interpolation and the final
segmentation after correction. The intermediate segmentation
results, the LWI segmentations, were available for a subgroup
of 1516 cases. The final liver segmentation, regarded as our
ground truth (GT segmentation), was compared to the result of
the LWI segmentation.

The evaluation of the required overall segmentation time
was possible for a subgroup of 1606 data sets due to later
implementation for time logging. Time comparisons between
LWI and GT were available when the user applied the
sequential order of segmentation steps and when the time for
the intermediate result was available (implemented recently,
n=329 data sets).

To assess the typical error magnitude between different
users and repeated segmentations of the same user, we
performed an additional inter- and intraobserver study on a
subset of 10 datasets, consisting of 5 lesion-free organs and 5
livers with lesions.

A. Volumetric and Surface Distance Evaluation

To compare the results of GT and LWI segmentation, the
volumes of these segmentations were computed as Vgr and
Viwr. The differences of the segmentation results were
measured by different metrics:

¢ VOE [%], the volume overlap error defined as
Var 0 Vi )-100 . (2)

or - LWl
e RVD [%], the relative absolute volume difference:

VOE = (1.0 -

v Vor 100, (3)

RVD = "Gt
aT

e ASD |mm]|, the average symmetric surface distance,
defined as the average of the absolute distances between
border voxels of the two segmentation masks. For each
border voxel, defined as a voxel with at least one
background voxel in an 18-neighborhood, the minimum
of all Euclidean distances to the border voxels of the
other segmentation mask is computed. The ASD is
computed as the average of all absolute distance values.

e RMS [mm], the root-mean-square symmetric surface
distance. This measure is similar to the previous



measure, but stores the squared distances between the
two sets of border voxels. After averaging the squared
values, the root is extracted to give the symmetric RMS
surface distance.

e MSD [mm], the maximum symmetric surface distance, is
defined as the RMS, but instead of the average, the
maximum of all voxel distances is computed.

The metrics given above have been used in the MICCAI
liver segmentation challenge [6] and allow for comparisons
with other methods.

B. Time Evaluation

The overall time for segmentation, control, and correction
of results was documented for 1606 cases. Times were
evaluated for lesion-free organs and livers including lesions
separately. For a subset of images, the intermediate
segmentation mask and the time required for this first step of
live wire and interpolation was available (n=329). These times
will be compared to the overall segmentation time.

The times were recorded during routine surgical analysis
procedures and are sometimes interrupted by colleagues, lunch
breaks, or other events. To control these breaks, the time
recording was stopped automatically when the images slice
did not change or when the mouse was not moved for more
than 20 seconds and was restarted with renewed user
interaction. The pause time was then subtracted from the
overall time. Idle times below the limit of 20 seconds were not
taken into account and may increase the overall segmentation
times to a limited extent.

C. Inter- and Intraobserver Evaluation

Two experienced users segmented the livers of 10 data sets
twice with an interval of at least two weeks between the
segmentations. The 10 data sets include 5 lesion-free livers
and 5 livers with tumors randomly selected from the
evaluation data.

The users were told to segment using live wire,
interpolation, and correction, in that order, to enable the
comparison of not only the final segmentations but also the
LWI segmentations. Evaluations were performed in terms of
volumes, distances, and time requirements.

V. RESULTS

A. Volumetric and Surface Distance Evaluation

The mean liver volume of all segmented organs was 1.50 1
with a standard deviation of 0.511. Livers including lesions
are generally larger than the lesion-free organs (1.651 versus
1.351) due to the additional tumor volume load. The number
of organs with a volume above 21 is also much higher in the
lesion-liver group. Details of the organ volume distribution for
the two groups are given in Fig. 3.
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Fig. 3. Distribution of liver volumes in the evaluation data of 2082 data sets.
In the upper diagram, volumes of organs without lesions, e.g., from live liver
donors or regeneration studies, are shown (n= 1059). The lower diagram with
the volume distribution of livers including lesions, e.g., metastases or
primary liver tumors (n=1023) illustrates that this group includes a high
number of large organs. The increased volume is related to the additional
tumor volume load in these organs.

The comparison of the final ground truth segmentation and
the initial live wire segmentation including interpolation
showed relative small differences (Tables T and II). The
absolute volume deviation was 0.33% (5ml) of the GT
volume, and the mean volume overlap error accounts for less
than 1% of GT liver volume. The mean surface distance was
below 0.2 mm on average of all absolute distances (ASD) and
below 10 mm for the maximal distance. The maximal surface
distance found in all data sets between the LWI and the GT
liver mask was 47mm. Volume differences and surface
distance were smaller for the lesion-free organs than for livers
with lesions (Table I).

TABLEIL
COMPARISON LWI AND GT SEGMENTATION: ERROR MEASURES
VOE RVD ASD RMS MSD
[%0] %] |mm] [mm] [mm]
All Livers
(n=1516)
Mean 0.77 033 0.18 0.66 9.67
Std Deviation 0.94 0.60 0.31 0.86 6.70
Lesion-free
Livers (n=7306)
Mean 0.62 0.25 0.14 0.58 9.10
Std Deviation 0.74 0.45 0.27 0.82 6.69
Lesion Livers
(n=780)
Mean 0.92 0.40 0.21 0.74 10.22
Std Deviation 1.09 0.71 0.35 0.90 6.66




B. Time Evaluation

The overall time for liver segmentation including the control
and correction step averaged 24.7 minutes with 23.9 minutes
for lesion-free organs and 26.6 minutes for organs with lesions
(Table IIT). The values for livers for which LWI segmentation
and time information was available were slightly higher (27.3,
26.0 and 27.8 minutes, see Table II). The reason may be the
increased number of segmented and controlled image slices
related to the decreased slice thickness for the subgroup of this
more recent data. The slice thickness was 1.13 mm for the
livers in Table II versus 1.16 mm for the organs in Table III.

The comparison of times required for the initial LWI
segmentation and the final GT segmentation is given in Table
II. For all livers, the LWI segmentation was completed in an
average of 15.5 minutes, while the control and correction step
accounted for additional 11.8 minutes or 43.2 % of the overall
segmentation time. The initial LWI] segmentation was 1.6
minutes faster for lesion-free livers, which were also generally

higher for the lesion-free organs, corresponding to the larger
organ size in this study data.

The overall segmentation time was shorter than in the
global study (Table IV). This effect may be related to the fact
that these livers are on average smaller, or the users may have
segmented the organs in this dedicated sub-study faster than
during routine analysis.

Intraobserver deviations were in the magnitude of 2.8 % of
liver volume, 0.5 mm in average surface distance, and 9.4 mm
in maximal surface distance. Interobserver deviations were
larger but still below 4% of liver volume, below 0.5 mm
average surface distance, and about 10 mm maximal surface
distance. Further volume and surface distance measures of the
intra- and interobserver comparison are given in Table V.

TABLEIV
INTRA- AND INTEROBSERVER EVALUATION: LIVER VOLUMES AND
SEGMENTATION TIMES

. . All Livers Lesion-free Lesion Livers
smaller (1350 ml versus 155§ ml in this sub-study’, see‘ Tab}e (n=10) Livers (n=5) (n=5)
IF). The cpntrol and correction step was almost identical in Volume [ml]
time requirements for the two liver groups (11.7 and 11.9 Mean 1411 1517 1304
minutes). The standard deviation in all time measurements Std Deviation 251 173 288
was higher for organs with lesions. IO"_WI”" Time

min
Mean 18.4 19.3 16.3
TABLE 11 Std Deviation 4.4 5.9 6.3
COMPARISON BETWEEN LWI AND GT SEGMENTATION: LWI Time
VOLUMES AND TIME REQUIREMENTS |min]
All Livers Lesion-free Lesion Mean e ]?] 9 12‘93 10‘98
(n=329) Livers (n=84) | Livers (n=245) Std Deviation 3.6 3. 4
GT LWI GT LWI GT LWI
TABLE V
Volume [ml] INTRA= AND INTEROBSERVER EVALUATION: VOLUME AND SURFACE
Mean 1504 1499 1350 1346 1556 1552 DEVIATIONS
Std Deviation | 512 | 512 | 345 | 344 | 550 | 549 YOE T RVD | ASD RMS | MSD
Time [min] [%] [%] [mm)] [mm] [mm]
Mean 273 15.5 26.0 143 27.8 15.9 -
Std Deviation | 143 | 94 | 120 | 79 14.9 9.8 ?“ llg]vers
=
Intraobs Mean 2.81 0.74 0.44 0.76 9.43
TABLEIII lntelrobs Mean 3.30 1.00 0.53 0.95 13.49
LIVER VOLUMES AND OVERALL SEGMENTATION TIME Lesion-free
FOR GT SEGMENTATION Livers (n=5)
Intraobs Mean 3.25 I.15 0.49 0.84 10.42
All Livers Lesion-free Lesion Livers Interobs Mean | 3.81 1.39 0.60 1.07 14.18
Livers Liver incl.
Volume [ml| (n=2082) (n=1059) (n=1023) Lesions (n=5)
Mean 1499 1356 1647 Intraobs Mean | 2.37 0.33 0.40 0.69 8.44
Std Deviation 505 337 398 Interobs Mean | 2.78 0.61 0.47 0.83 12.80
Time [min| (n=1606) (n=873) (n=733)
Mean 247 239 26.6
Std Deviation 13.5 11.5 15.4

C. Inter- and Intraobserver Variability

The ten data sets for this sub-study were selected randomly.
Differences in the mean organ volumes can be found by
comparing the data to the global study data. In the sub-study,
the mean liver volume of all organs is smaller than in the
global study, and the lesion-free livers are larger than the
organs with lesion. This contradicts the trend in the global
study (Tables 11l and 1V). The segmentation times were also
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VI. DISCUSSION

We presented an interactive segmentation approach based
on live wire and shape-based interpolation. Algorithms and
subsequent correction were used for accurate liver
segmentation in high-resolution data and evaluated on more
than 2000 CT data sets. The segmentation time required for
the initial LWI algorithm was about 15 minutes, whereas
additional 12 minutes were spent for control and correction of
results. Remarkably, the intermediate liver mask was corrected
for less than 1% of liver volume, and the average surface



distance between initial and final segmentation averaged less
than 0.2 mm over all data sets. These differences show that the
initial LWI segmentations were already very accurate,
especially when compared to automatic approaches and their
typical differences to the ground truth segmentation. Here,
volume overlap errors in the magnitude of 10% are common,
and an error of 6 -7 % represents a very good result, even for
interactive approaches [6].

One point of criticism in our evaluation may be that both
the initial algorithm and one of the correction modes use the
same segmentation approach of live wire and may cause the
small deviations, but only about 20 % of image slices were
interactively segmented with live wire while 80% of liver
images held interpolated contours. Furthermore, the second
correction method allows for a freechand mode independent of
live wire. Other evaluations including more than 10 ground
truth data sets also do not use manually drawn contours,
instead using the segmentation results of semiautomatic
approaches followed by manual correction. The most popular
example is the MICCAI challenge, for which the ground truth
livers were based on a slice-wise intensity-based region

growing followed by expert corrections [20]. The results of
our approach, the “Mevis liver segmentations™ have also been
used by other groups as ground truth segmentation in their
evaluation [21], [22].

Comparing the segmentation times of lesion-free livers and
organs with lesions, the segmentation time of lesion-free livers
was about 10% faster than in the other group. The main cause
is the smaller size of those organs and the fewer slices that
have to be segmented. This corresponds to the intraobserver
study data with larger lesion-free livers resulting in a higher
time demand compared to organs with lesions. Another reason
may be the location of lesions at the liver surface, leading to
different gradient and boundary values than typically used for
liver segmentation. As a consequence, the live wire path does
not always snap to the aimed outline, and a more time-
consuming interaction with an increased number of live wire
seeds or an intermediate manual contouring may be necessary.
Compared to automatic approaches, lesions at the organ
surface or in liver regions with lower enhancement do not
influence our user-steered approach greatly. For automatic
algorithms, those data sets are highly challenging and often

Fig. 4. Examples of liver data sets that are challenging for automatic segmentation approaches (original data left, boundary of liver segmentation
right, red). Top: Liver with several metastases and a cystic lesion (central); the tumor mass enlarges the liver and shifts the left lobe to the right body
cavity. Buttom: The data shows a cirrhotic liver with a hepatocellular cancer (primary liver tumor) in low-contrast enhanced and noisy data. The
organ extends to the left body part and touches the spleen, an organ with similar density as the liver.
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lead to complete segmentation failure.

When discussing the errors in liver segmentation and how
they could be corrected for clinical applicability, three
questions arise:

1) What is an acceptable segmentation error?

2) How can the segmentation error be measured to reflect

the required correction effort?

3) What correction methods are appropriate to correct

certain types of errors?

The acceptable error for liver segmentation depends on the
clinical application. As a first volume estimation for all
potential donors in LDLT or for the preparation of a tumor
resection with enough remaining tissue, the exact liver volume
may be of minor importance and allow for errors in the
magnitude of 10% of liver volume or more. In high-risk
surgery planning cases, the segmentation error should be as
small as possible. Our strategy to achieve an accurate result is
also based on the fact that several other error sources
accompany the way from CT-based liver segmentation to the
estimation of remaining liver function after a hepatic
intervention. Typically, the demand of organ tissue is
described and intraoperatively measured as weight. For
example, in living donor liver transplantation, the criteria of
minimal graft weight to recipient’s body weight ratio
(GRBWR) has to be fulfilled [23], [24]. For the GRBWR, the
preoperatively segmented liver volume value is typically
converted into an identical weight value, assuming a density
of 1.0 ml/g for liver tissue. In a study with 16 donors, Lemke
et al. found that the mean liver tissue density was
approximately 12 % higher than suspected and that substantial
interindividual variations of density occurred [25]. Animal
studies also showed that the volume of perfused livers (as in
CT data) was 13% and even up to 33% higher than the
volume of the non-perfused organs [26], [27]. Typically there
is no way to avoid the first error source of varying density
because a biopsy of liver tissue is not a standard procedure
before liver resections and gives only local information. The
second error of vascular volume is considered by subtracting a
fixed percentage of volume or by applying a simple linear
formula to compute the liver weight [26], [28]. Other error
sources are related to partial volume effects, changes of the
liver size caused by alimentary effects, varying liver volumes
in different CT phases, and difference between the virtual and
real resection when computing remnant liver volumes [25],
[29], [30].

If we conclude that an accurate liver segmentation is
desirable, how can the segmentation quality be measured?
Most evaluations, including our study, use the typical error
measures such as volume overlap and surface distances
between the results of the evaluated approach and existing
ground truth segmentations. Unfortunately, these error
measures can only partially determine how easy and fast
correcting those deviations would be. For example, a volume
error of 7% can be caused by a single leakage into a
neighboring organ and corrected easily with a sophisticated
3D correction tool. The neighboring organ can be roundish,
like the heart, which will lead to larger surface distances than

114

the leakage into parts of the intestine located near the liver
surface. The same volume error may also be caused by
diaphragm inclusion and multiple smaller metastases located
at the liver surface, which may require extensive and time-
consuming user interaction for correction. The difficulty in
deriving the correction effort from the error measures shows
that evaluation should include the correction of segmentation
errors as a final step. In our evaluation data, the users have
applied the correction modes even for small errors to achieve a
satisfying result. The time spent for this step was about 12
minutes. If we consider an inspection time of 1-2 seconds per
image slices, the control of all 2D images requires about 160-
320 seconds in a typical dataset of about 160 liver slices. The
remaining 6-9 minutes were still spent on the slice-based
correction. Most of our segmentation errors were small-to-
moderate deviations at the liver boundary, which are difficult
to correct automatically.

An alternative to error measures, or in studies where no
ground truth segmentation is available, may be a rating by
radiological experts, but this includes the risk of subjective
judgment [31]. Only a few groups worldwide have focused on
dedicated correction methods for segmentation in medical
data. In most cases, some kind of manual correction on 2D
images is applied, e.g., cutting or adding parts of the
segmentation mask by drawing an intersection line or curve at
the boundary [32]. The same type of manual correction is
applied in 3D, in most cases on the basis of deformable 3D
meshes [33], [34], [35]. A typical example of correcting the
segmentation result is presented by Silva, who modifies the
mask by removing and adding voxels in 3D by a spherical
brush with a user-defined radius [36]. However, 3D correction
tools are not intuitive, and these surface-based correction
methods can result in strange modifications, as shown in the
same paper. Another recent approach has been developed by
Heckel based on user-defined correct boundary paths in one
image slice, live-wire extrapolation on neighbored slices, and
morphological postprocessing [37]. However, in the area
where automatic approaches fail and corrections are
necessary, the boundary information often is low and, thus, is
challenging for image-based approaches, especially when
those are applied to low-contrast or noisy images (example
images are given in Fig. 4)

In summary, the liver is a challenging organ to segment,
and a correction step is necessary to achieve an accurate liver
shape in many data sets. Control and correction takes time,
especially when it has to be performed on a large number of
image slices. Therefore, directly using an interactive user-
controlled approach from the first segmentation step is a
consequent conclusion for reliable and accurate results. Tt also
prevents user frustration when automatic results differ
significantly from the expectations and cannot be corrected
easily.
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ILabMed-Workstation - Eine
Entwicklungsumgebung fiir radiologische
Anwendungen

A. Schenk, J. Breitenborn, D. Selle, T. Schindewolf, D. Bohm,
W. Spindler, H. Jiirgens, H.-O. Peitgen

MeVis - Centrum fiir Medizinische Diagnosesysteme und Visualisierung
Universitiatsallee 29, 28359 Bremen
Email: andrea.schenk@mevis.de

Zusammenfassung. Die ILabMed- Workstation ist eine Entwicklungs-
umgebung fiir die medizinische Bildverarbeitung. Basierend auf einer
groflen Anzahl an Bildverarbeitungsalgorithmen koénnen verschiedenste
radiologische Probleme gelost werden. Das System kann in einfacher
Weise um neue Algorithmen erweitert und die individuellen Problemls-
sungen kénnen mit einer Bedienoberfliche versehen werden. Dies wird in
der neu entwickelten Programmiersprache A PrIL durchgefiihrt, die durch
eine interpretierte Ausfihrung kurze Entwicklungszyklen ermoglicht.
Die ILabMed-Workstation wird am Centrum fiir Medizinische Diagnose-
systeme und Visualisierung zur Entwicklung von radiologischen Anwen-
dungsprojekten u.a. im Bereich der pridoperativen Planung der Leber-
chirurgie eingesetzt.

Schliisselworter: Entwicklungsumgebung, Computer Assisted Surgery,
Software Engineering, Gefiaflerkennung, Visualisierung

1 Einleitung

In den letzten Jahren hat der Einsatz der computerunterstiitzten Bildverar-
beitung in der Medizin eine immer gréfere Bedeutung erlangt. Gleichzeitig neh-
men die Komplexitét der Algorithmen und der Bedienungsaufwand zur Ldsung
der vielfiltigen medizinischen Fragestellungen zu.

Ein modulares Bildverarbeitungssystem, das Teilaufgaben in einzelnen Kom-
ponenten realisiert, die sich entsprechend der speziellen Problematik kombinieren
und erweitern lassen, stellt ein geeignetes flexibles Konzept zur Entwicklung
medizinischer Anwendungsprogramme dar. Dieses System bietet idealerweise
auch eine Moglichkeit zum Bau graphischer Benutzungsschnittstellen an, um
den Bedienkomfort zu erhohen und um Akzeptanzprobleme bei der Verwendung
im klinischen Alltag zu verringern.

Die ILabMed- Workstation ist ein Bildverarbeitungssystem, das dieses Kon-
zept realisiert und den Entwicklungsprozefl, angefangen von der Programmierung
neuer Bildverarbeitungsalgorithmen {iber deren Verkniipfung mit weiteren soge-
nannten Operatoren in Bildverarbeitungsnetzwerken bis hin zur Erstellung von
leicht bedienbaren Benutzungsoberflichen, unterstiitzt.
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2 Die ILabMed-Workstation

Die Basisplattform der ILabMed-Workstation wird seit 1993 am Centrum fiir
Medizinische Diagnosesysteme und Visualisierung auf Silicon Graphics Worksta-
tions entwickelt, und eine erste Version wurde 1995 auf dem 3. Freiburger Work-
shop vorgestellt [1]. Seitdem ist das System kontinuierlich weitergefiihrt und
verbessert worden. Im folgenden werden die bisherigen Komponenten zusam-
mengefaflt und die neuesten Entwicklungen présentiert.

2.1 Die Systemkomponenten

Die ILabMed-Workstation stellt mehr als 200 Bildverarbeitungsalgorithmen,
Datei-Operationen und Visualisierungswerkzeuge zur Verfiigung. Diese lassen
sich innerhalb einer graphischen Oberfliche interaktiv zu Bildverarbeitungsnetz-
werken verkniipfen.

Abb. 1. Ein Bildverarbeitungsnetzwerk mit Operatoren und deren Schnittstellen
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Weitere problemspezifische Algorithmen lassen sich innerhalb der Entwick-
lungsumgebung mit der neu entwickelten Programmiersprache APrIL oder auch
in C++ implementieren und integrieren.

Bei komplexen Problemen enthalten die Bildverarbeitungsnetzwerke eine
grofie Anzahl an Operatoren, deren eigene vielfiltige Parameter auf separaten
Benutzungsschnittstellen kontrolliert werden. Dies kann die Bedienung aufwendig
machen und erfordert neben der Kenntnis des Datenflusses auch die Ubersicht
tiber die Lage der Bedienfelder (Abb. 1).

Innerhalb der ILabMed-Workstation kann diese Komplexitit reduziert wer-
den, indem in der Programmiersprache APrIL ein einziges Benutzungsinter-
face implementiert wird. Dazu kénnen sowohl die schon vorhandenen Bedien-
elemente der benutzten Operatoren kopiert als auch neue Oberflichenelemente
hinzugefiigt werden. Auf diese Weise konnen zahlreiche Parameter vorbelegt wer-
den und erscheinen ebenso wie andere nicht benétigte Bedienfelder nicht mehr
auf der dann tibersichtlichen und benutzerfreundlichen Oberfliche (Abb. 2).

Abb. 2. Benutzerfreundliche Bedienoberfliche zum Netzwerk von Abb. 1
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Eine zusétzliche Hilfestellung und Fiihrung durch die Applikation erlaubt
ein HTML-Browser. In diesem Fenster konnen sowohl Hilfetexte angezeigt als
auch einzelne oder komplexe Bedienschritte iiber HTML-Links ausgelést wer-
den. Damit ergibt sich die Moglichkeit, die Applikation um ein interaktives
Demonstrations- bzw. Lernprogramm zu erweitern.

Soll speziell eine grofiere, aus mehreren sequentiellen Arbeitsschritten beste-
hende Applikation aufgebaut werden, 18t sich auch der Workflow mit Hilfe von
APrIL steuern. Dies ermoglicht eine genaue Kontrolle des Datenflusses und einen
besseren Anwendungskomfort.

2.2 Die Programmiersprache APrIL

Eines der Hauptwerkzeuge der ILabMed-Workstation ist die neu entwickelte, ob-
jektorientierte Programmiersprache APrIL (Application Programming Interface
Language). Sie stellt mit ihrer C++ dhnlichen Syntax und zahlreichen an den
Applikationsbau angepafiten Methoden ein schnell erlernbares und méchtiges
Hilfsmittel zur Implementierung von Bildverarbeitungsalgorithmen und zur Er-
stellung von graphischen Benutzungsschnittstellen dar. Durch die Ausfiihrung
des APrIL-Codes in einem interpretierten Modus reduziert sich die benotigte
Zeit der Entwicklungszyklen. Innerhalb der ILabMed-Workstation wird dieser
Modus durch die automatische Generierung von C++ Sourcen, Header- und
Makefiles ergénzt und ermdéglicht so die abschliefende Kompilierung. Alternativ
kann die Implementierung auch direkt in C++ erfolgen.

3 Das Anwendungsbeispiel HepaVision

Hepa Vision ist ein komplexes Anwendungssystem zur prioperativen Planung in
der Leberchirurgie. Es beruht auf Algorithmen, die im Centrum fiir Medizinische
Diagnosesysteme und Visualisierung entwickelt wurden [2, 3] und beinhaltet alle
Schritte, die zur Segmenteinteilung der Leber und zur Volumetrie von Leber und
Tumoren notig sind.

Im einzelnen sind dies die Komponenten

Datei-Import Laden von Daten iiber eine DICOM-Schnittstelle
und Einlesen von ACR-Nema, Tiff und anderen
Dateiformaten

Region of Interest Ansicht der Daten in drei Raumrichtungen und
Auswahl einer ROI

Segmentierung Halbautomatische Segmentation von Objekten im
zwei- oder dreidimensionalen Datensatz
Volumetrie Berechnung der Volumina von Leber und Tumoren

mit Hilfe der Wasserscheidentransformation [4]
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GefiaBanalyse Auf Skelettierung beruhende Auswertung des
Gefifsystems der Leber

Segmenteinteilung Modellbasierte Bestimmung der Lebersegmente und
deren farbliche Markierung

Visualisierung Objektbasierende Graphik mit 3D-Rendering und
Surface-Shaded-Displays.

Realisiert wurde die Applikation innerhalb der ILabMed-Workstation durch
mehrere Bildverarbeitungsnetzwerke und eine in APrlL programmierte Benut-
zungsschnittstelle. Ebenfalls in APrIL wurde der die einzelnen Teilschritte ver-
bindende Workflow umgesetzt, der u.a. die automatische Weitergabe von Infor-
mationen des aktuellen Datensatzes moglich macht.

4 Zusammenfassung

Die ILabMed-Workstation ermdglicht nur mit Kenntnis der C++ &hnlichen
Programmiersprache APrIL eine schnelle Entwicklung von neuen Bildverarbei-
tungsalgorithmen und Benutzungsschnittstellen fir Applikationsprototypen. Mit
diesen neuen Tools und der Bildverarbeitungsbasis, die die ILabMed-Workstation
bietet, lassen sich auch sehr spezielle radiologische Fragestellungen bearbeiten
und erfiillen somit den Wunsch nach einem umfassenden Werkzeug fiir die medi-
zinische Bildverarbeitung.
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ABSTRACT

Minimally invasive liver interventions demand a lot of experience due to the limited access to the field of operation.
In particular, the correct placement of the trocar and the navigation within the patient’s body are hampered. In
this work, we present an intraoperative augmented reality system (TARS) that directly projects preoperatively
planned information and structures extracted from CT data, onto the real laparoscopic video images. Our system
consists of a preoperative planning tool for liver surgery and an intraoperative real time visualization component.
The planning software takes into account the individual anatomy of the intrahepatic vessels and determines the
vascular territories. Methods for fast segmentation of the liver parenchyma, of the intrahepatic vessels and of
liver lesions are provided. In addition, very efficient algorithms for skeletonization and vascular analysis allowing
the approximation of patient-individual liver vascular territories are included. The intraoperative visualization is
based on a standard graphics adapter for hardware accelerated high performance direct volume rendering. The
preoperative CT data is rigidly registered to the patient position by the use of fiducials that are attached to
the patient’s body, and anatomical landmarks in combination with an electro-magnetic navigation system. Our
system was evaluated in vivo during a minimally invasive intervention simulation in a swine under anesthesia.

Keywords: Registration, image-guided surgery, direct volume rendering, hardware acceleration, computer as-
sisted surgery

1. INTRODUCTION

The vascular anatomy, in particular the branching patterns of vasculature determines therapeutic decisions and
the realization of therapy in the operating room. Therefore, vascular analysis based on volumetric datasets
becomes more and more important.

Especially for oncologic resections in liver surgery, the spatial location of tumors and their relation to the main
hepatic vessels and the parenchyma is essential. According to the complex anatomy of the liver, preoperative
therapy planning and the intervention in the operation room demand a lot of practice to the surgeon. The
introduction of a liver planning tool can assist the physician immensely, providing patient-individual analysis and
visualization. Thus, it allows a 3D exploration of the patient’s liver anatomy, tumor and vascular measurements.
Additionally, the shape and the volume of vascular territories can be extracted, based on algorithms that take
into account the intrahepatic vascular anatomy.

Although preoperative planning tools for liver surgery can assist the surgeon in an efficient way, a drawback is
the lack of presence of planning data in the operation room during the intervention. Therefore, it is the surgeon’s
task to map the planning results on the intraoperative scene in mind. Especially in the context of minimally
invasive procedures, this mapping becomes more complex, since the whole operation field can only be visualized

Further author information: (Send correspondence to M. Scheuering)
Phone: +49.9131.8529923
E-mail: scheuering@cs.fau.de
Web: http://www9.informatik.uni-erlangen.de/Persons/Scheuering

127



by means of a camera-monitor system. Additionally, the tissue of interest is only accessible via small surgical
tools and depth information is completely lost.

A possible assistance for such intervention schemes is provided by augmented reality systems (ARS) that allow
the projection of 3D information onto the real laparoscopic video streams, which can ease the navigation within
the patient’s body immensely. Additionally, the provision of preplanned 3D information into the surgeon’s view
allows to directly make use of the patient-individual liver analysis, which increases the available 3D information
of a patient at intervention time.

In our work, we present such an ARS in terms of an image overlay system that directly projects patient-
individual information, provided by HEPAVISION,! onto the real laparoscopic video images at real time frame
rates. While the surgeon moves the laparoscopic camera, the virtual view including the preplanned 3D informa-
tion, is adapted automatically.

This work is divided into the following sections. In Section 2 we give an overview of some previous work
that is similar to our approach. In Section 3, an overview of our preoperative planning tool for liver analysis
and its applied mechanisms and algorithms is presented. The rigid registration between the patient and the
visunalization system is explained in Section 4, whereas the necessary calibration steps such as lens distortion
correction is presented in Section 5. Since the visualization of the presented 3D data has to be performed at real
time frame rates, Section 6 introduces the techniques of our algorithms. Afterwards, some results are presented
in Section 7. Finally, in Section 8 the work is concluded.

2. PREVIOUS WORK

Image overlay systems often have been used in different medical applications. The first important use was in
neurosurgical interventions as proposed by Roberts et al.? Simple outlines or trajectories in one eyepiece have
been overlaid, extracted from the original CT volume. Other systems use standard flat panel liquid crystal
displays (LCD), whereas the visualization panel is tracked by an navigation system.®>  Alternatively, head-
mounted displays (HHMD) like the Varioscope System* are applied. For minimally invasive procedures, Fuchs et
al.’ developed an expensive 3D laparoscope, consisting of a projector for structured light for depth calculation of
the inner organs. The augmentation of the surgeon’s view is realized by the use of a tracked HMD. A complete
visualization platform for image overlay has been proposed by Shahidi ef al.,® including intraoperative navigation
of the surgical tools and OpenGL-based visualization for the image overlays, which is similar to our system. All
presented systems apply a rigid body registration in order to match the patient and the visualization system.

There are also systems for non-linear registration between the liver and the preoperative CT in order to
assist open liver surgery.” Here, the registration is performed by the introduction of Doppler ultrasound and
electro-magnetic navigation.

Although all mentioned techniques provide the possibility for image overlay or augmentation, there is a lack
of systems for minimally invasive liver interventions that merge the power of intraoperative augmented reality
and special purpose preoperative planning results.

3. PREOPERATIVE PLANNING

For therapies in liver tumor treatment, preoperative planning requires detailed knowledge about the patient’s
anatomy. The spatial relations between pathological and vital structures are essential for estimating the risks
of minimally invasive and surgical treatment. For conventional surgery, a resection proposal has to fully enclose
the tumors to be removed, whereas main branches of the vascular systems must be preserved. This guarantees
that the remaining functional part of the liver is sufficient for the patient’s survival. If a surgical resection proves
impossible as a result of either a tumors location or the patient’s constitution, the destruction of a tumor by
minimally invasive interventions or thermal ablations, such as laser-induced thermotherapy (LITT) or radio-
frequency ablation (RF), often is a viable alternative. However, profound planning is even more important for
minimally invasive therapies than in conventional surgery. On one hand, vascular territories have to be respected
as well, while on the other hand, there is a lack of visual control of the ongoing therapy due to limitations of
intraoperative imaging. Moreover, minimally invasive strategies require planning of the instruments’ trajectories
to ensure that major vascular branches are not violated.
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The preoperative planning in this project is based on contrast enhanced CT data and consists of several
segmentation and image analysis steps:

e Segmentation of the liver
e Segmentation of liver tumors

e Segmentation of hepatic vessels

Structural analysis of hepatic artery, portal vein and hepatic veins

Calculation of vascular territories and risk analysis

These steps are all part of the software assistant HEPAVISION and described in detail in the following sub-
sections.

3.1. Liver Segmentation

The liver is neighbored to other anatomical structures with similar density values (heart, stomach). This causes
problems for fully-automatic segmentation approaches and is the reason why in most hospitals the liver bound-
aries are manually defined by contour tracing. As a compromise between unsuccesstull automatic and time-
consuming manual segmentation, we perform the definition of liver contours with a modified live-wire method,
a semi-automatic edge-oriented algorithm.®¥ With live-wire the user starts with selecting a first contour point
and moves a pointing device (for example a mouse) to roughly sketch the object’s contour. The algorithm relies
on a cost-function to calculate an optimal path between the start point and the current position of the pointing
device in real-time. The cost-function is a weighted sum considering the magnitude of the gradient, the direction
of the gradient and the laplacian zero-crossing. With this approach, a few user-defined contour points lead to a
piece-wise optimal user-steered segmentation.

The initial approach has been carefully refined in order to enhance 3D segmentation. For this purpose, we
combined live-wire with shape-based interpolation'? between interactively segmented contours and subsequent
optimization. This new approach computes the majority of the contours automatically and therefore reduces the
interaction effort.® ! Interactive modification of the interpolated contours, however, is still possible. With this
approach the user can steer the segmentation process and generate precise results in acceptable time.

3.2. Tumor Segmentation

The segmentation of a liver tumor from CT data requires different tools depending on the type of the lesion.
Therefore, more than one tool is offered for this image processing step. While the segmentation of metastasis
can be performed in most cases with a simple region-growing or a watershed algorithm, the extraction of hepato-
cellular carcinoma is more elaborate. For example, after chemoembolisation with Mitomycin and Lipiodol these
lesions appear in the data as inhomgenious, hyperdense regions. Here, a modified algorithm based on Fuzzy-
Connectedness'? 1% showed promising results. In cases where the automatic or semi-automatic approaches fails,
a live-wire or manual delineation tool can be used. For larger lesions, the interpolation method described in the
last subsection is applied. The segmentation of tumors at the boundary of the liver is simplified by restricting it
to the liver mask, allowing the user to draw the outer contours very roughly.

3.3. Vascular Segmentation

The segmentation of the intrahepatic vessels is a prerequisite for a subsequent geometrical and structural anal-
ysis. In a preprocessing step, filter functions for noise reduction (Gaussian, median filter) and for background
compensation (Laplace-like filters) are applied to the CT-data.'* As a result, intrahepatic vessels can be iden-
tified and delineated by use of a threshold-based region-growing method. Usually, region-growing segmentation
must be repeated with modified thresholds until an appropriate result is found. To accelerate this procedure, we
refined it to suggest a threshold automatically.'® The new algorithm works as follows.

Initially, a seed voxel is selected interactively in the portal vein at the liver hilum. Starting with this seed
voxel, the region-hased segmentation algorithm iteratively accumulates the 26 adjacent voxels with an intensity
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equal to or greater than the intensity @y, of the seed voxel and keeps them in a list L(fy.,). Using L(f.,) as new
seed voxels, all adjacent voxels with intensities greater or equal €., — 1 are collected in a list L(Gbcg —1). The
threshold is further decreased until a given threshold 6., is reached which creates only voxels L(f.,q) outside
the vascular systems. The automatic threshold selection is based on the observation that the number of voxels
N(#) is approximately linear decreasing for 8 = ,p;...0pey. At B, the slope changes considerably because
many voxels belonging to the liver tissue are collected for thresholds below 6,,,. A suggestion for @,,; can thus
be found by calculating an optimal fit of two straight lines for N(6). If the suggested threshold is not satisfying it
may be adjusted interactively. New segmentation results are displayed immediately using the voxel lists already
created.

3.4. Vascular Analysis

The segmentation result is a set of voxels representing the intrahepatic vascular systems. For surgery planning,
a further analysis of these voxels is required. This includes geometric measurements of the branches (radius,
length), the identification of individual vascular systems and the identification of the ramification pattern (e.g.
to determine the main portal subtrees supplying the liver segments).

Depending on the scanning protocol, usually two or more different vascular systems of the liver are enhanced
with contrast agent during the scan. Often the portal vein and hepatic veins are affected. Therefore, the scan
vields high-intensity voxels for both vascular systems. Due to the limited spatial resolution of the scanned
volume data, voxels of different vascular systems are often adjacent to each other such that they are segmented
as one object when in reality there is only proximity between the two. We analyze and separate such "forests” of
connected vascular systems automatically using graph theoretical methods. In a first step, the voxel-based shape
representation of the vessels is transformed into an abstract graph representation, utilizing "skeletonization”.'?
The skeleton representation enables a much easier access to the geometry of the branches and to structural
information (ramifications).

The separation of vascular systems is based on the model assumption that the cross section of a vascular
tree becomes smaller towards the periphery. If two adjacent branches of the vascular tree have strongly different
diameters and the branch with larger distance to the tree has the larger diameter then we have a candidate for
the separation of the vascular tree. If the automatic vessel separation does not succeed completely, interaction
facilities can be used to manually set the root of a vascular system or to identify touching points. The graph
representation of the vessels is also the basis for user interactions such as defining the hierarchical structure of
trees, subtrees and paths. Furthermore it allows to measure the radius, length or volume of branches. The main
branches of the portal vein were identified automatically by determining the 8 most voluminous subtrees, which
are assumed to supply the various vascular territories roughly corresponding to Couinaud'® liver segments.

3.5. Vascular Territories and Risk Analysis

For liver surgery, the knowledge of the shape and volume of the patient’s vascular territories is essential to
estimate the risk of different resection strategies. Due to the limited spatial resolution only the major branches
of the portal vein can be extracted. Referring to the liver, the problem can be described as follows: Assume
that L is the set of all voxels in the medical volume data representing the liver. Furthermore, let B C L denote
the set of voxels belonging to the extracted portal venous tree. B is the union of the main branches or subtrees
B; € B, i=1,...,n, which supply the portal venous territories. To determine the vascular territories, we have
to find a function which assigns to each liver voxel € L a territory with number ¢, provided it is supplied by the
branch B;.

The definition of a realistic function must reflect the probability, that the sprouts of the various incomplete
subtrees B; reach and supply a certain liver voxel. Measures for this 'reachability’ can be expressed by a
metric. A voxel then is assigned to that branch B;, which has the shortest distance with respect to a suitable
metric. The choice of a metric is difficulf since the blood supply is realized by complex branching structures,
whose formation process is not fully understood. After carefully evaluating two different metrics'” we chose the
Euclidean distance metric. With respect to the number of voxels assigned correctly, similar results were achieved
with both metrics. The Euclidean distance, however, is better suited for the requirements of the clinical routine
since it is computationally fast.
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Figure 1. Example images of HEPAVISION: (A) presents the portal vein and the hepatic artery of a patient’s liver. (B)
visualizes the portal vein and hepatic veins. (C) shows the vascular territories. (D) presents the portal vein, a large tumor
(dark) and the segments being not at risk by insufficient blood supply caused by the planned tumor resection. The dataset
(A)-(C) have been provided by the Lahey Clinic Boston and (D) by the Technical University of Munich, Radiology.

In patients with liver tumors a risk analysis is performed. Risk analysis includes the identification of vessels
within a safety margin around a tumor and the depending vessels in the periphery. Subsequently, the territory
which is supplied by all involved vessels is calculated. This area is highlighted in the visualization and its volume
(as absolute value and as percentage of the total liver volume is shown). The guantification and visualization
of the parenchyma at risk is a valuable support for the surgical decision about resectability. This procedure is
described in detail in,'®

3.6. Implementation

All necessary image processing steps are performed with TLAB4, a R&D platform for image processing and
visualization developed at MeVis. With ILAB4, modules, each representing an image processing task, are
combined graphically to create specialized networks that perform a well defined task. By means of a scripting
language a graphical user interface (GUI) can easily be composed. The user interface contains only a subset of
the control elements available in the underlying image processing modules. These control elements are carefully
chosen to reflect the most frequently needed parameters. Thus, the complexity of the underlying image processing
networks are hidden from the user. Also, the user is guided through all necessary processing steps by the GUIL

All segmentation results are managed by HEPAVISION. For this purpose, a data structure has been developed
which uses the syntax of the wide-spread XML-format (Extended Markup Language). By choosing XML it is
possible to import the results of the planning process into other tools. In each processing step the GUI consists
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of two large displays for image data and one region where the control elements are provided. The display regions
may be used to display 2D slice data as well a 3D visualization with the usual facilities to control (zoom and
rotate) the virtual camera. It is possible to superimpose the segmentation results to the original slice data.

3.7. Clinical Evaluation

In addition to the anatomical validation, our methods have been evaluated in the clinical environment for more
than 220 cases until now (at Medical School Hannover, at University Hospital Essen, at the Institute MITT in
Munich and others). The system is also used for living donor liver transplantations in the Lahey Clinic Boston
and the Kyoto University Hospital.

For the planning of liver resections in patients with liver tumors, the liver, tumors, arteries, portal vein and
hepatic veins were extracted from CT-data and visualized in 3D with our software assistant HEPAVISION. It
has been shown that these visualizations allow a suitable interactive planning of liver resections and improve the
preparation especially of complex liver resections.'” Surgeons at Medical School Hannover regularly use the 3D
reconstruction and volumetric analysis for the preoperative planning of living donor liver transplantations.?” 2!
The vascular anatomy is crucial in the evaluation of potential donors.

For the acceptance in a clinical setting, the time required to carry out the image analysis is important. Using
the feedback provided by the clinical partners, HEPAVISION has been improved significantly over the last four
vears and migrated from Silicon Graphics Hardware to Windows-based PCs. In this process, the graphical user
interface, the facilities to generate visualizations and animation sequences have been enhanced. With the current
version, preoperative planning takes an experienced user an hour on average for oncologic cases and 45 minutes
for planning of LRLT where tumor segmentation and risk analysis are not relevant. Some results are presented
in Figure 1.

4. REGISTRATION

In order to register the patient to the visualization system for generation of the video overlays, which will be
described in Section 6, we use plastic fiducial markers that are attached to the patient’s body and anatomical
landmarks. Since the fiducials have to be identified both on the patient’s surface and within the CT volume,
we use an electro-magnetic navigation system (Ascension” ™ miniBird 800, 6 degrees of freedom, with a 8mm x
Smm x 18mm sensor), but optical tracking (NDI™™ Polaris) would also be possible. For realization in the
operation room, the sensor of the navigation system is fixed to the laparoscopic camera for image guidance such
that a sterile plastic wrapping of the camera during the intervention is possible.

For registration purposes N pairs of points (p;am_,,.t,pET),i = 1...IV are collected. Then a rigid body regis-
tration by the use of the Singular Value Decomposition®? (SVD) is applied.

5. CALIBRATION

Modern video-based endoscopes or laparoscopes offer physicians a field of view that is wide angled which is
imperative for minimally invasive interventions. Unfortunately, this causes heavy lens distortion effects, mostly
of radial and tangential type. In order to guarantee correct video overlays, one has to calculate a projective
3D/2D mapping that maps 3D object points pLy,, defined in world coordinates, to 2D image points pi;,, which
are defined in the image plane of the camera (notation in homogenous coordinates):

3x4 4x4 e
péD =P TR 'P?D (1)

This requires the determination of a projective matrix PERS“, whose elements can be determined by standard
camera calibration routines.®® Object rotation and translation is considered by matrix TR In order to
apply OpenGL 3D renderings in an efficient way, lens distortion correction has to be considered. Therefore, we
implemented a fast hardware accelerated correction method, which divides a video image into N x M patches.
By means of 2D texture mapping, each texture coordinate t* is assigned a vertex coordinate v (Figure 2):

¢ = (2.9)" = F((a',y)7) = F(v") @)
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Figure 2. Lens distortion correction by the use of OpenGL hardware acceleration and 2D texture mapping.
The polynomial function F' is determined by camera calibration.?® For N = M = 32 patches we achieved high

image quality at real time frame rates. Finally, the tip transformation of the tracker’s sensor to the optical center
of the camera is calculated by a hand-eye calibration procedure.*!

6. VISUALIZATION

There is a variety of different visualization approaches for scalar volumes in many different applications. Since
we want to present 3D volumes, extracted from our preoperative planning tool, in a semitransparent manner in
order to enhance depth information, we only apply direct volurne rendering methods that immediately display the
voxel data. Although approaches like standard software raycasting® provide powerful visualization nowadays,
hardware accelerated texture-based techniques based on new graphics adapters have been successfully developed
for medical visualization.?6-2?

2D texture-based approaches allow direct volume rendering in terms of object-aligned slices. By changing
the viewing direction of more than 90 degrees, a new stack of slices has to be applied, blended in back-to-
front order and bilinear interpolation within the slices. The main drawback of such methods is the lack of
spatial interpolation. The standard in texture-based approaches in terms of image quality has been provided by
Cabral ef al.?® utilizing 3D textures and viewport-aligned slices, blended in back-to-front order. Hereby, trilinear
interpolation in hardware is responsible for filling in the slicing polygons. On changing the camera view, the
polygons have to be recalculated.

By the introduction of multi-texturing and a programmable mulli-stage rasterization hardware, 2D multi-
textures are superior to 3D textures in terms of frame performance.® Multi-texturing which is defined in recent
standard APIT releases like DirectX or OpenGL, provide the capability to assign one polygon to several textures
within the rendering-pipeline (Figure 3 (A)). In our approach, the resulting attributes of a single fragment (pixel
values of geometric primitives) such as color or opacity are determined, using programmable arithmetic operations
during rasterization. These operation schemes, such as the Register Combiners from NVIDIATM GeForce cards
or the Fragment Shaders from ATIT™ Radeon allow to completely bypass the standard texturing unit. In
combination with multi-textures, trilinear interpolation can be efficiently calculated in hardware (Figure 3 (B)).
If S; and S;4, are two volume slices then the intermediate slice S;;, can be calculated by

S;+u = (1 —a)'S-g+Ct"Si+1. (3)

Additionally, programmable multi-stage rasterization allows to introduce for example the Phong local illumi-
nation model or non-polygonal isosurfaces at high frame rates.?®2? Thus, this approach is the visualization
system of choice, since high image quality for tumors and vessels at interactive frame performance is requested
for image overlay. Additionally, stereo rendering is also applicable in conjunction with standard shutter glasses.
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Figure 3. Interpolation of an intermediate volume slice by multi-texturing techniques: A) shows the process of multi-
texturing by assigning one polygon several textures, B) intermediate slice interpolation in hardware.

7. RESULTS

Our system was evaluated in vivo during a simulated minimally invasive intervention in a swine. The medical
work flow was similar to a liver intervention, which is one possibility to get advantage from the ARS. In our case,
a routine abdominal CT of the swine was acquired using contrast agent for enhancement of the vessels. The
following preoperative analysis and planning was accomplished within less than one hour, using the techniques
presented in Section 3. The resulting anatomical information (liver, portal venous and hepatic venous trees,
vascular territories) was used for insertion of the Veress needle in order to generate the pneumoperitoneum
(Figure 4 (A)(B)(C)), for trocar placement, and for intraoperative navigation during intervention (Figure 4
(D)). The applied data volume was of dimension 512 x 512 x 90 with 3mm slice thickness at 25 fps (3D video
overlay by the use of the multi-texture-based direct volume rendering (Section 6) and lens distortion correction
(Section 5)). For rigid registration purposes (Section 4) only four fiducial landmarks are necessary in order
to achieve bmm of overlay accuracy. Since the system has been evaluated in a swine in vivo, the planning
procedure, especially the vascular segmentation and analysis was hampered by breathing artifacts during the
CT scan. Nevertheless, in real therapy work flows, this does not provide a problematic circumstance.

8. CONCLUSION

Using our high performance volume rendering system based on general purpose hardware, we are capable of
augmenting the surgeons laparoscopic view at real time frame rates. In combination with the preoperative liver
planning tool, which performs a dedicated liver vascular analysis, an intraoperative fusion of preplanned infor-
mation and real laparoscopic images is possible. Additionally, for visualization, all combinations of anatomical
structures or intervention plans are feasible, depending on the surgeons requests. Moreover, the system is also
applicable for many other intervention schemes such as radiofrequency (RF) ablation, percutaneous ethanol in-
jection therapy (PEIT) and hepatic or pancreatic resections. According to the registration error, arising from
the soft tissue movement of the liver, one can introduce a method for non-linear registration.” 3!
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Figure 4. Results of a minimally invasive intervention simulation in a swine: (A) Shows intrahepatic vessels and liver
segment overlay for Veress needle insertion. (B) Incision point of the Veress needle according to video overlays. (C)
Insertion of the Veress needle for generation of the pneumoperitoneum. (D) Video overlay of a laparoscopic liver image
with 3D renderings from our preplanning tool.
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6.3 Clinical Relevance of Model Based Computer-Assisted Diagnosis and
Therapy
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Keynote Paper

Clinical relevance of model based computer-assisted
diagnosis and therapy

Andrea Schenk*, Stephan Zidowitz, Holger Bourquain, Milo Hindennach, Christian Hansen,
Horst K. Hahn, Heinz-Otto Peitgen
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ABSTRACT

The ability to acquire and store radiological images digitally has made this data available to mathematical and scientific
methods. With the step from subjective interpretation to reproducible measurements and knowledge, it is also possible to
develop and apply models that give additional information which is not directly visible in the data. In this context, it is
important to know the characteristics and limitations of each model. Four characteristics assure the clinical relevance of
models for computer-assisted diagnosis and therapy: ability of patient individual adaptation, treatment of errors and
uncertainty, dynamic behavior, and in-depth evaluation. We demonstrate the development and clinical application of a
model in the context of liver surgery. Here, a model for intrahepatic vascular structures is combined with individual, but
in the degree of vascular details limited anatomical information from radiological images. As a result, the model allows
for a dedicated risk analysis and preoperative planning of oncologic resections as well as for living donor liver
transplantations. The clinical relevance of the method was approved in several evaluation studies of our medical partners
and more than 2900 complex surgical cases have been analyzed since 2002.

Keywords: Medical image computing, Models, Risk analysis, Computer-assisted diagnosis, Liver surgery

1. INTRODUCTION

The prerequisite of computer aided diagnosis is the silent digital revolution in image based medical diagnosis and
therapy. As a result we witness the major new historical phase in the development of radiology as field of science and
medicine. The early phase extends from the discovery of X-rays in 1895 to approximately the early 1970s. The second
phase begins with the introduction of CT and MRI and certainly continues. The third phase begins some time in the
middle 1990s is a on the onset of a complete digitization of all image based and image related processes and aims at
software assistants for diagnosis and therapy. Looking back at the first phase it appears almost miraculous at which pace
diagnostic breakthrough applications followed one another:

1896: first angiogram 1902:  first image of brain lesion
first dental image 1905:  first image of kidney
first image of in vivo heart 1910:  first contrast agent (Bariumsulfate)
first image of headan dpelvis 1923:  first image of gall bladder
first image of thorax 1929:  first heart catheter (Fossmann)

1956:  Ultra sound

Let's remember that the development of the modern natural and engineering sciences beginning with the heroes such as
Galileo, Brahe, Kepler, and Newton have made their steps and jumps based on a critical advancement of measurements.
Historically from the point of view of the practitioners, radiology by and large has been an interpreting discipline in
which measurements in a controlled scientific manner did not have a place.

*andrea.schenk(@mevis.de; phone 49 421 218-7716; fax 49 421 218-2436; www.mevis-research.de

Medical Imaging 2008: Computer-Aided Diagnosis, edited by Maryellen L. Giger, Nico Karssemeijer
Proc. of SPIE Vol. 6915, 691502, (2008) - 1605-7422/08/$18 - doi: 10.1117/12.780270
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The complete digitization of all processes now permits us to introduce measurements in obvious and more subtle ways
based on image information. And already we witness that image acquisition aims both at providing images for human
interpretation and as well as information to be exploited for measurements. In some sense interpretation is replaced by
arguable and reproducible knowledge. CAD in the narrow sense but also computer assisted diagnosis in a broader sense
start right here and quite like the natural and engineering sciences have shown as in their progress modeling and models
become possible and necessary to fully exploit the given information or generate model based new information which
exceeds and extends the image information.

It is the position of this invited lecture that along this development we need to rethink the issues of clinical relevance of
our contributions and the impact that follows on how we manufacture and provide solutions in the domain of software
assistants. Here are our major points and concern that we believe should have a stronger emphasis and which be
addressed in our case study:

¢ Models and modeling in CAD will become increasingly important. Models require a patient individual fit. This
in turn requires at times innovative measurements.

e  What are the systematic and random errors and uncertainties which pollute the patient individual data and may
question the integrity of a model. How sensitive does a model react against the variability and errors in the data?
How does one monitor the gain or loss of the suitability of a model?

e Models have to be flexible and must allow for some user interaction and correction. For example extraordinary
pathologies may occur or intra-operative findings may be discovered which have to be adequately integrated.
Ideally, a model will indicate its limitations and monitor its own integrity.

e  Evaluation of models is a particular problem. Classically medicine is accustomed to rely on clinical studies. It
appears that here methodologies from the natural sciences have to introduced for supporting validity and
evidence, which may result in a cultural clash.

2. THE SENSITIVITY OF RISK

In our case study, we will discuss the risk analysis for tumor resections in the liver. An optimal resection in terms of
surgical technique is the so-called R0-resection that guarantees the complete excision of the lesion and a microscopically
tumor-free resection margin. On the other hand as much healthy parenchyma as possible should be preserved.
Considering the anatomy of the liver, we have to take into account vascular structures in the neighborhood of the tumor.
Removing the tumor together with the safety margin from the liver, local vascular structures have to be transected that
are supplying or draining a dedicated liver region and thus defining a territory at risk (Fig. 1).

Parenchyma at Risk
Lesion

% Margin (1.0 cm)

Local Vascular

Fig. 1 Schematic drawing of a lesion in the liver surrounded by local vessels. Together with a safety margin of lem (circle)
vessels have to be transected supplying a part of the liver (yellow), which will have an impaired inflow and are
therefore considered as the parenchyma at risk.

The risk distribution can be considered as a function of the vascular systems and the two parameters tumor location and
safety margin. Regarding an individual vascular structure as a fixed parameter, then position and margin influence in
particular two attributes of the risk territory: First, the size of that region depends on the influence of the transected
vessels in terms of supplied or drained parenchyma. Second and much more important for the surgical intervention is the
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sensitivity of the territory to small changes of the parameters position and margin. There exist parameter settings with a
‘robust’ risk where changes that are e.g. in the magnitude of the achievable surgical precision alter the risk territories
only to a limited extend. But more interesting and even more difficult to estimate are risk territories with parameters,
where small modifications change the risk significantly and thus demand a different resection strategy. Fig. 2 shows two
adjacent positions of an artificial tumor in a single vascular system extracted from a corrosion cast of a human liver. The
parenchyma at risk is much smaller for the position of the tumor shown in the left while the second position
compromises for the largest safety margin the complete right hemiliver. The more sensitive the risk distribution appears
at a specific position of a tumor the more important is a risk analysis for this region.

Fig. 2 A sphere as a model for tumor has been placed in the 3D model of a corrosion cast. The different colors of the thick
branches indicate which part of the portal venous system would be affected by a resection of the tumor with different
safety margins. The position of the tumor influences significantly size and location of the parenchyma at risk and is
thus an example for a very sensitive tumor location.

Taking into account the fact that the liver is supplied or drained by four vascular systems, the risk distribution is even
more complex. For the final aim of supporting the physician in identifying an optimal resection strategy, also aspects of
surgical feasibility have to be considered.

3. LIVER SEGMENTS AND TERRITORIES

Fig. 3 Liver anatomy. Left: Four vascular systems supply or drain the liver, hepatic artery (red), portal vein (magenta),
hepatic vein (blue), and bile ducts (green). Right: Corrosion cast of a human liver with portal vein (yellow) and hepatic
vein (black), prepared by Prof. J. Fasel, Geneva, Switzerland.

The vascular anatomy of the liver is complex since four different vascular systems supply and drain the liver: hepatic
veins, portal vein, hepatic arteries, and bile ducts (Fig. 3). The latter three vascular systems run almost parallel
peripherally and are called the portal triad. Although in the liver hilum where these vessels enter into the liver
parenchyma, a great inter-individual variability is present and fixed spatial resolutions of major vascular branches do not
exist. In case of high resolution data and sufficient contrast, a separate risk analysis for all systems is possible. For data
where the image quality is not sufficient e.g. for extracting smaller but relevant branches of hepatic artery and bile ducts,
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the analysis should be performed only for the portal vein as the leading system of the triad while keeping in mind that
vascular anomalies have to be assessed separately.

Risk analysis and preoperative planning for liver surgery is based on multi-phase computer tomography (CT) or
magnetic resonance imaging (MRI) data with contrast enhanced vascular structures (examples in Fig. 4). The contrast
agent passes through hepatic artery, portal vein and hepatic vein and during this time two or three datasets (phases) are
acquired showing one or two vascular systems each. The imaging of bile ducts requires a different contrast agent at least
for CT images.

Fig. 4 Cross-sectional slice of a 3D dataset of the abdomen. In the CT image (left) vessels appear bright due to application of
contrast agent, while a liver-specific contrast agent in the MRI data brightens the parenchyma (right), thus showing the
vessels as dark tubular structures.

3.1 The Couinaud scheme

For a surgeon, it is difficult to mentally construct the 3D structure of vascular systems based on cross-sectional slices of
radiological data and to estimate which part of a vessel system would be damaged as a consequence of a surgical
intervention. In order to enable surgeons to perform liver resections respecting the vascular anatomy, a schematic model
of the liver is employed that was introduced by Couinaud in 1957 long before CT technology was introduced'. At this
time, a preoperative evaluation of the individual vascular liver anatomy was not possible. Following the Couinaud
model, the human liver can be divided into eight segments which are determined according to the main branches of the
portal vein and the hepatic veins. A liver segment is supposed to be defined by the supplied territory of a third-order
branch of the portal vein with intermediate hepatic veins (Fig. 3). Applying the widespread scheme of Couinaud directly
is questionable, since the liver segments do not correspond well to the individual territories (Fig. 5) and do not reflect
common anatomical variants, e.g. trifurcations of the portal veins or inferior hepatic right veins draining directly into the
inferior caval vein®™.

Fig. 5 Comparison of Couinaud segments and approximation of portal venous territories. Segments and territories differ
significantly in position and size for this corrosion cast of a human liver.

3.2 Analysis of individual anatomy

The patient-individual risk analysis for a specific surgical intervention is based on the information that can be extracted
from abdominal CT or MRI data. Relevant for liver surgery are the intrahepatic vascular systems, the shape and volume
of the liver, and for oncologic surgery, the size and position of tumors. The MeVis group started in 1992, as the first
group world-wide, with the computer-assisted analysis of branching patterns of hepatic vascular systems and functional
vascular units which finally led to software assistants for liver surgery planning””. For the analysis of radiological data
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we perform the following image processing steps: Liver segmentation is achieved with a modified live-wire algorithm, a
semi-automatic edge-oriented algorithm as described in Schenk'™''. The analysis of vascular systems is described in
detail in Selle'*"” and consists of 1) an image preprocessing step to eliminate in homogeneities within the liver'*", 2)
segmentation of the vascular structures with a modified region growing algorithm'®"”, 3) determination of the centerlines
(skletonization) of this segmentation result, and 4) the hierarchical analysis of the vascular trees'™'®. From the
skeletonized vessels the different vascular systems are separated semi-automatically, and analysis for each of these
systems can be performed. The analysis includes identification of the major branches of the portal vein, thus giving an
individual classification similar to Couinaud’s scheme (Fig. 5 and 6) and a subsequent risk analysis.

Fig. 6 Portal vein classification and example for different data quality. Analysis of the vascular system with a subdivision
similar to Couinaud’s scheme. Results for good high-resolution data (left) and low contrast images (right).

Being aware of image quality problems, e.g. anisotropic resolution, low contrast or high image noise, and displacement
or compression of vessels by tumors, we focus on robust methods that meet the demands of short runtime and sufficient
level of automation. For difficult cases, an additional mode for manual corrections is available.

Assuming that the image data has an excellent quality and spatial resolution comparable to that of a corrosion cast, then a
tumor could be directly assigned to a single territory and a risk analysis could be performed directly from the vascular
structures. This assumption of optimal data cannot be fulfilled due to the need to avoid excessive radiation exposure in
case of CT or with the currently available scanner technique for MRI. As a consequence, there is a demand for an
approximation of vascular substructures or liver territories that can be met with model based approaches.

4. LIVER MODELS

Perhaps the most salient contribution of mathematics to medical image analysis consists of models as a basis for
extraction of meaningful parameters from the data for speculations about information which is not directly visible in the
image data. For risk analysis in liver surgery, we require a model to estimate the assignment of a given position, most
notably of a given lesion part, within the liver to a certain subbranch of each vascular system. This can be achieved in
two ways, which will be further detailed below: firstly, by modeling the vascular system to the required level of detail,
and, secondly, by identifying a suitable assignment function. Under specific assumptions, these two approaches are
equivalent in a certain mathematical sense that will not be discussed here.

4.1 Modeling vascular systems

Inspired by the theorems of Hess and Murray on the principle of minimum work in vascular systems'**, by the
simulations of Meinhardt®', who derived complex structures, such as trees or networks, from basic cellular mechanisms,
i.e., activation, inhibition, and elongation, and based on our own observations™, we developed a method for constructing
realistic vascular systems™.

15
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Fig. 7 Result of the constructive optimization model for a portal vein within a predefined liver hull. Starting with a simple
configuration where each liver cell is supplied by a straight vessel from the hilum, the vascular system is modified step
by step following a mathematical minimization principle for the physical work of blood transport.

Our model is initialized by a complete but overly simple and suboptimal tree that fills an organ at a given resolution
using straight tubes. This initial tree is then subject to positional and topological local optimization techniques, as shown
in Fig. 7. The boundary conditions for the optimization procedure are given by the position and flow distribution for all
vascular end points corresponding to the leaves of the tree, by the position of the vascular hilum corresponding to the
tree root, and by the maximum blood pressure available for organ perfusion. Then, according to the Hess-Murray law,
optimization can be driven by intravascular volume minimization. Qur algorithm is novel in that it implements
topological changes corresponding to the subsequent merging and splitting of bifurcations, which have proven essential
for the optimization process. For global optimization, we additionally employ a multi-level approach based on iterative
pruning”’. The generated models are found to be similar to real data acquired from corrosion casts of a human liver (cf.
Fig. 8).

Fig. 8 Vascular systems from corrosion cast of real humans livers (A,C) and from the optimization process of our model
within a given liver hull (B,D,E).
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4.2 Laplace Model

In this model approach, we are searching for a function assigning each liver cell to one of the branches of a vascular tree.
The definition of a realistic function must reflect the probability that the ends of the various incomplete subtrees reach
and supply a liver cell. Measures for this “reachability” can be expressed by a metric. A cell then is assigned to that
branch which has the shortest distance with respect to a suitable metric. The choice of a metric is difficult since the blood
supply is realized by complex branching structures, whose formation process is not fully understood (see Hahn® for a
discussion).

The use of potential functions was inspired by recent advances in statistical physics dealing with growth models for
branching structures known as Laplacian fractals (lightning, viscous fingering, electrochemical deposits, and other
deposits driven by diffusion) **?°. The Laplace model (cf. Fig. 9) is based on a fundamental equation of physics and
offers interesting venues for a scientific understanding of the prediction method. Details of this model and its
implementation can be found in Selle'”.

Fig. 9 Laplace Model using a metric based on potentials. Left: The potential for the single branch (blue) is set to 1 (white)
and to () (black) for the other branches and the region outside the liver. The gray values for the other cells indicate the
potential ranging between 0 and 1. Lines indicate surfaces of equal potential. Right: The maximum of the potential
functions for all branches reveals the segment boundaries.

4.3 Nearest Neighbor Model

Assuming the most popular distance measure, the Euclidean distance, as metric for the “reachability” measure, we get
another model for our assignment problem. The Nearest Neighbor method is conceptually simple and has rather low
computational complexity. When comparing the results of the two assignment functions for the eight corrosion casts (cf.
section 4.4), the differences for the liver territories are quite small'>", Regarding our problem of liver subdivision, the
territories are relatively rough shapes and the deviations are more prominent for smaller structures. Having in mind the
medical problem of liver surgery, it is obvious that the differences for the territories are smaller than the achievable
surgical precision. Therefore, the computational fast algorithm is utilized for clinical routine.

4.4 Model Evaluation

As an example we will show the anatomical evaluation for the quality of approximated territories. The validation of the
methods is based on a study on eight vascular corrosion casts of the human liver*'>. High-resolution CT scans of the
corrosion casts allow for extracting the portal branches with an accumulated length of about 10-18 m (contrary to in vivo
data with a length of only 1-1.5 m). This yields sufficient branching generations for the determination of location and
geometry of portal liver territories. For this work, we choose branches that define the segments according to the scheme
of Couinaud (Fig. 10, upper left). The gaps between the branches were closed with morphological dilation and erosion
operations. Due to the large number of branching generations extracted, the resulting solid portal segments provide a
precise approximation of the true anatomical segments.

The derived segments have been compared with liver segments manually specified by anatomists’. To simulate the
incomplete portal trees obtained from in vivo radiological data, we systematically pruned the trees obtained from the
casts (Fig. 10, upper row). Finally, the predictions made for the pruned casts and the exact segment anatomy of the cast
were compared to validate the approximation methods. For the validation study, we distinguish three degrees of pruning,
covering the different “quality levels™ of the portal vein, which are expected to be found in clinical CT data of different
quality.
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Fig. 10 Rendering of the portal vein obtained from a CT scan of a human liver cast. The main subtrees in the corrosion cast
(upper left) are labeled by colors representing the liver segments. The pruned vessels (upper row) simulate the rather
incomplete trees obtained from in vivo CT scans. Based on these pruning levels, the liver segments (lower row) are
predicted with the Laplace model and compared with the authentic anatomical segments (lower left).

A quantitative evaluation of the accuracy of the approximation methods was carried out by computing the volumetric
overlap between the approximated and the authentic segments. The Laplace method predicts the portal segment volumes
with accuracy between 80% for the third order branches (Fig. 10, upper right) and 94% for branches that can be extracted
in currently optimal multi-detector CT data'>"*.

5. APPLICATION OF MODELS

In the previous chapter we have utilized our model for a subdivision into territories of common supply or drainage. For
the application to our initial problem of risk analysis for tumor resections we closer examine the vessels extracted from
the images and label all branches and dependent subbranches that are located within a specific safety margin around the
lesion. Every labeled branch supplies or drains a dedicated liver region that defines the corresponding risk territory for
this vessel, lesion, and safety margin, respectively (Fig. 11). These risk territories provide the basis for subsequent
analysis steps and for the final resection proposal. Before proceeding with the actual surgical planning, we will analyze
more closely the complex interrelationship of tumor position, safety margin and affected volumes.

Fig. 11 Risk analysis with multiple metastases. The colored subbranches of the hepatic vein would be affected if the
metastasis was resected with a safety margin of Smm (red), 10mm (yellow) or 15mm (green).Based on the vascular
analysis (left) the risk territories are computed for the hepatic veins and a safety margin of lem (middle). Risk analysis
for the portal vein of the same patient is shown in the right image.
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5.1 Combine Risks

The next step would be to combine the risks from each individual vascular system. Before this, we will take a more
general view to the relation of safety margin and liver volumes at risk. Following the nearest neighbor model (section
4.3), a Voronoi tessellation of the liver volume according to the centerline voxels of the segmented vascular structure
approximates the perfusion or drainage areas. Combining this information with a distance transformation with respect to
the tumor boundary and taking the hierarchical dependencies of the vascular tree into account, a “safety map” of the liver
can be calculated. This map then encodes the safety margin at which each particular volume will be affected by the
tumor. The combined risk of different vascular systems can then be simply computed by assigning each voxel the
minimum value of the individual safety maps. The quantification of compromised volume as a function of the safety
margin is extracted from these maps by histogram analysis. Fig. 12 exemplifies the interrelation of safety margin and
territories at risk for a given tumor position. The discontinuities in the compromised volume curves (Fig. 12 bootom
right) correspond to the transection of major vessels, setting the dependent territories at risk. Hence, these curve
discontinuities directly correspond to sensitive parameters for the surgical planning: Given that the corresponding safety
margin is required to guarantee the R0-resection, the surgeon has to decide, whether the loss of functional volume in this
magnitude can be tolerated.
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Fig. 12 Risk volumes as function of the safety margin. An artificial spherical tumor and the impaired volumes for hepatic
veins only (dark blue), portal veins only (light red) and for both vascular system (purple) with safety margins of
3.4mm, 7.6mm, 12.1mm, 16.3mm, and 22.2mm are visualized. The diagram in the lower left shows the risk volume as
a function of the safety margin (dotted: hepatic vein, dashed: portal vein, solid: combined).

5.2 Cascading Risks

Due to the entanglement of the different vascular systems within the liver, it is in general not possible to remove
reasonable parts of the liver in such a way that the supply as well as the drainage will completely be ensured for all parts
of the remnant. As the risk territories for the different vascular systems do not overlap with each other exactly, the
removal of any of these territories will cut off some primarily not affected parts of the other vascular systems,
respectively (cf. Fig. 13). Hence, the removal of a primary territory at risk from one vascular tree will in general enlarge
the affected volumes induced by the other vascular systems and vice versa. The resulting cascading of risk areas is most
prominent for centrally located lesions, but will appear in the peripheral regions as well, where the vascular systems are
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more unidirectional. As a consequence, surgical resection planes must be adopted such that as many as possible major
vessels are saved. In case of the liver, this is of particular importance for the arterial vessels and bile ducts.

Fig. 13 Cascading of risk territories for an artificial tumor. Upper left: Primary territories at risk for hepatic vein only (dark
blue), portal vein only (light red) and for both vascular systems (purple). Upper middle and right: Impairment of
vascular systems (light colors: impaired by safety margin, full colors: impaired by collateral risk territory).Lower row:
Cascading of risk territories (left to right: primary territories at risk, 1% extension, and 2™ extension).

5.3 Risk maps

As we have discussed in the beginning, the sensitivity of the risk distribution to inaccuracies in tumor localization or
intended safety margin reflects the criticality of the succeeding surgical procedure. To give a first guess of the
distribution of sensitive and of robust tumor locations in the liver, we conduct a statistical experiment: By placing
artificial tumors with an assumed distribution of radii at different locations within the liver, we calculate the probability
that a given safety margin will just coincide with the distance to a larger vessel.

For these situations, a small inaccuracy in the resulting surgical procedure will either save or endanger the volume
supplied or drained by the vessel in question. Assuming a Poisson distribution with mean size of 3cm for the tumor
diameter and a safety margin of lem, we get the resulting assessment of sensitivity for a tumor position as shown in Fig.
14. Here ‘robust’ represents a mean value of less than two substantial clashes for a distribution of tumors located at that
specific position and ‘very sensitive’ represents more than four substantial clashes. We assume a substantial clash, if
more than 5% of the liver volume is in question. These risk distributions are evaluated for portal vein and hepatic veins.

In terms of this new definition, the robust positions are located at the outer regions of the organ with no major vessels,
but interestingly also in the very central part of the liver (Fig. 14). In this central region, the nearest affected vessel often
leads to a loss of the total liver or of a complete liver lobe, hence the mean number of critical clashes is low — even
though a tumor at this position might be inoperable. The most critical positions in terms of uncertainty or inaccuracy are
located half way out from the central vessels. In these regions, the segmental structures of both vascular systems
interweave each other. The resulting risk maps give a first guess about the locations of tumors, for which a precise
planning of the surgical strategy promises the most benefit.
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Fig. 14 Sensitivity distribution for tumor positions concerning the stability of risk territories: Each cube represents the
statistical mean value of sensitivity of the respective position. The images show positions with different levels of
sensitivity, from robust to very sensitive (left to right).

6. RESECTION PLANNING AND ADAPTION

We have analyzed the risk distribution and the influence of the parameters location, margin and vascular system in detail.
Now the question arises how can we create an adequate resection proposal for a specific individual patient?

6.1 From risk territories to resection proposals

Based on the risk analysis for a given safety margin that is defined by the surgeon or derived from the margin-volume
function (cf. section 5.1) we can compute the risk territories for the portal vein and the hepatic veins (Fig. 15). It is
obvious, that the intersection of these territories should be part of the resection proposal as it includes the tumor and
represents a region without supply or drainage.

Fig. 15 Risk analysis and territories. A hypothetical spherical tumor has been placed in a clinical dataset. Vessels transected
with a given safety margin are marked as darker structures (left) and risk territories are visualized with a mesh surface
(middle). Combining the risk analysis for portal vein (upper row) and for hepatic vein (lower row) we get the joint risk
territory (right) derived as the union of the two risk territories. The intersection of the portal and the hepatic risk
territories contains the tumor and should be part of the resected parenchyma (right, continuous surface).
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The first resection proposal that would come into one’s mind is the union of the two risk territories. But, as the
discussion in section 5.2 has shown, a resection of this area would result in additional impaired liver regions without
perfusion or drainage and, thus, the resection proposal should rather be smaller (Fig. 16). In general, the optimal
resection plane lies between the intersection and the union of all risk territories.

Our experience and the discussion with our surgical partners have shown that besides the results of the risk analysis
several other factors have to be considered for an adequate resection proposal. Some of these factors are 1) maintenance
of import supplying vessel branches (hepatic artery and portal vein), 2) access to the tumor 3) minimal resection surface
4) consideration of typical, well experienced resection types (e.g. hemihepatectomy), 5) remaining volume, 6) possibility
of anastomoses and reconstruction of vessels, 7) typical surgical approaches for multiple metastases and 8) the option of
alternatives such as radiofrequency ablation. Fig. 17 shows a resection proposal that was defined interactively with our
software,”’** and preserves the large branch of the right hepatic vein that was transected with the automated resection

proposal based on the union of risk territories (cf. Fig. 15). In conclusion, it is an ambitious task to create feasible
automated resection proposals and unclear if it is even possible for all cases.

Fig. 16 Automated resection proposal. Using the union of portal vein and hepatic vein risk territories as a resection proposal,
would lead to interference of additional vessels. Here, the right hepatic vein would be transected and the rest of the
right hemiliver would be without drainage (dark).

Fig. 17 Interactive resection proposal and comparison. The manually defined resection proposal preserves the main branch
of the right hepatic vein (middle) and reflects with its smoothness the surgical practicability. A comparison of the two
resection proposals in the cranio-caudal view (right).

6.2 Resection proposals for living donor liver transplantation

In living donor liver transplantation (LDLT) the liver of a voluntary healthy donor is divided into the graft for the
recipient and the remnant liver that remains in the donor. In contrast to the donation of the relatively independent left
lateral lobe graft for a pediatric recipient, the adult living donor liver transplantation (ALDLT) requires a subdivision of
the right liver lobe near the middle hepatic vein (MHV) (Fig. 18). Due to the complex vascular liver anatomy and the
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restricted liver volume that has to be sufficient for both the healthy donor and the diseased recipient, a detailed risk
analysis is mandatory for this intervention®.

Each resection proposal in ALDLT is based on the main bifurcation of the portal vein and a subdivision of the liver into
right and left portal vein territories. This is caused by the fact that, e.g. for right lobe grafts, the right branch of the portal
vein will be anastomosed to the stump of the central portal vein in the recipient. The subdivision still leaves a large
degree of freedom for the resection line. Since there are usually no other relevant branches of the portal vein in the
central area, the risk analysis is concentrated on the draining MHV. As stated above, one major problem in LDLT is a
sufficient volume and more precisely a sufficient ‘functional” volume. The required volume for donor and recipient is
dependent on size and weight of the person and therefore critically in particular with small donor livers. Territories that
depend on transected subbranches of the MHV are at risk of insufficient drainage and postoperative function. Therefore,
this volume is subtracted from the graft or respectively from the remnant volume. The resection proposal is not only
depending on the functional volume in donor and recipient, but also on the individual surgical strategy of each LDLT
center and surgeon. Regarding this strategy, a typical resection can be located directly near the MHV, in a distance of 1-
2em and depending on the assignment of the MHV to graft or recipient on the left or right side of the MHV. Recently,
left liver lobes are also considered as grafts in LDLT, changing the resection proposal due to the subdivision of the portal
vein at the other, the right side of the bifurcation.

In conclusion, resection proposals for ALDLT are based on a rough subdivision of the portal vein into left and right
branch but the final decision if the liver volume is sufficient for donor and recipient and the exact resection proposal is
mainly influenced by the risk analysis for the MHV.

Vgraﬂ Vremnant

Fig. 18 Risk analysis for adult living donor liver transplantation. Left: With the planned resection two larger branches of the
middle hepatic vein (MHV) will be transected. The dependent territories (blue) are at risk of insufficient drainage and
postoperative function. The risk analysis for a graft without MHV shows drainage territories that are at risk and
therefore potentially reduce the functional graft volume (middle). A risk analysis with a resection proposal procuring
the MHV for the graft shows the regions with potential outflow obstruction in the donor (right).

6.3 Intraoperative adaptation of risk assessment

In oncologic liver surgery, additional tumors that were not visible in the preoperative images are often found during the
intervention. With such findings, the resection strategy must be updated or completely revised. To provide surgeons with
an efficient tool for the quantitative assessment of planning, which is integrated in the workflow of oncologic liver
interventions, the planning system is combined with an ultrasound-based navigation system.’’* Beside providing means
to transfer the preoperative planning onto the patient’s situs, the combination of planning and navigation systems allows
to determine exact position and size of a new found tumor and transfer these information to the planning system.

For this purpose a registration technique for intraoperative ultrasound images and preoperative planning data is required.
We implemented a progressive registration method that is robust, executable in real-time and interactive adaptable.
Therefore the surgeon defines a small set of corresponding markers in the preoperative radiologic data and the
intraoperative ultrasound images (usually at ramifications). In a first step, an affine transformation is computed in real-
time and is applied to the preoperative data. If needed, the surgeon can refine the result in a second step by applying a
non-linear registration method.
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Fig. 19 Intraoperative adaptation of planning. Top lefi: GUI of the planning system showing the risk analysis for a pig’s
liver with artificial tumors atter applying a risk analysis adaptation. Top right: Preliminary evaluations in the operating
room using the planning system (left monitor) and the ultrasound-based navigation system (right monitor) for
laparoscopic liver surgery. Bottom: Scheme of data exchange between planning system and navigation system for the
intraoperative incorporation of a newly detected tumor.

Tumor size and position are determined by the surgeon who defines the new found tumor directly on the ultrasound
image by drawing a circle around the tumor. For simplification, tumors are assumed to be approximately spherical in
shape. Once the tumor is added to the planning model a new risk analysis is performed and the results are transterred
back to the ultrasound-based navigation system. After a computation time of less than 30 seconds the planning update is
visible on the ultrasound screen. Furthermore, it is possible to delete added tumor or change their attributes. Fig. 19
illustrates the XML-based exchange protocol, defined between the planning software and the navigation system.

Fig. 20 Left: Preoperatively planned right hepatectomy. The right part of the liver model (red) shows the parenchyma to be
resected, while the left part is intended to remain. The yellow nodules represent segmented metastases. Middle: A new
resection plane is defined with the ultrasound-based navigation system. The red sphere represents an intraoperative
detected tumor. Right: The preoperative resection plane is merged with the resection plane defined intraoperatively and
the volume calculation is updated.
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Based on the new risk situation the surgeon can define an adapted resection surface interactively by using the navigated
ultrasound probe as input device: In order to sculpt an arbitrary shape around newly detected tumors (e.g., a wedge-
shaped resection) the surgeon can define a set of planes using the ultrasound plane as reference (cf. Fig. 20). First tests in
the operating room confirmed that in case of newly discovered tumors an adaptation of a preoperative risk analysis is a
beneficial support for precise liver surgery. The combination of planning system and navigated ultrasound offers a
crucial decision support, is easy to use and integrates smoothly into the clinical workflow. The new system provides
major support for evidence-based decision making in the surgical theatre and thus improves the safety of the surgical
interventions.

Moreover, the availability of planning data directly at operation table calls for the development of special visualization
methods supporting the cognitive needs of the surgeons in the surgical workflow. E.g. in case of parallel visualization of
ultrasound plane and the 3D planning model, occlusion of the ultrasound by the planning model is an inevitable
problem.To address these problems, we define three guiding requirements to ensure clinical applicability*':

1. Diagnostic Usability: While the whole visualization is presented in a single view, ultrasound information
should always be visible, even if it would be occluded by planning data or parts thereof.

2. Orientation Aid: Spatial relations between ultrasound plane and planning data should be clearly perceivable
without rotating or translating the camera.

ed

Error Identification: Since recent intraoperative registration methods make a compromise between real-time
and error-prone computation, a clear hint to perceive registration errors should be provided.

The main objective of our visualization approach is to provide the surgeon with a focus view on the ultrasound plane and
a context view on the planning model in order to ensure diagnostic usability.

To optimize the intraoperative guidance furthermore, the use of non realistic rendering techniques for the condensation
of information is of major interest. E.g. the distance to critical structures can be color-coded on planned resection surface
to attract the alertness of the surgeon.

7. CLINICAL EVALUATION

A typical clinical evaluation requires a study with a randomized decision of utilizing the results of the risk analysis or not
and the subsequent evaluation of clinical criteria, i.e. patient outcome in terms of 5-year-survival, complication rate,
tumor recurrence, blood loss and others. There are two reasons why this standard evaluation procedure is not suitable for
the software-assisted risk analysis. First, it is ethically not justified to leave out information that helps the physician in
decision making and operation planning and second, the clinical criteria of the study depend on multiple factors, e.g.
medical history of the patient, degree of liver steatosis, experience of the surgeon, surgical technique that would require
from the statistical point of view an enormous, not achievable number of cases for reliable conclusions.

Nevertheless, it is possible to analyze a dedicated aspect for application of the model-based risk analysis. Lang et al
showed that with 15 oncologic resections, the surgical strategy was changed in one third of the cases when taking the
results of the risk analysis into account™. In another study, results of the resection of hilar cholangiocarcinoma with the
preoperative analysis were compared to older interventions where the software was not available. Here, the sensitivity,
specificity and accuracy of the new methods proved to be significantly higher and even increased the R0-rate from
62.3% before 2002 to 92.9% with our software’*", In a recent case of liver metastases that were treated preoperatively
by chemotherapy, one lesion was no longer visible in CT data and not palpable during surgery. Therefore, the resection
was performed as one of the first world-wide as navigated surgery and on basis of the risk analysis and planning that was
made on a combination of the two CT data sets before and after chemotherapy.* In living donor living transplantation,
an algorithnLIbr the surgical operability was developed that is based on the results of our risk analysis for the middle
hepatic vein™.

Several other clinical partners have approved the usefulness of the risk analysis and preoperative planning for oncologic

3742 o . L 4355
surgery” ~ as well as for living donor liver transplantations™ ™.

8. CONCLUSION

We have presented an example how mathematical models can be applied to a medical problem: the analysis of vascular
structures and the approximation of liver territories supplied or drained by them. The evaluation with corrosion casts
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showed how the quality of image data influences the correctness of the segment approximation and helps to estimate
errors and indicates the robustness of the model. Based on the model, we developed a risk analysis for liver surgery.
Discussing miscellaneous aspects of combined risk territories and the difficult transfer from the risk analysis to a
clinically useful resection proposal, we showed what problems have to be overcome before a model could be applied in
clinical reality.

Our approach provides a new, measurable and objective basis for the assessment of risks in liver surgery and the
development of new surgical standards. Since 2002 we have analyzed more than 2900 data sets from more than 95
clinical sites world-wide and transferred our research results into a commercially available service™. More than half of
the processed cases are related to living donor liver transplantations and more than 1000 data sets were analyzed for
oncologic resections. About 250 analyses were performed for surgical interventions of other organs e.g. kidney and lung,
and show that our approach is not restricted to the liver but can also be applied to other organs characterized by
hierarchical vessel systems.

The application of models to radiological data gives an example how medical image computing can provide a basis for
new developments and values for diagnosis and therapy. Essential in this context is the step from subjective
interpretation to reproducible quantification. Computer-assistance in medicine is an interesting and valuable field for
mathematical and scientific approaches and can be achieved in an intensive interdisciplinary cooperation of
mathematicians, scientists and medical experts.
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i igital three-dimensional (3-D) imaging modalities, such as computed to-
mography (CT), magnetic resonance imaging (MRI), and ultrasound im-
aging, have permitted the development of computer-aided systems for pa-
tient-specific treatment planning. Generally in such a system, after image
processing of digital image data sets, patient-specific models are developed
and can then be employed for planning of the procedure and/or guidance

during the procedure. The type of computational model employed varies depend-

ing on the specific application but can include geometrical, mechanical (e.g., de-
formation), and functional models (e.g., blood flow and cardiac electrical activity)
as well as tissue interaction (e.g., with radiation, heat, and drugs), among others.

Today, computational modeling has found its way into clinical use for treatment

planning in a number of image-guided interventions, for example:

¥ surgical procedures, e.g., neuro and liver surgery

training for laparoscopy procedures

dental applications, e.g., implants

bone fractures and implants

intensity-modulated radiation therapy (IMRT), where high-energy radiation

is focused on cancerous tumors.

: Computational treatment planning is particularly useful for

4 4 4 4

H s either complex new procedures (e.g., IMRT) or complex cases
Use of compUtET'AidEd of procedures that have traditionally been used without com-
H : putational modeling assistance. In the latter, computer-aided
Treatment SyStemS platforms may allow treatment of patients who would otherwise
have not been candidates for the therapy due to the complexity
of the cases as well as provide more consistent treatment results.
In the following, we demonstrate the use of computational modeling for treat-
ment planning of interventional procedures on the example of two clinically used
therapies for liver cancer, which are used for both primary tumors (i.e., cancer origi-
nating in the liver) as well as metastatic tumors.
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Liver Cancer Surgery

The treatment options for liver cancer have
been limited compared to other cancer types
since chemotherapy and radiation therapy
used in other cancers are typically not curative
due to biological reasons. Surgery historically
has been established as the gold standard, and
in recent years, additional localized therapies
(e.g., thermal tumor ablation, described in
more detail later) have been clinically adapted
for liver cancer cases where surgery is not pos-
sible. During liver surgery the part of the liver containing the
tumor is surgically removed (i.e., surgical resection) via differ-
ent methods that transect liver tissue while limiting bleeding.
This can be done during open surgery or by a laparoscopic
procedure through small access holes in the patient’s skin and
with specialized surgical tools. Owing to the high regenerative
power of the liver, liver tissue grows back within a couple

FIGURE 1 Patient-specific model of liver anatomy. (a) From CT
images, all relevant structures are identified. (b) A 3-D visualiza-
tion shows the tumors (yellow) in relation to the portal venous
system (turquoise), hepatic veins (dark blue), and hepatic artery
(red), with transparent liver surface.
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of months until the liver volume is similar to
before surgery.

There are several risks during surgical resec-
tion of tumors, with the most severe risk being
liver failure. Two major risk factors include insuf-
ficient volume of the remnant liver after surgery
as well as deficient health of the remaining liver
tissue. The latter can result from preexisting liver
diseases, such as steatosis (fatty liver degenera-
tion) or fibrosis/cirrhosis (liver tissue scarring), as
well as reduced blood flow, hampered by the re-
section. In case of a healthy liver, a future remnant liver volume
of 25-30% of the functional tumor-free volume before surgery
is sufficient. This remnant volume has to be higher for diseased
organs and the exact amount of minimum volume necessary is
difficult to predict in these cases.

To minimize the chance of tumor recurrence (i.e., cancer
regrowth after surgery), a margin of healthy tissue surround-
ing the tumor (safety margin) has to be removed during re-
section, typically a rim of 10-15 mm. This safety margin is a
critical marker for the success of the surgery, as often there
are cancer microsatellites present in the rim surrounding the
tumor. For example, if the surgeon cuts into the cancerous
tissue or cancer cells are found on the resection surface in
pathology, the probability of a recurrent tumor exceeds 90%.
Therefore, the resection should be performed by transsecting
tissue (e.g., cutting) at a certain distance from the tumor(s).
The goal of saving as much healthy liver tissue as possible is
conflicting with the aim of a large safety margin around the
tumor, especially in the context of keeping the resection pro-
cedure simple. To simplify the surgical procedure, 1) the sur-
face area of the resection plane is minimized, 2) access to the
tumor is as simple as possible (note that the liver is fixed in
the abdomen by several lines of connective tissue), and 3) the
number of surgical cuts is minimized (particularly for multiple
tumor cases).

A typical strategy while considering these criteria without
any patient-specific modeling is followed during a standard liver
resection procedure. A standard resection is based on an artificial
subdivision of the liver into so-called segments, sectors (usually
contain 2-3 segments), and lobes (right and left part of the liver)
according to blood supply (Figure 1). A tumor would then be
removed together with the segments, sectors, or lobe it is located
in. Without support by dedicated software, the division of the
liver is roughly estimated via the stack of two-dimensional (2D)
radiological images [Figure 1(a)], taking into account the loca-
tions of the main branches of portal and hepatic veins (note that
liver is, contrary to other organs, primarily supplied by venous
blood).

The two competing goals of obtaining a sufficient safety
margin around the tumor while saving sufficient volume of
functional liver tissue, together with the complexity of the liver
vasculature, motivated the development of a patient-specific,
computer-assisted planning platform. This system is particularly
useful for liver surgery in difficult cases with multiple tumors
and/or diseased organs, where achieving sufficient remaining
healthy liver volume is challenging.



Patient-Specific Modeling

of Liver Anatomy and Perfusion

Basis for a decision about whether resection is
possible and on the specific resection plan is the
individual liver anatomy of a patient extracted
from contrast-enhanced medical imaging data
(typically, CT or MRI data). During contrast-en-
hanced image acquisition, contrast media is in-
jected as bolus into the blood stream and flows
first through the liver arteries, then through the
portal vein system, and finally leaves the organ
via the hepatic vein system. At different time
points, 3-D image data sets are acquired, showing
one or two of these vascular structures (depend-
ing on which vessel system the contrast agent is
located in at the time of imaging). A registration (spatial match-
ing) of the different imaging data sets will thus be the first step
for image analysis, guaranteeing for the correct alignment and
visualization of all relevant structures after combining the differ-
ent image data sets in a virtual 3-D model of the patient’s organ
(Figure 1). Besides the assessment of the vascular anatomy and
variations thereof, knowledge about the functional subdivision
of the liver regions based on blood supply can support the surgi-
cal decision.

For patient-specific planning of liver surgery, a software as-
sistant was developed (HepaVision, Institute for Medical Image
Computing and Visualization, Fraunhofer MEVIS) that is de-
scribed later. This software platform comprises all necessary im-
age processing steps:

v identilication (segmentation) ol vascular structures based

on contrast imaging [1] (see Figure 1)

Vv extraction of the organ boundaries [2]
v identification (segmentation) of tumor region based on

type and imaging modality [3]

v spatial matching of image data sets obtained at different
time points (registration)

¥ division of liver into territories based on blood supply, via
algorithmic computation based on distance evaluation from

closest vessels of the portal venous liver blood supply [1]

(Figure 2).

The subsequent automatic computation of volumes of tumors,
(tumor-free) liver, and territories (based on blood supply) al-
lows for an evaluation of surgical resection strategies based on
patient-specific anatomy (i.e., treatment plans).

Simulation of Surgery and Risk Analysis

In cases of multiple or large tumors or in diseased or-
gans with a requirement of larger remnant liver volume,
a simulation of different resection strategies and patient-
specific risk analyses, based on the computational models
discussed previously, are used to support the decision on
the specific procedure according to the following analy-
sis steps.

In the first step, the distances between tumors and sur-
rounding vascular structures are calculated. For each tu-
mor and for varying extents of safety margin as desired by
the surgeon, the tumor volume is virtually enlarged by this
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margin, and vessel structures within these re-
gions (tumor + margin) are identified. Based
on the potentially truncated vascular branches
as a consequence of the resection, the tissue
depending on (i.e., being supplied or drained
by} these vessels is computed (Figure 3). As a
result, an assessment of different safety margin
extents around the tumor as well as of the he-
modynamically safe volume of the future rem-
nant liver can be performed.

The second step in supporting the surgical
treatment decision is by interactive evaluation
of different resection strategies in the patient’s
liver model (i.e., performing virtual surgical
resections). The resection plane (i.e., plane
through which tissue transsection would occur during the
procedure) is user defined as follows: The user draws an ini-
tial cutting line on the surface of the liver, from which a 3-D

(b)

FIGURE2 Modeling of liver segments. (a) After the identification
of portal venous subbranches, (b) the individual anatomical sub-
division of the liver based on the portal venous blood supply is
computed. It shows the relative position of the tumors and can
be used for initial planning of the surgical procedure. Segments
are defined such that each individual segment can potentially
be surgically removed without affecting blood supply to any
other segments.
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plane transsecting the liver is computed. This
plane can then locally be deformed by the user
to adapt to the individual patient anatomy, e.g.,
to avoid important vessels (Figure 4). Subse-
quently, truncated vascular branches and shape
and volume of the removed tissue as well as of
remnant tissue with identification of perfused
and nonperfused areas is estimated. The assess-
ment of the volume of the remnant tissue with
adequate blood supply and potentially impaired
liver tissue (i.e., without blood supply) togeth-
er with adjustment of the tumor safety margin allows for a
patient-specific risk assessment and comparison of different
resection strategies.

The described software platform has so far been used for
treatment planning in over 5,000 patients around the world, and
a clinical study found that the use of this software has resulted in
change of the treatment originally proposed by the surgeon (i.e.,
without the software) in 33% of the cases [4].

(b)

FIGURE 3 Risk analysis with multiple metastases. Subbranches of
the portal vein would be affected during surgery, depending
on the safety margin. For support of surgical planning decision,
varying safety margins are color coded: 5 mm (red), 10 mm
(yellow), or 15 mm (green). (a) Based on the vascular analysis,
(b) the risk territories are computed for the portal vein and the
different safety margins.
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During an RFA
procedure, an
applicator containing

electrodes is inserted
into the tumor and
connected to an
electric generator.

Liver Tumor Ablation

Today, surgical resection of primary cancer and
solitary metastases is the gold standard for tumor
treatment in the liver. However, out of more than
5 million cases of liver cancer per year, worldwide
only 15-30% are suitable for surgical resection.
In patients who are not eligible for surgical resec-
tion due to the number and location of the tu-
mors or their general condition, local treatment
forms such as radio-frequency ablation (RFA)
have become increasingly clinically used. RFA is
a therapy that locally destroys tissue by heating it to above 50 °C,
where tissue (both tumor and normal) is destroyed due to ther-
mally induced coagulation of cellular proteins. The first promis-
ing investigations on thermal ablation of tumors have been per-
formed in the 1990s, and RFA has since become a widely used
approach for the treatment of primary cancer and metastasis in
the liver, and other organs such as lung and bone. During an
RFA procedure, an applicator containing electrodes is inserted
into the tumor and connected to an electric generator, which
causes the local flow of an alternating electric current through
the tissue. Since the tissue has resistance to the electric current,
heat develops leading to thermal destruction of the cells in the
vicinity of the probe. Alternative thermal ablation approaches
consider the heating of tumor cells by laser irradiation or micro-
waves, but clinically, heating via RFA has so far been the most
widely used approach.

For successtul treatment of the cancer patient, the evolving
heat must destroy all tumor cells to ensure that there is no tu-
mor regrowth from surviving cancer cells (recurrence). How-
ever, full thermal tumor destruction can be difticult to achieve
as the blood flow in medium- and large-sized blood vessels in the
vicinity of the RF applicator will remove heat, thus preventing
cells close to these vessels to reach adequate temperatures for
destruction.

Since RFA is a minimally invasive technique, it is difficult to
monitor the amount of tumor destruction during the treatment,
and intraprocedural monitoring options in the daily clinical
routine are limited. Attempts to monitor the heat development
by MRI or ultrasound are still rarely used or in the preclinical
development phase. Clinical studies show that RFA is a very
promising technique for tumor treatment, and recent clinical
studies have found efficacy rates comparable to surgical resec-
tion in certain patient populations [10], [11]. Clearly, if RFA
could be performed in all tumors with efficacy similar to surgi-
cal resection, it would be a true alternative, because it is much
less traumatic for the patient with lower morbidity and consid-
erably less expense. However, particularly for RFA of large tu-
mors, clinical studies found high recurrence rates up to 60%
[9]. In addition to tumor size, proximity to large vasculature is
associated with tumor recurrence due to blood Ilow mediated
cooling described previously.

Software Assistance for RFA

The above expositions motivated the development of computer
assistance for the planning and assessment of RFA. The goal was
to develop software that allows predicting the outcome of RFA



and interactively planning the optimal placement
of the RF applicator, Furthermore, the software
platform facilitates evaluation of the treatment
quality, i.e.,, whether the volume of destroyed
tissue covers the tumor with a sufficient safety
margin (similar to tumor resection described pre-
viously, a margin of normal tissue surrounding
the tumor needs to be destroyed during RFA to
reduce risks of tumor recurrence).

As RFA is often a percutaneous procedure
(i.e., performed through a small incision in the skin), medical
imaging with MRI, CT, or ultrasound receives an important role
throughout the whole process from diagnosis, through treatment
planning, guidance during treatment, and for follow-up. Dur-
ing the planning stage, preinterventional image data is used to
determine the size and location of the tumor in relation to the
blood vessels (i.e., generation of patient-specific geometric 3-D

(b)

FIGURE4 Two potential resection plans in the 3-D model of
the patient’s liver showing portal vein (turquoise) and hepatic
artery vessel systems (red). (a) A single resection plane for simul-
taneous removal of all tumors (red tissue volume is removed)
results in a small remnant liver (shown in transparent) of 30% of
the original volume. (b) Performing the procedure by two small
(local) resections will leave a remnant volume of 75% but with
reduced safety margin for one of the tumors to only

2 mm (right).
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model after identification of tumor and vessels).
Moreover, for the planning of the placement of
the applicator, it is important to determine vital
structures in the vicinity of the organ, which
must not be damaged (e.g., heart and colon).

The main goal of the planning of RFA is to
find the best placement of the applicator such
that the tumor and a sufficient safety margin
around it is destroyed, while taking into account
structures that must not be penetrated by the
applicator (large blood vessels, diaphragm, and intestines) and
that cannot be transversed (ribs and spine). A linear access path
must be found from the surface of the body of the patient to the
tumor so that the mentioned constraints are fulfilled. Besides
these safety constraints, practicability criteria also need to be
taken into account: small liver capsule penetration angles, small
penetration depth, small angulation of the path to the transver-
sal plane, position and posture of the radiologist for performing
the penetration, and so on. Taking into account these criteria
and constraints makes RFA planning a constrained multicrite-
ria optimization problem.

Similar to the surgical treatment planning platform described
previously, a software assistant for RFA planning was developed
at Fraunhofer MEVIS. The software assistant considers multiple
cylindrical projections of the relevant criteria along paths start-
ing from a selected target point inside the tumor to all points on
the patient’s skin. Together with adequate weighing functions,
these criteria can be combined to a multicriteria map, the ex-
treme values of which yield access paths of particular good qual-
ity. In this initial approach, only a very rough estimation of the
volume of coagulated (thermally destroyed) tissue is considered
by giving preference to paths, which are parallel to the tumor’s
main axis.

FIGURES The simulated thermal tissue destruction for a configu-
ration with three electrodes is shown. In this case, the lesion
(blue, only partly visible) is very close to vascular structures. It

is clearly visible how the volume of thermally destroyed tissue
(red) is compromised by the cooling blood flow (yellow). The
lungs, which lie directly above the liver, are shown in transpar-
ent blue. (Reprinted from [12] with permission.)
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Mathematical Modeling and

Computer Simulation of RFA

To obtain an accurate estimate of the extent of the coagulated
volume, a simulation of the biophysical processes must be per-
formed for the given individual data of the patient under treat-
ment. We need to consider three basic biophysical processes:
First, the delivery of energy to the tissue via the alternating
electric current; second, the generation of heat, its diffusion,
and the cooling through blood flow and perfusion; and third,
the denaturation of proteins in the tissue cells by the heat. These
biophysical processes are described by mathematical models
consisting of partial differential equations, integral equations,
and algebraic equations. An electrostatic equation describes the
electric potential in the tissue depending on the settings of the
electric generator, The bioheat-transfer equation models the tis-
sue heating by the electric current, diffusion of heat in the tis-

FIGUREG A screenshot of the SAFIR Software Assistant of Fraun-
hofer MEVIS. The graphical user interface shows the classical
two-dimensional and 3-D viewers on the left as well as a series
of input tabs on the right.

sue, as well as cooling by blood flow and perfusion. Finally, with
the Arrhenius equation we estimate the volume of destroyed tis-
sue based on the temporal evolution of the tissue temperature.
The equations of the mathematical models take into account a
variety of tissue characteristics such as the electric and thermal
conductivity and perfusion. Since these tissue properties depend
on the temperature, the equations of the model are nonlinearly
coupled [5].

For the patient-specific prediction of the volume of thermal
tissue coagulation, this system of equations needs to be solved
with the help of numerical computations on the computer
considering patient-specific geometry. Using special model
simplifications and with additional acceleration via implemen-
tation on graphics processors, an interactive and patient-specif-
ic prediction of the thermal ablation is achieved [6]. Figure 5
shows the result of a simulation of the thermal tumor destruc-
tion during RFA. In this figure, the cooling effects of the blood
flow and potential remainder of the tumor close to the vessel
become clearly visible.

In Figure 6, a screenshot of the software assistant for inter-
ventional radiology (SAFIR} system developed by Fraunhofer
MEVIS is shown [7]. The user interface of SAFIR is designed
such that it fits optimally into the clinical workflow from ther-
apy planning to therapy assessment. In contrast to the software
assistance for surgical resection described previously, the RFA
assistant does not require a complete image analysis of the full
3-D data set. Only local information in the vicinity of the tumor
is needed, which can be obtained through one-click segmenta-
tions of the tumor and blood vessels. The volume visualization
shown in Figure 6 displays the local vascular structures in the
liver, lungs (above the liver), and RF applicator as well as the es-
timation of the thermally ab-
lated tissue. The user can move

Intraoperative Data
(Ultrasound, Tracking Positions)

Navigation System

-

the applicator interactively
and thereby explore the risk of
therapy failure and unintend-
ed damage to sensitive nearby
tissues for various placements
of the applicator.

In summary, the image
processing, modeling, simu-
lation, and optimization of
RFA discussed here pro-
vide information about the

Ultrasound Image

Patient Model
with Resection Plan

treatment, which is beyond

Matching of

Ultrasound the visual inspection of the
and ) patient-specific image data
“Pnlta)dn:llng by the attending radiologist.

It allows for the interactive
exploration of the complex
interplay among the heat
emerging from the electric

FIGURE7 Integration of components for navigated surgery. The navigation system (CAScination
AG and University of Bern, Switzerland) tracks the position of instruments and the ultrasound
transducer in the operating room. The virtual liver model including the resection plan is matched
to the ultrasound images based on landmarks and vascular structures. The combination allows for
real-time visualization of instruments in the liver model and more accurate implementation of the

treatment plan.
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current, cooling influence of
the blood flow, and therapy
constraints posed by other
anatomical structures. Set-
tings can be identitied in



advance, in which the cooling blood flow or other anatomi-
cal structures may pose a limiting factor for therapy success.
Thus, we expect that the use of SAFIR will lead to an en-
hanced quality of the treatment in particular for configu-
rations with large tumors or tumors in the vicinity of large
blood vessels. Currently, clinical partners are evaluating the
SAFIR prototype.

Future Perspectives

Patient-specific liver models can potentially be used for plan-
ning of other interventions in addition to surgery and abla-
tion as presented here, e.g., dosimetry planning for radiation
therapies and local delivery of chemotherapy. In the context of
liver surgery as well as tumor ablation described previously, the
logically next step is the transfer of planning results into the op-
eration room (see Figure 7). Commercially available navigation
systems are able to track the position of surgical instruments
and imaging devices (e.g., ultrasound transducers) during the
intervention and align the real organ with the virtual model
[8]. Research projects in surgical navigation focus on the precise
matching of the organ, computation of organ movements (e.g.,
by breathing or surgeon’s interaction), and workflow in the op-
erating room. In contrast to established navigation procedures
in brain surgery, highly deformable organs such as the liver pose
a particular challenge for navigated surgery.

The combination of computer-aided simulation with patient-
specific imaging data allows optimization of a treatment plan
based on the specific case, while combination of tracking and
intraprocedural imaging simplifies the procedure and ensures
accurate implementation of the plan. Particularly for complex
interventional procedures, further advances in the technologies
presented here in the near future will likely facilitate the inte-
gration of computer-aided modeling as an instrumental part of
planning of image-guided procedures as well as for intraproce-
dural guidance.
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7 Publications — Adult Living Donor Liver
Transplantation

7.1 Evaluation of Vascular Analysis and Volumetry for the Planning of
Living Donor Liver Transplantations

Andrea Schenk, Holger Bourquain, Bernd B. Frericks, Franco C. Caldarone, Mi-
chael Galanski, Heinz-Otto Peitgen

Presented as poster and software demonstration at the congress Bildverarbeitung
fiir die Medizin 2002 and published in the Proceedings of BVM 2002, pp. 397 —
400.

Copyright 2002 Springer. Reprinted with permission.

The work was awarded the 1st prize for the best poster and software demonstra-
tion.
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Evaluierung von Gefifianalyse und Volumetrie fiir die
Planung von Leberlebendspenden

Andrea Schenk', Holger Bourquainl, Bernd B. Frericks®, Franco C. Caldarone?,
Michael Galanski®, Heinz-Otto Peitgen'

"MeVis — Centrum fiir Medizinische Diagnosesysteme und Visualisierung
Universititsallee 29, 28359 Bremen
*Medizinische Hochschule Hannover, Abteilung fiir Diagnostische Radiologie
Carl-Neuberg-Strafle 1, 30625 Hannover
Email: andrea.schenk@mevis.de

Zusammenfassung. Vor einer Leberlebendspende ist eine sorgfiltige Untersu-
chung des potenziellen Spenderorgans, sowie eine detaillierte Planung und Ri-
sikoabschidtzung des Eingriffes notwendig. In diesem Artikel werden Methoden
der GefiBanalyse und Volumetrie vorgestellt, deren Ergebnisse einen wesentli-
chen Einfluss auf die Spenderauswahl und Planung der Transplantation haben.
Zur Evaluierung der Verfahren wurden an der Medizinischen Hochschule Han-
nover 29 potenzielle Spender prioperativ untersucht und die Resultate der
computergestiitzten Auswertung mit den intraoperativen Befunden verglichen.
Sowohl die GefiBanatomie als auch die Resektatvolumina zeigten eine sehr gu-
te Ubereinstimmung bzw. Korrelation.

1 Einleitung

Die Leberlebendspende (Living Donor Liver Transplantation, LDLT), bei der ein
gesunder Spender freiwillig einen Teil seiner Leber als Transplantationsorgan einem
nahestehenden Patienten zur Verfliigung stellt, wurde 1989 erstmals durchgefiihrt [1].
Wihrend die Zahl der Leichenspenden riickldufig ist, gibt es bei den Leberlebend-
spenden einen starken Anstieg [2,3]. Zu den Vorteilen dieser Methode zihlen die
Reduktion der Wartezeit auf ein Spenderorgan, die meist sehr gute Organqualitédt und
die ausreichende Zeit fiir die Operationsplanung. Jedoch steht diesen Vorteilen die
Gefiihrdung eines gesunden Spenders gegeniiber. Nach weltweit ca. 3000 LDLT wird
das Risiko des Spenders, den Eingriff nicht zu iiberleben, mit 0.2-1% und das Risiko
von Komplikationen wihrend oder nach der Operation mit tiber 10% angegeben [4,5].
Daher ist eine sorgfiltige Spenderauswahl und praoperative Planung der LDLT essen-
ziell, um Risiken im Vorfeld méglichst genau abzuschétzen. Neben der Beriicksichti-
gung von Laborwerten lassen sich dazu insbesondere durch eine Bildanalyse radiolo-
gischer Daten wichtige Informationen gewinnen. Dies beinhaltet die dreidimensionale
Darstellung und Analyse der GefidBBanatomie sowie die Abschétzung von Volumina
potenzieller Lebertransplantate. Letztere entscheiden vielfach tiber die Annahme oder
Ablehnung eines Spenders, da der verbleibende Organanteil des Spenders und auch
das gespendete Resektat fiir den Empfiinger gewisse Mindestvolumina fiir eine ausrei-
chende Leberfunktion aufweisen miissen.
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2 Methode

Im einem Zeitraum von zwei Jahren wurden an der Medizinischen Hochschule Han-
nover (MHH) 29 potenzielle Spender fiir die LDLT untersucht. Die in der Routine
gewonnenen CT-Aufnahmen (Siemens Somatom Plus 4, Kollimation 3-7mm, Pitch
1.5-1.7, 140 kV und 206 mA, 512x512 Matrix, Rekonstruktionsintervall 2mm) wur-
den mit der Software HepaVision jeweils von dem zustindigen Radiologen analysiert
und mit dem Transplantationsteam diskutiert.

Die Auswertung der Bilddaten beinhaltet im wesentlichen die Analyse der Gefilisys-
teme der potenziellen Spenderleber und eine Volumetrie moglicher als Spenderorgan
geeigneter Anteile des Organs.

2.1 Gefilanatomie der Leber

Nach einer speziellen Vorverarbeitung zur Unterdriickung von Rauschen und Dichte-
variationen werden die kontrastierten Gefidlle mit einem weiterentwickelten Region-
Growing segmentiert. Bei Bedarf kann der automatisch vorgeschlagene Schwellwert
in Echtzeit verdndert und so das Ergebnis benutzergesteuert angepasst werden. An-
schliefend werden die Gefilstrukturen skelettiert und in einer Graphstruktur gespei-
chert. Mittels einer Graphanalyse konnen automatisch Gefilbdume (portalvends,
vends) voneinander getrennt werden, mit der zusitzlichen Mdglichkeit sowohl ganze
GefiBaste oder Teilbdume als auch einzelne Voxel interaktiv einem Versorgungsge-
biet zuzuordnen [6].

Fiir die LDLT ist neben Anomalien der portalvendsen Versorgung (wie z. B. einer
Trifurkation) das Vorkommen, die Lage und Gréfe von akzessorischen Lebervenen
relevant. Diese werden ab einem Durchmesser von Smm erhalten und mit der unteren
Hohlvene des Empfingers anastomosiert. Daher sind in der neuesten Version der
Software neben der Darstellung aller anatomischen Strukturen der Leber Vermes-
sungswerkzeuge in die dreidimensionale Visualisierung integriert.

2.2 Volumina der Leberresektate

Eine Voraussetzung flir die Volumetrie von Versorgungsgebicten der Leber ist die
Segmentierung des Leberparenchyms. Dies geschieht in HepaVision mit einer speziell
fiir diese Fragestellung angepassten Weiterentwicklung des Live-Wire-Verfahrens.
Um die Segmentierung mit dieser schichtbasierten Methode fiir das dreidimensionale
Organ zu beschleunigen, wurde das Verfahren mit einer Interpolation von Konturen
und einer nachfolgenden Optimierung kombiniert [7].

Die Analyse der GefdBhierarchie des portalvendsen Systems erlaubt es, das Paren-
chym z.B. angelehnt an das Schema von Couinaud [8] in acht Versorgungsgebiete zu
unterteilen. Ausgehend von dieser oder einer anderen Einteilung werden die Volumina
fur die potenzielle Organteilspende abgeschétzt. Je nach Bedarf des Empfiingers wer-
den fiir eine LDLT die linkslateralen Anteile der Leber (Segment II und III) entnom-
men, eine Hemihepatektomie rechts (Segmente V-VIIL, s. Abb. 1) oder eine erweiterte
Rechtsresektion (Segmente [V-VIII) durchgefiihrt. Neben dem Volumen dieser Leber-
anteile wird speziell bei Spenden fuir kleine Kinder die Form beriicksichtigt.
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Die Ergebnisse der Datenanalyse wurden mit dem Transplantationsteam diskutiert.
Dabei gingen die dreidimensionale, interaktiv manipulierbare Visualisierung aller
relevanten Strukturen der Leber und die abgeschétzten Resektatvolumina wesentlich
in die Entscheidung fiir oder gegen einen potenziellen Spender in die Planung des
Eingriffes ein.

Wiéhrend der Operationen wurde die Anatomie der GefidBBsysteme dokumentiert und
die resezierten Leberanteile gewogen. Diese Gewichte wurden mit den pridoperativ
berechneten Volumina verglichen, wobei eine Dichte von 1g/ml des Leberparenchyms
angenommen wurde.

Abb.1: Mégliche Teilung einer Spenderleber fiir die Transplantation bei einem erwachsenen
Empfiinger. Die Leber ist entsprechend der Gefiilanatomie aufgeteilt (hellgrau: Segmente II
und III, mittelgrau Segment IV, dunkelgrau: Segmente V-VIII)

3 Ergebnisse

Von den auf eine LDLT wartenden Patienten starben vor der Operation zwei, so dass
sich die Zahl der potenziellen Spender auf 27 reduzierte. Acht Spender mussten abge-
lehnt werden, da sie zu geringe Volumina des Resektates bzw. der Restleber oder in
einem Fall eine Gefidvariation aufwiesen. Bei fiinf Personen reichte z.B. das Volu-
men des verbleibenden Leberparenchyms nicht aus, da sie fiir einen jugendlichen oder
erwachsenen Patienten spenden wollten und somit das zu spendende Resektat entspre-
chend grof} hitte sein miissen.

Bei den durchgefiihrten 19 Transplantationen stimmte die intraoperativ gefundene
Gefilitopologie bis auf eine Ausnahme exakt mit dem prioperativen Befund tiberein.
Bei einem Spender wurde eine akzessorische Lebervene gefunden, die knapp unter-
halb der rechten Lebervene in die Vena cava inferior miindete und die nicht praopera-
tiv segmentiert wurde.

Der Vergleich der pridoperativen berechneten Volumina mit dem intraoperativen Ge-
wicht der Leberresektate weist einen Korrelationskoeftizient von 0.97 bei einem Sig-
nifikanzniveau von p < 0.001 auf. Es traten jedoch absolute, systematische Abwei-
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chungen auf, wie beispielsweise eine Uberschitzung des Volumens von durchschnitt-
lich 25% bei Hemihepatektomie rechts und Unterschétzung der linkslateralen Leber-
segmentvolumina von 8%. Detailliert werden alle Studienergebnisse von Caldarone et
al. [9] beschrieben.

4 Diskussion

Mit dem vorgestellten Untersuchungsprotokoll kénnen auf Basis einer einzigen CT-
Untersuchung und der anschlieBenden Analyse mit HepaVision fast alle relevanten
GefidB3- und Volumeninformationen gewonnen werden. Die sonst i{ibliche Angio-
graphie zur Darstellung der hepatischen Gefille mit ihren bekannten Risiken fiir den
gesunden potenziellen Spender werden mit dieser nicht-invasiven Technik vermieden.
Allein fiir die Darstellung der Gallengénge wird derzeit eine zusétzliche MRCP (Mag-
netresonanz-Cholangio-Pankreatikographie) angefertigt, flir dessen Ersetzung inner-
halb der CT-Untersuchung erste Versuche unternommen wurden.

Fiir die Abweichungen beim Vergleich der Volumina gibt es verschiedene Erkld-
rungsansitze. Zum einen ist es kaum moglich, dass der Chirurg die vorher bestimmten
Segmentgrenzen exakt einhélt, zum anderen lduft bei der Entnahme des Leberresekta-
tes ein Teil des Blutes aus den GefiBen ab, dessen Volumen prioperativ in der Ab-
schitzung beriicksichtigt wurde. Erste Studien an Schweinelebern zeigen, dass sich
zwischen perfundiertem und nicht-perfundiertem Leberparenchym Abweichungen bis
zu 35% ergeben konnen. Weitere Untersuchungen und eine gréflere Anzahl an Spen-
derevaluierungen sind Gegenstand derzeitiger Arbeiten.

Die bisherigen Ergebnisse haben gezeigt, dass sich mit der computergestiitzten Aus-
wertung der Bilddaten mit HepaVision grundlegende Informationen fiir die priopera-
tive Planung der LDLT gewinnen lassen, so dass dieses Verfahren mittlerweile bei
allen Leberlebendspenden an der MHH eingesetzt wird.
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Formation of Venous Collaterals and Regeneration in the Donor Remnant

Liver: Volumetric Analysis and Three-Dimensional Visualization

A. Schenk, M. Hindennach, A. Radtke, M. Malago, T. Schroeder, and H.-O. Peitgen

ABSTRACT

Purpose. We sought was to quantify and visualize the regeneration of the remnant liver
after living donor liver transplantation using computed tomographic (CT) data.

Methods. For the evaluation of preoperative and follow-up data, we developed a software
assistant that was able to compute the volume growth of the remnant liver and liver territories
as well as visualize the individual growth of hepatic vessels over time. The software was applied
to CT data of 20 donors who underwent right hepatectomy including the middle hepatic vein
with at least 3 follow-up examinations in the first year after transplantation.

Results. After donation of a right lobe graft, the remnant liver regenerated by an average
77% of the original volume within the first 3 postoperative months and to 86% within the
first year. The growth of the left lateral segments was increased compared with that of
segment IV in all cases. The visualization showed the growth of the portal vein and the
hepatic veins. With the simultaneous display of pre- and postoperative results, it was
possible to detect the formation of collaterals between truncated segment I'Vb veins and
the veins of segment 1Va or of the left lateral lobe.

Conclusion. The software-assisted analysis of follow-up data yielded additional
insight into territorial liver regeneration after living donor liver transplantation and

allowed for reliable detection of relevant hepatic vein collaterals using CT data.

N ADULT living donor liver transplantation (LDLT),
the donor operation involves either a right or a left
hepatectomy leaving the middle hepatic vein (MHV) in the
donor or preserving it for the recipient. Ligated tributaries
of the MHYV can lead to territories with outflow obstruction
bearing the risk of reduced or even insufficient liver func-
tion.'”* In the preoperative evaluation of donor livers,
potentially congested territories are estimated based on
computed tomography (CT) data or magnetic resonance
imaging. The operative decision for MHV reconstruction
depends on the remaining remnant volume, but there is no
consensus about the optimal strategy and the lower limit.
The purpose of our project was to better understand
regeneration in partial livers with outflow obstructed terri-
tories. We developed specific software methods to investi-
gate local volume growth and formation of collaterals.

PATIENTS AND METHODS

In our ongoing study, we applied software to the CT data of 20
donors with at least 3 follow-up examinations in the first year after
LDLT. Preoperative imaging was performed according to the
all-in-one multidetector CT protocol allowing for visualization of

© 2009 Published by Elsevier Inc.
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the hepatic artery, the portal and hepatic veins, and the bile ducts
in 4 contrast phases.' Follow-up data were acquired on day 10 as
well as at 3, 6, and 12 months after transplantation during the
arterial, portal venous, and venous phases.

All pre- and postoperative data were analyzed with the software
assistant MeVis LiverAnalyzer, which provided volume calcula-
tions of liver and local territories dependent on the supply of
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segmental portal veins or the drainage of MHV tributaries.*” In
the 3 dimensional reconstruction of the preoperative donor liver,
the planned resection was performed virtually, and volumes of
graft, of remnant, and of territories under the risk of venous
congestion were computed subsequently.® Among the studied
patient group, the MHV was given to the graft according to the
typical operative technique leading in the remnant liver to poten-
tially obstructed outflow zones.”

For comparison and detailed evaluation of preoperative and
follow-up data, we developed a new software assistant that
matched data analysis results at various times allowing computa-
tion of the territorial growth as well as visualization of the
individual growth of the hepatic vascular systems over time. An
important step was the registration of data at various times and
phases. This step was a prerequisite for synchronous visualization
of regenerating vascular branches and evaluation of dependent
local territories. It also yielded insight into the shape deformation
and rotation of the liver in the abdomen after resection (Fig 1).

RESULTS

After donation of a right lobe graft, the remnant liver
regenerated within the first 3 postoperative months by an
average of 77% and to 86% of the original volume within
the first year. In all cases the growth of the left lateral
segments increased compared to that of segment I'V. The
visualization showed portal vein and hepatic vein growth.
With the simultancous display of pre- and postoperative

SCHENK, HINDENNACH, RADTKE ET AL

results, it was possible to detect the formation of collaterals
and to identify new connections between truncated segment
IVb veins and veins of segment IVa or of the left lateral
lobe. Collaterals could not be detected in the first postop-
erative scan, but could be found in 12 (60%) donors with
clearly visible CT images in the second and later scans.

DISCUSSION

The assignment of the MHV to the graft or to the remnant
is a crucial decision in LDLT. It depends on anatomic and
volumetric criteria as well as the metabolic demand of the
recipient. It remains unclear whether existing or developing
collaterals can substitute for the potential venous conges-
tion of ligated MHV tributaries in the critical early postop-
erative phase.® A first visualization of intrahepatic collater-
als between the MHV and the right hepatic vein (RHV)
after LDLT was shown by Kaneko et al”'" using Doppler
ultrasonography images and recently by Yan et al.'' On
computed tomography after LDLT, Hwang et al'? observed
early extensive hyperattenuation indicating interlobar arte-
rial collaterals. Scatton et al' showed territories of venous
congestion in segment IV of donor remnant livers with
dissected MHV territories. These hypodense areas in com-
puted tomography data at 10 days posttransplantation led
the authors to state that the outflow obstruction was related

A

Fig 1. The registration of vascular structures from the different time points allows for additional evaluation of vascular substructures
and dependent territories more precisely than with the images side by side (hepatic veins; A=D). In this donar, collaterals can be found
in CT data 3 and 12 months after transplantation but not in the first postoperative scan (B and E, arrow). The shape deformation of
the remnant can be compared for different time points more carefully when the rotation of the organ itself is removed (F, pre-OP

remnant bright, 12 months post-OP dark).
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VENOUS COLLATERALS AND REGENERATION

to impaired functional recovery and volumetric regenera-
tion.

In conclusion, the development of hepatic vein collaterals
is an important factor for the regeneration and postopera-
tive function of outflow-obstructed territories. Computer-
assisted analysis of follow-up data provided a basis for
quantitative analysis yielding additional insight into this
process.
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Planning of living donor liver transplantations based on MRI and CT data:
Comparison of liver volume, portal and hepatic veins and their territories
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Abstract. Surgery planning of living donor liver transplantations is usually performed
on the basis of preoperative CT imaging. To evaluate the performance of radiation-free
MRI to serve as the sole imaging modality for donor evaluation and risk analysis of
different resection strategies, we have analyzed CT and MRI data of potential donors.
New methods for the analysis of MRI data have been developed and used for a first
comparison of the liver volume, the portal and hepatic veins and the vascular territories
with those extracted and computed from CT data of the same patient. The results of the
first 13 pairs of datasets showed that the difference in liver volume is about 6%, the
level of hierarchy for portal and hepatic veins extracted from MRI data is comparable to
that from CT data while the differences between the territories are less than 1.5% of
liver volume. Regarding the portal and hepatic vein, our study shows that the results of
MRI are sufficient for the planning of living donor liver transplantations.

Keywords: Liver, Surgery, Planning, LDLT, Volume, Vessel, Segmentation

1. Introduction

In living donor liver transplantation (LDLT) the liver of a voluntary healthy donor is
divided into the graft for the recipient and the remnant liver that remains in the donor. In
contrast to the donation of the relatively independent left lateral lobe for a pediatric
recipient, the adult living donor liver transplantation requires a subdivision of the right
lobe near the middle hepatic vein (1;2). Due to the complex vascular liver anatomy and
the restricted liver volume that has to be sufficient for both the healthy donor and the
diseased recipient, a detailed evaluation of the donor and a dedicated image based
planning is mandatory for this intervention.

Surgery planning for living donor liver transplantations is usually performed on the
basis of preoperative CT imaging. For the evaluation of the healthy and mostly younger
donor, it is worthwhile to accomplish the planning on basis of MRI data and thus to
avoid the radiation dose. In an ongoing study, we evaluate the performance of MRI to
serve as the sole imaging modality for LDLT planning and analyse CT and MRI data of
potential donors of the right hemiliver. In this article, we present the methods developed
and used for the analysis of MRI data and compare the liver volume, the portal and
hepatic veins and vascular territories with those extracted and computed from CT data
of the same patient.

2. Material and Methods

2.1 Preoperative Imaging

So far, twenty potential donors for LDLT underwent both CT and MR imaging. CT
imaging was performed on a Sensationl6 (Siemens, reconstruction increment 1 mm)
and included simultaneous enhancement of hepatic vessels and bile ducts by injection
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both of a biliary and conventional iodinated contrast agent (Biliscopin and Ultravist,
Schering) as published by Schroeder et al. (3). MRI was performed on a 1.5 T scanner
(Magnetom Avanto, Siemens), using an adapted Flash3D sequence (Zmm slice
thickness for venous phase and 1mm slice thickness with central field of view for
biliary images) and involved administration of a liver specific contrast agent (Primovist,
Schering).

2.2 Data Analysis

All MRI datasets were analyzed computer-assisted with an extended version of the
MeVis Liver Analyzer (4;5). Liver extraction and segmentation of portal and hepatic
veins was performed on the late phase of the enhanced Flash3D images where the liver
appears bright with dark vascular structures (Fig. 1). The images were filtered using a
statistical approach to eliminate the inhomogeneities that typically can be found in MR
images (6;7).

Fig. 1. Elimination ofinhomogenetis in MR data: original slice (left) and resultin imge
after application of the correction filter.

After this preprocessing a semi-automatic segmentation approach based on three-
dimensional region-growing and morphological operations was applied to extract the
liver (8). Minor inaccuracies were corrected interactively with an intuitive tool for the
modification of two-dimensional contours based on the live-wire approach (9).
Intrahepatic vascular structures were segmented also from the homogenised images of
the late phase applying a region-growing method (10). Portal and hepatic veins were
separated automatically and small vessels could be added interactively if necessary.
Vascular trees were labelled according to Couinaud’s scheme (11) for the portal vein,
and the hepatic vascular system was subdivided into left, right, inferior veins and
subtrees of the middle hepatic vein as it is advisable for a detailed LDLT planning.
Supplying and draining territories and their volumes were automatically computed on
base of the liver mask and the labelled vascular systems utilizing a distance
transformation.

The analysis of the CT data was performed according to our methods published by
Bourquain et al. and Selle et al (4;10) and the results based on the two modalities were
compared.
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3. Results

So far, datasets from 13 donors have been analyzed and evaluated with our software.
The liver volume ranged between 1366 ml and 2279 ml (mean 1724 ml) from CT and
between 1309 ml and 2371 ml (mean 1749 ml) from MRI. The average difference was
98 ml or 5.6 % (of the liver volume from CT) with larger volumes from the MRI data in
almost all cases.

Portal and hepatic veins from CT and MRI of the same patient showed similar vascular
trees. Regarding a first visual comparison, the level of tree hierarchy is comparable with
some minor branches missing in MRI (Fig. 2). A computer-assisted competitive
evaluation of subtrees is under development. The mask for the portal vein extracted
from MRI data, includes arterial and biliary structures due to the inverse contrast in the
liver (enhanced liver parenchyma with hypodense vascular structures). Therefore the
portal trunk appears broader as in CT but the topological information - important for the
planning - is not influenced.

The territorial volumes for the portal vein showed a difference between MRI and CT of
1.1 % of CT liver volume on average with a standard deviation 0.3 %, and ranging
between 0.6 and 1.7 %. Volume differences in the territories of the hepatic veins were
1.4 % (standard deviation 0.8 %), varying between 0.7 and 3.0 % (cf. Fig. 3).

Fig. 2. Comparison of portal and hepatic veins from the same potential donor
segmented in CT (left) and MRI (right) data.
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Fig. 3. Example of drainage territories determined from the liver mask and the hepatic veins
of the same potential donor on basis of CT (left) and MRI data (right).

3. Conclusion

Regarding the portal and hepatic veins, the results of a MRI-based planning for LDLT is
comparable to the results of CT. The liver volumes showed deviations in the range that
has been published in the literature (12). The level of hierarchy for portal and hepatic
veins extracted from MRI data is sufficient for the planning of LDLT. The differences
of territorial volumes between MRI and CT are relatively small and the larger standard
deviations for the hepatic veins originate from the small territories of the middle hepatic
sub-veins.

In conclusion, the slice thickness which is larger in MRI than CT influences the
territorial volume only to a limited extent and is of more importance for the smaller
hepatic artery and bile ducts. The analysis and comparison of these structures in the
context of LDLT planning is one of the next steps in the ongoing study. The project is
supported by the German Research Foundation, grants Pe199/14 and KFO 117/1.
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ALDLT

BSA

BrdU

BZ

CT

ECR

ERCP

ESLV

Gd-EOB-
DTPA

GRWR

GT

GUI

HA

HCC

HV

HVT

IHV or
Inf.V

LDLT

LHV

LWI

Adult Living Donor Liver Transplantation

Body Surface Area

5-bromo-2-deoxyuridine

Border Zone

Computed Tomography

Estimated Congestion Ratio

Endoscopic Retrograde cholangiopancreatography
Estimated Standard Liver Volume

Gadolinium-Ethoxybenzyl-Diethylenetriamine Penta-Acetic Acid,
Gadoxetic acid

Graft-to-Recipient Weight Ratio
Ground Truth

Graphical User Interface
Hepatic Artery

Hepatocellular Carcinoma
Hepatic Vein

Hepatic Vein Territories

Inferior Hepatic Vein

Living Donor Liver Transplantation
Left Hepatic Vein

Live Wire and Interpolation
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MHV

MR

MRI

MRCP

Nz

OPS

(07

PI

PV

PVT

RFA

RHV

RMHV

SFSS

LITT

VC

Middle Hepatic Vein

Magnetic Resonance

Magnetic Resonance Imaging

Magnetic Resonance Cholangiopancreatography
Normal Zone

Orthogonal Polarizations Spectroscopy
Obstructed Zone

Proliferation Index

Portal Vein

Portal Vein Territories

Radio-Frequency Ablation

Right Hepatic Vein

Right Hepatic Vein in the Median Liver Lobe
Small-For-Size Syndrom

Laser-Induced Thermotherapy

Vena Cava
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