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Abstract 
 

Laparoscopic liver surgery is mainly preferred over the traditional open liver surgery due to its 
unquestionable benefits. This type of surgery is executed by inserting an endoscope camera and the surgical 
tools inside the patient’s body through small incisions. The surgeons perform the operation by watching the 
video transmitted from the endoscope camera to high-resolution monitors. The location of the tumors and 
cysts is examined before and during the operation by the surgeons from the pre-operative CT scans 
displayed on a different monitor or on printed copies making the operation more difficult to perform.  

In order to make it easier for the surgeons to locate the tumors and cysts and have an insight for the rest of 
the inner structures of the liver, the 3D models of the liver’s inner structures are extracted from the pre-
operative CT scans and are overlaid on to the live video stream transmitted from the endoscope camera 
during the operation, a technique known as virtual X-ray. In that way the surgeons can virtually look into 
the liver and locate the tumors and cysts (focus objects) and also have a basic understanding of their spatial 
relation with other critical structures. The current master thesis focuses on enhancing the depth and spatial 
perception between the focus objects and their surrounding areas when they are overlaid on to the live   
endoscope video stream. That is achieved by placing a cone on the position of each focus object facing the 
camera. The cone creates an intersection surface (cut volume) that cuts the structures that lay in it, 
visualizing the depth of the cut and the spatial relation between the focus object and the intersected 
structures. The positioning of the cones is calculated automatically according to the center points of the 
focus objects but the sizes of the cones are user defined with bigger sizes revealing more of the surrounding 
area. The rest of the structures that are not part of any cut volume are not discarded but handled in such 
way that still depict their spatial relation with the rest of the structures. Different rendering results are 
presented for a laparoscopic liver test surgery in which a plastic liver model was used. The results include 
different presets of the cut volumes’ characteristics. Additionally, the same technique can be applied on the 
3D liver’s surface instead of the live endoscope image and provide depth and spatial information. Results 
from that case are also presented.   
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1. Introduction 
 

During the past 10 years gradually more surgeries are performed using the laparoscopic technique, also 
called minimally invasive surgery. Laparoscopic surgery (fig. 1 left) is a modern surgical technique in 
which the operation is performed through multiple small incisions. The incisions typically have a size of 
0.5 to 1.5cm. A camera (endoscope) which is used to view the abdomen and the rest of the surgical tools 
are inserted through the incisions to perform the surgery. The advantages over the traditional open surgery 
(fig.1 right) are definite. Laparoscopic surgery minimizes postoperative discomfort, pain, hemorrhaging, 
length of operation, hospital stay and recovery time. 

 

 

Figure 1: Examples of a laparoscopic surgery (left) and a traditional open surgery (right)[i][ ii ]. 

 

During the surgery the endoscope camera transmits high quality video stream to high resolution monitors 
in the operating room allowing the surgeons to perform the same tasks as in open surgery.  

However, the endoscope video stream only provides visualization of the surface of the organ without giving 
information for the critical inner structures, making the operation harder to conduct. 

Computer Assisted Surgery (CAS) is the concept of performing laparoscopic surgeries using computer 
technology. In CAS the first step is to create a 3D model that reproduces in great accuracy the geometry of 
the patient’s organ that will be operated. This can be done through a number of medical imaging 
technologies, with Computational Tomography (CT scan) being the most famous due to its high accuracy 
(fig. 2 left). 
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Figure 2: CT liver scan[iii]  (left) and its corresponding extracted 3D models.(right), Courtesy of Cascination AG, published with 
permission from Cascination AG, www.cascination.com. 

  

The 3D models (fig.2 right) are then uploaded into the computer system and rendered on screen giving 
surgeons the ability to observe it from any angle and establish a more accurate diagnosis. In CAS surgeons 
also have the ability to use a navigation system that by using special surgical instruments the system can 
depict the instruments in relation to the 3D models in real time.  

In order to enhance the visual information, improve the effectiveness of laparoscopic liver surgery and give 
surgeons extra information for the underlying structures, the ARTORG Center for Computer-Aided surgery 
in cooperation with CAScination AG have developed an augmented reality navigation system for 
laparoscopic liver surgery [1]. By using an instrument guidance system for open liver surgery, an 
augmented reality framework was developed allowing pre-operative 3D data to overlay the endoscope’s 
video stream (fig. 3).  

 

Figure 3: Snapshot of the 3D data overlay on the live endoscope image captured from the ARTORG’s center for computer-aided 
surgery software. 

 

 

By overlaying the 3D models on the live endoscope image, surgeons have the ability to reference the 
position of the surgical tools in relation to the 3D models and simultaneously with the patient’s organ. 
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However in order to proceed to the appropriate treatment of the liver, such as thermal ablation or resection 
of the tumors, the representation of the 3D models has to be as realistic as possible, providing clear view of 
the critical areas (tumors and cysts) and correct depth perception and spatial information between structures.   

The current master thesis focuses on enhancing the visualization of the augmented reality navigation system 
providing a more focused view of the areas where tumors and cysts are placed and better depth and spatial 
relation between tumors and cysts with their surrounding structures. 
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2. Related Work 
 

The enhancement of the visual information during a laparoscopic surgery has been thoroughly investigated 
by many scientific groups and various augmented reality approaches have been presented. Marescaux et al 
[2] ,Nicolau et al [3] and Bichlmeier et al. [4] present augmented reality systems that overlay the anatomical 
3D structures onto the endoscope image. Sielhorst et al [5] and Nicolau et al. [6] review various augmented 
reality systems and highlight their benefits and drawbacks.     

 

Depth Perception 

 

However, only overlaying the anatomical structures on to the live endoscope image is not sufficient to 
ensure a good visual result. In computer graphics and especially in medical visualization one of the most 
important parts is to let the user perceive the spatial relationship between the objects in a 2D display. There 
are different techniques that allow users to estimate distances such as shading, contours, shadows, aerial 
perspective, texture gradients etc.  

In [7] the depth perception is enhanced using halos that highlight the edges of certain structures while in 
[8] depth perception is altered according to different lighting parameters. Lighting and shading are 
extremely important as far as the visual feedback for space and depth perception and the impact of different 
luminance patterns are studied. Leonard. R.Wagner et al. [9] compares different depth cues and their impact 
on depth perception. Using different transparency levels between the different structures may reveal 
structures that are of high interest but depth or spatial relation errors occur.   

Different techniques that do not depend on transparency and provide visibility of the focus structures have 
been developed and are referred to as Smart visibility [10]. Smart visibility techniques rely on selectively 
removing structures or cutting into them. These techniques manage to preserve a high quality visual result 
despite the spatial deformations. Kruger et al. [11] implemented a smart visibility technique by applying 
ghosting that fades out all the structures that lay in front of the tumors, called Clear View. The visibility to 
specific structures can be also assured by cutting into the 3D models, a technique that provides also depth 
perception by visualizing the depth of the cut. Such techniques are referred to as volume cutting. 
J.Diepstraten et al [12] presents various approaches to generate cutaways to allow a clear view into a solid 
object. Two different techniques are presented called cutout and breakaway. The former will remove a big 
part of the exterior of a geometry to reveal hidden geometries, while the latter will create a cutout in the 
shape of the hidden object. Rautek et al. [13] used the tumor’s silhouette to create the cut’s shape providing 
information for the tumor’s shape and the structures that lay in it but not reliable information for the depth 
of the cut. Using the Maximum Importance Projection presented in [14] the structures are cut by cones to 
visualize the depth of the cut and also the spatial and depth relation between the structures that lay inside 
the cones. 
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3. Augmented Reality Navigation System - System Setup 
 

3.1 Navigation System 
 

The augmented reality navigation system that was mentioned earlier is divided in two key components: the 
navigation system and the augmented reality framework. The former mainly consists of the instrument 
guidance system and the pre-operative 3D data, while the latter of the endoscope camera and the software 
framework that overlays the pre-operative data on to the live endoscope video stream.  

Instrument Guidance System 

The instrument guidance system that the navigation system uses is the CAS-ONE Liver (fig. 4 left) 
developed by CAScination AG. The CAS-ONE Liver mainly consists of two 24’’ HD resistive touch 
screens, the main processing unit marked in red circle in figure 4-left and the optical tracking camera 
marked in blue circle in the same figure. The displays and optical tracking camera can be manually set in 
any position according to the surgeon’s choice. 

 

Figure 4: CAS-ONE Liver. In red circle is marked the main processing unit and in blue circle the optical tracking camera, Courtesy 
of Cascination AG, published with permission from Cascination AG, www.cascination.com (left), The NDI Polaris Vicra is 
responsible for tracking the pose of the surgical instruments[iv] (right). 

 

The system can visualize in real-time the positions and orientations of surgical tools in relation to the 3D 
models of the patient’s liver and its inner structures. 

 

Optical Tracking Camera- Tracker 

The optical tracking camera which from now on will be called tracker (fig. 4 right) is a NDI Polaris Vicra 
and is responsible for tracking the 3D positions and orientations of all the surgical instruments in real time, 
through the recognition of the positions of the retro-reflective markers attached onto them (fig. 9). 

The markers are covered with a retro reflective material that reflects light. The tracker’s tracking threshold 
can be adjusted so that it samples only the bright markers, ignoring surrounding materials. 

An approximation of the volume area in which the tools can be tracked can be seen in figure 5. 
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Figure 5: Approximation of the tracker’s tracking volume[iv] . 

 

Pre-operative Data 

The navigation system uses data acquired from the patient before the surgery. The data are acquired through 
a CT scan. From the CT scan the 3D anatomical structures of the liver’s surface, hepatic and portal veins, 
tumors, cysts, metastases etc. are extracted and loaded into the navigation system. The extracted structures 
(3D models) are constructed from thousand triangles which is the most efficient way for rendering in 
modern graphics hardware and software.  
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3.2 Augmented Reality Framework 
 

In order to overlay the pre-operative 3D data onto the endoscope’s video stream, the pose of the 3D models 
and the endoscope camera have to be known into the same coordinate system, which is the tracker’s 
coordinate system as shown in figure 6 [1]. 

 

 

Figure 6: The pre-operative 3D data and the pose of the endoscope camera have to be known into the tracker’s coordinate 
system. 

 

Patient Registration 

The position and orientation of the 3D models are computed into the tracker’s coordinate system through a 
4 point landmark registration that takes place in the operating room before the operation starts. The surgeon 
sets 4 landmarks on the 3D models which are depicted on the CAS-ONE Liver display (fig. 7).  

 

 

Figure 7: Surgeon sets the landmarks on the 3D models for the patient’s registration, Courtesy of Cascination AG, published 
with permission from Cascination AG, www.cascination.com. 
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The points are placed on specific positions which are the falciform ligament, the entrance of the portal vein, 
the vena cava and near the tip of the gall bladder. When the landmarks are set the surgeons try to match the 
positions of the landmarks with the actual positions on the patient’s liver using a laparoscopic pointer (fig. 
8).  

 

Figure 8: A laparoscopic pointer is used to register the landmarks set on the 3D models depicted on the CAS-ONE Liver with the 
actual positions on the patient’s liver, Courtesy of Cascination AG, published with permission from Cascination AG, 
www.cascination.com. 

 

During the registration of each landmark, the laparoscopic pointer has to remain motionless so that the 
tracker can acquire its position. Moreover the patient should be as steady as possible for the registration to 
be more accurate. After the registration is completed, its accuracy is tested by comparing the pointer’s 3D 
position in relation to the 3D models and the actual liver (fig. 9).  

 

 

Figure 9: The patient’s registration accuracy is checked by comparing the pointer’s position in relation to the 3D models (right) 
and the actual liver (left), Courtesy of Cascination AG, published with permission from Cascination AG, www.cascination.com. 

 

 

If the accuracy of the registration is not sufficient (if the offset between the pointer’s position on the actual 
liver and its 3D position is over 1.0 cm) the registration process is repeated.  
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Endoscope Pose 

The final step to make the augmented reality framework work is to compute the endoscope’s camera 
position and orientation into the tracker’s coordinate system. 

The endoscope camera that is used to capture the live video stream from inside the patient is shown in the 
next figure. 

 

Figure 10: Endoscope camera, Courtesy of Cascination AG, published with permission from Cascination AG, 
www.cascination.com,. 

 

The camera lens is placed on the tip of the tool and right next to it, there is a light source that provides light 
during the operation. The light is transferred using an optical fiber. The markers remain outside the patient 
and should be visible to the tracker during the whole duration of the operation while the main body of the 
endoscope can be all inserted if necessary. 

In order to overlay the 3D models onto the live endoscope video stream a virtual scene is defined as 
coincident as the tracker’s coordinate system. The pose of the virtual camera is then updated according to 
the pose of the endoscope camera in the tracker’s coordinate system[8] (fig. 11 left). 

 

Figure 11: The pose of the virtual camera is updated according to the pose of the endoscope camera (left), The transformation chain 
CameraToMarker and MarkerToTracker should be calculated to find the pose of the virtual camera into the tracker’s coordinate 
system (rigt). 
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In order to calculate the pose of the virtual camera into the tracker’s coordinate system a chain of 
transformations should be performed. That is because the lens of the endoscope camera is not where the 
markers are placed but on the tip of the endoscope. Thus the transformations “Camera to Marker” and 
“Marker to Tracker” should be computed (fig. 11 right). 

The transformation “CameraToMarker” is fixed during the entire procedure because the distance between 
the camera lens and the markers is always the same and already known. The transformation 
“MarkerToTracker” is updated in each frame according to the movement of the endoscope. The final 
position of the virtual camera is given by the following equation: 

 �珊仕蚕�珊�伺�珊��蚕� = �珊仕蚕�珊�伺�珊��蚕� ∗ �珊��蚕��伺��珊算�蚕�  岫な岻 
 

When the endoscope camera and the 3D data are known into the tracker’s coordinate system, the augmented 
reality navigation system is ready to be used[9]. 
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3.2 Simulating the augmented reality navigation system in Inviwo 
 

Introduction to Inviwo 

The current thesis was developed in Inviwo which is a software framework written on C++ for visualizing 
volumetric and image data. Its functionality is based on a node network design, following the top to bottom 
logic. Each node, which is referred as a processor (fig. 12 a), is the main object in the network that the user 
interacts with. The processors can communicate and exchange data through their ports (fig. 12 b) and links 
(fig. 12 c). The network is designed in the network editor (fig. 12 d) by simply dragging and dropping the 
processors from the list on the left of the network editor (fig 12 e). When the processors are in the editor, 
they are linked and executed to produce the output into one or more output processors, each one called 
canvas (fig. 12 f)[10]. 

 

 

Figure 12: Inviwo workspace example[]. 

 

The current thesis implementation that will be presented in the next chapters, was written in C++, OpenGL 
and GLSL programming languages. 
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Simulation in Inviwo 

The first task of the current thesis was to successfully simulate the augmented reality framework, which 
was presented earlier, in Inviwo. In order to do that data from a test case, using a plastic liver model and 
simulating the process of a real operation, were used. The data consist of a video stream series containing 
342 images, an xml file with the patient’s 4x4 registration matrix, the endoscope’s 3D pose 4x4 matrices 
for each frame and the pre-operative 3D data in VRML (.wrl) file format. The 3D data that were used for 
the current thesis were those of the hepatic and portal vein (fig.13 upper right and left respectively), liver 
surface and tumors (fig. 13 bottom right and left respectively).  

To import the data into Inviwo a xml and a VRML reader for the specific files were created. The endoscope 
images were imported using already existing software. 

 

Figure 13: Pre-operative data representation used in the current thesis where the upper left and right figures are the portal and 
hepatic veins and the bottom left and right the tumors and the liver surface respectively. 

 

XML Reader 

The purpose of this reader is to read the patient’s registration matrix and the endoscope’s pose matrix for 
each frame which are saved in the same file. To read the xml file, the library TinyXml was used. The 
patient’s registration matrix is stored in the “Transform” node of the file (fig. 14) right under the 
PatientRegistration node.  
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Figure 14: Example of the xml file and the node that holds the patient’s registration matrix, Courtesy of Cascination AG, 
published with permission from Cascination AG, www.cascination.com. 

 

The endoscope matrices are stored in the “Pose” node (fig. 15 - 2). For each position of the endoscope, the 
corresponding name of the image is also stored (fig. 15 1&3) so that the pose of the camera and the 
corresponding image can be matched during the simulation. 

 

Figure 15: Example of the xml file and the nodes holding the pose of the endoscope (no3 on figure) and the corresponding image 
name for each frame (no 1-3 on figure), Courtesy of Cascination AG, published with permission from Cascination AG, 

www.cascination.com. 

 

VRML Reader 

The purpose of this reader is to read the files containing the pre-operative 3D data. Each 3D model is saved 
in a different file and is constructed by many small geometries. Each geometry node contains the 3D 
positions of the vertices, the normal and color of each vertex and the vertex index for the correct connection 
between the vertices. When all the small geometries are read the final geometry is constructed. To simulate 
the inner structures of the liver it is sufficient to render all the models in the same view (fig. 16). 
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Figure 16: Rendering the 3D models presented on fig. 16 in the same view represents the inner liver structures of the test case 
used on the current master thesis. 

 

The 3D model of the liver’s surface is not rendered because it will occlude the rest 3D models and also it 
will not be used for the final visual result.  
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3.3 Final Composition 
 

When the patient’s registration matrix, the endoscope’s pose matrices, 3D models and images are 
successfully imported, the augmented reality framework is ready to work by applying the transformations 
presented in chapter 2.2.1. The simulation in Inviwo can be seen in the following figure. 

  

 

Figure 17: Simulation of the overlay of the 3D models on to the live endoscope image (presented on fig. 3) in Inviwo. 

 

The intensity of the colors of the 3D models can be altered by changing the ambient, diffuse and specular 
lighting terms in real time from the workspace in Inviwo.  
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4. Visualization enhancement methods 
 

After successfully simulating the overlay of the 3D models on to the live endoscope video stream in Inviwo, 
it is time to apply different visualization techniques to enhance the depth and spatial perception. 

 

4.1 Blending 
 

Blending in digital image editing is called the process of mixing two different images, referred to as layers, 
together. Each pixel on both layers has a numerical representation that is translated into a color. There are 
many blending modes each one resulting in a different effect [15]. The result of each blend mode varies in 
each case, depending on the colors of the layers that are used. The simulation in figure 17 shows the normal 
blend mode in which one of the two images, in this case the 3D models, is chosen as the top layer. Normal 
blend mode uses the top layer alone without mixing the colors with the bottom layer (endoscope image).    

As it can be seen in figure 17, the 3D models seem to float over the liver’s surface. The first goal is to give 
the feeling that the structures lay underneath the liver’s surface.  To do that, the color values of the 
endoscope’s image and those of the 3D models should be blended in an efficient and realistic way. 

After testing different modes, the screen blend mode managed to produce a result that suits the current case. 

 

Screen Blend Mode 

With screen blend mode the colors of both layers are inverted, then multiplied and then inverted again. 
Screen mode uses the following equation: 讃岫珊, 産岻 = な − 岫な − 珊岻 ∗ 岫な − 産岻         岫に岻 

where a and b are the two layers (in screen blend mode whether a layer will be used as a or b does not play 
any role in the final result). 

Screen blend mode did not distort the colors of the two layers, kept the main color gamut of the scene and 
also managed to produce a brighter but not too bright image in contrast to the other blend modes which 
mainly produced oversaturated results with distorted colors (fig. 18). 
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Figure 18: Screen blend mode result using equation 3. 

 

However, as seen in the figure presented earlier the intensity of the colors of the 3D models is the same no 
matter if they are closer or further from the camera.  

 

Environmental Depth Cue 

In computer graphics in order to enhance the depth perception of a scene, techniques that simulate the 
environmental depth cue (atmospheric/aerial perspective) are used [16]. That refers to the decrease in 
contrast of distant objects in the environment (fig. 19).  

 

 

Figure 19: Example of environmental depth cue. 

 

In order to simulate the environmental depth shown in figure 19, the depth values of the 3D models can be 
used. 讃岫珊, 産岻 = な − 岫な − 珊岻 ∗ 岫な − 産 ∗ 産_纂蚕使�酸岻         岫ぬ岻 

The depth buffer also known as z-buffer holds the image’s depth coordinates in 3 dimensional space. When 
objects are rendered on screen space the depth buffer stores the depth of each pixel. Thus, if another object 
is rendered in the same pixel position, the two depth values are compared and the pixel with the lowest 
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value is drawn. The depth values typically range from 0 to 1, with 0 (black color) corresponding to near 
and 1 (white color) to the far plane (fig. 20 left). Thus the depth texture is a gray scale image. 

 

 

Figure 20: An illustration of the near and far plane of a test scene is presented on the left image and its corresponding depth 
texture on the right. Darker values imply that the object is closer to the camera. 

 

The right part of figure 20 illustrates the depth texture of the scene on the left. The depth values of the green 
sphere are darker in comparison with the red sphere’s, because it is closer to the camera and thus has values 
closer to 0.       

Including the depth values of the 3D models (fig. 21 right) in equation 3 results in a more convincing result 
as the 3D models are colored according to the intensity of their depth values producing a banded coloring 
result. 

 

Figure 21: The depth texture of the 3D models is shown on the left figure. The result when including the depth values in 
equation 4 is shown on the right figure. 

 

However, one problem that arises is that by multiplying the colors of the 3D models with their 
corresponding depth values, structures that are closer will be colored less than structures that are further, 
which leads to misleading depth perception. That is because the structures closer to the camera have darker 
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depth values represented by numbers closer to 0 hence when multiplied with any color value will definitely 
result in a darker color. In order to achieve the exact opposite result, which would be to color more the 
structures closer to the camera than the structures that are further, the depth values should be inverted. The 
result of using the inverted depth values (fig. 22 bottom left) instead of the normal values when the depth 
and inverted depth values are used only on the 3D models can be seen in figure 22. 

 

Figure 22: The normal and inverted depth textures are shown on the upper left and bottom left corners respectively while the 
results when they are applied on the 3D models only are shown on their right side. 

 

Comparing the results in figure 22, it is clearly visible that the structures that are further from the camera 
are now colored less which definitely results in better depth perception. 

Applying the inverted depth values on equation 3 (equation 4) will produce a more realistic result (fig. 23).  讃岫珊, 産岻 = な − 岫な − 珊岻 ∗ 岫な − 産 ∗ 産_餐仔�蚕��蚕纂_纂蚕使�酸岻         岫ね岻 

 

Figure 23: Screen blend mode result including the inverted depth values (equation 5). 
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4.2 Edge Detection 
 

The blending has produced a realistic result, though by mixing the two layers together the spatial relation 
of the 3D structures has become harder to detect. By applying an edge detection algorithm and drawing the 
contours of the structures, the spatial relation can be enhanced and be clearer to the viewer. The edge-
detection algorithm aims to identify regions in the image where there is a sharp change in color. It is applied 
before the blending on the rendered 3D models and creates a black contour on the identified edges. There 
are many different edge detection algorithms that produce different results like the canny edge detector, the 
sobel and prewitt operators etc [17]. As the scene is not that complex more or less every edge detection 
algorithm produces pretty much the same result. I chose to implement a basic average intensity difference 
edge detection algorithm that I had already implemented on Matlab for a different project and works very 
well when the scene has such “strong” intensity differences. The average intensity algorithm requires only 
one pass which is good from a performance perspective.  

The algorithm traverses all the pixels one by one and averages the RGB values of each pixel, creating a 
mask with the averaged RGB colors of all the neighboring pixels (table 1).   

 �待 �怠 �態 �戴 ���� �泰 �滞 �胎 �腿 

Table 1: Intensity mask of surrounding pixels 

 

Then, the intensity differences between the neighboring pixels are averaged (equation 5). 

 �� = |�怠 − �胎| + |�待 − �腿| + |�戴 − �泰| + |�滞 − �態|ね     岫の岻 

 

Finally, applying a user defined threshold to the current pixel’s final intensity value will determine whether 
or not that pixel is an edge. The result when the edge detection algorithm is applied on the rendered 3D 
models can be seen in figure 24. 
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Figure 24: Edge detection algorithm applied on the 3D models. 

Adding the edge detected models in equation 4 (equation 6) will produce the result shown in figure 25. 

 讃岫珊, 産岻 = � − 岫� − 珊岻 ∗ 岫� − 産_蚕纂賛蚕_纂蚕�蚕算�蚕纂 ∗ 産_餐仔�蚕��蚕纂_纂蚕使�酸岻         岫は岻 

 

 

Figure 25: The final blending result using the edge detected 3D models, equation 6. 
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4.3 Focus Objects 
 

Figure 25 shows the blending between the underlying structures of the liver and the live endoscope image. 
However, during a surgery the surgeons have to focus on the areas where the tumors are placed. The location 
of the tumors, from now on referred to as focus objects, and the proximity to critical surrounding areas 
such as main blood vessels is extremely important to the surgeons for treatment decisions.  

Cut volume 

The liver contains a very complicated network of vessels that most of the times occlude the focus objects. 
Instead in order to enhance the depth and spatial perception of the focus objects with their surrounding 
structures, a cut volume can be created using a cone. The cut volumes are generated by placing cones on 
the positions of each focus object, facing the camera. The cut volumes contain the focus objects and their 
surrounding structures. The cone mesh is chosen over other standard meshes due to its shape. When a cone 
is intersected in different spots the depth comparison between the intersected points is easier due to its 
angular shape. This technique according to [18] is referred as breakaway. In order to place the cones, the 
center point of each tumor has to be found. The center point of each tumor is calculated by taking the 
average of its minimum and maximum x, y and z coordinates according to equation 7. 

 算蚕仔�蚕� 使伺餐仔�姉姿子 = (兼�券姉 + 兼��姉に ,   兼�券姿 + 兼��姿に , 兼�券子 + 兼��子に )     岫ば岻 

 

After calculating the center point for each tumor the cones are placed in these positions and the cut volumes 
are generated as shown in figure 26, which is the current master thesis test case. The size/opening for each 
cone is user defined although the smallest possible size should at least contain the whole tumor. Bigger size 
will reveal more of the surrounding area and will give better spatial and depth perception. 

 

Figure 26: Cut volumes created by placing cones on the positions of the focus objects, facing the camera. 

 

However, as it can be seen in figure 26 there are structures that are in front of the focus objects and yet they 
are not contained into the cut volumes. Thus when creating the cut volumes we have to make sure that all 
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the structures should be inside them. To do that, each cone has to be extended in order to be sure that all 
the structures are covered as shown in figure 27. 

 

 

Figure 27: The cut volumes are extended to contain all the structures that are in front of the focus objects. 

 

Knowing that the 3D models cannot extend arbitrarily due to the designated shape of the liver, it is sufficient 
to scale the cones until they almost reach the near plane. In that way we can ascertain that the cut volumes 
will contain all the structures that lay in them.  

However, when the cones are close to one another, they will inevitably overlap creating artifacts due to the 
default depth test of GL_LESS during the rendering process. Rendering with a depth test of GL_LESS as 
normal, everything that is closer to the camera will be rendered, meaning that the overlapping cone faces 
marked in red strip lines in figure 28 are going to be rendered and thus will block the view of the cut 
volumes.  

 

 

Figure 28: The faces marked in red strip lines will be rendered if  the default depth test of GL_LESS is used when rendering the 
cones, blocking the view to the cut volumes. 
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In order to force the overlapping faces not to be rendered, a depth test of GL_GREATER should be used 
during the rendering phase of the cones. Applying a depth test of GL_GREATER will render whatever is 
further from the camera shown in red strip lines in figure 29. 

 

Figure 29: The faces marked in red strip lines will be rendered if  the depth test of GL_GREATER is used when rendering the 
cones removing the overlapping faces. 

 

It is easily understandable that now the cut volumes are not blocked and the viewer can observe the 
structures that lay in them. Yet, the left and right cut volumes still extend too much. The issue that can be 
triggered is easier observed in an example case shown in figure 30 where the cut volumes do not overlap. 
In figure 30 the sides of the cones marked in red strip lines will be rendered, covering completely structures 
that although they are not contained in the cut volumes, should be still visualized as they can possibly give 
important information to the surgeons.  

 

Figure 30: Example of two cut volumes that do not overlap but occlude the rest of the structures. 

 

In order to size the cut volumes so that they block as much less as possible from the rest of the structures 
and also assure they contain everything that is in front of the focus objects, the surface of the 3D liver model 
is used to set the borders (fig. 31).  
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Figure 31: Using the liver’s 3D surface as the border, the cut volumes can be sized accordingly. 

 

The color and depth textures of the cut volumes and the 3D liver are passed into a fragment shader and a 
depth test of GREATER is performed. The shader checks if the pixel that is to be drawn is inside any of 
the cut volumes and also compares the corresponding depth values of the liver and the cut volumes. If the 
pixel is inside any of the cut volumes and its depth value in the cut volumes’ depth texture is greater than 
the liver’s depth value then the pixel is drawn. If one of the two tests fail then the pixel is discarded. To 
check if a pixel is inside a cut volume, it is sufficient to check its value on the cut volumes’ depth texture. 
If the depth value is not 1.0, which is the far plane’s value that means that the pixel is inside one of the cut 
volumes while if its value is 1.0 that means that the pixel is outside of all the cut volumes. In that way only 
the sized cut volumes will be rendered after the test (fig. 32).  

 

Figure 32: The cut volumes are sized according to the liver’s surface. 

 

The cut volumes are now adjusted properly and block as much less as possible from the structures that are 
not in them (fig. 33). As mentioned earlier, that is clearer for the example case in figure 33-right but in all 
cases the cut volumes will be more or less adjusted.  
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Figure 33: The cut volumes are now adjusted properly containing all the structures that lay in them but occluding as much less as 
possible from the structures that do not lay in them. 

 

In order to visualize the adjusted cut volumes and the 3D models that lay in them for the current thesis case 
(fig. 33 left), it is sufficient to render with the normal depth test of LESS (fig. 34).  

 

 

Figure 34: The cut volumes and the structures that lay in them are rendered using the default depth test of LESS. 
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4.4 Blending and Cut Volume Composition 
 

The final step would be to visualize the structures that are inside the cut volumes as described on chapter 
3.3 and the structures and endoscope image that are outside according to chapter 3.2.  To do that the pixel 
that is to be drawn should be checked again if it is inside any of the cut volumes or not and then the 
appropriate visualization should be chosen.  

The composition will produce the following result (fig. 35). 

 

 

Figure 35: Composition of the rendered cut volumes and the blending presented on chapter 3.1. 

 

From figure 35 it is clearly visible that the cut volumes’ color does not match with the live endoscope 
image. In order to fit as much as possible, the color should be sampled from the live endoscope image and 
more precisely from the liver’s color. However, the live endoscope image has a lot of different gradients 
due to the liver’s structure, the specular light from the endoscope’s light source and of course areas that are 
not lit properly. Testing a lot of different approaches to color the cut volumes has led to the conclusion that 
sampling all the liver areas or parts of it will not produce a more or less realistic result as the differences 
are not that noticeable. Thus, it is sufficient to sample the color of any pixel that approaches the main color 
gamut of the liver. That can be done by the surgeons during the operation by choosing the color that best 
matches their needs.  
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5. Results  
 

Sampling a random color from the liver’s surface of the live endoscope image will give the result shown in 
figure 36. 

 

Figure 36: Choosing a random color from the liver’s surface of the live endoscope image to color the cut volumes is sufficient to 
produce a more realistic result than the one shown on fig. 35. 

 

The composition presented can change according to the surgeons’ preferences and needs in the operating 
room. In figure 36 all the cut volumes are visualized so that the surgeons can have an overall depth relation 
for the focus objects and their surroundings. The sizes of each one of the cut volumes can be changed 
manually providing different results as shown in figure 37. 

 

 

Figure 37: The size of the cut volumes can be changed to produce different results. 
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It is also possible to isolate one focus object at a time (fig. 38).  

 

 

Figure 38: Surgeons can isolate the cut volume of each focus object that is about to be examined. 

 

On the results shown so far the structures that are behind the cut volumes are not visible. It is possible to 
make the cut volumes transparent. (fig. 39). The transparency level can be set manually although with high 
transparency it may be harder to distinguish between the structures behind and inside the cut volumes.  

 

 

Figure 39: The cut volumes can be transparent and give information for the structures that lay behind them. 

 

As shown so far, the current thesis implementation focuses on blending the 3D models of the liver’s inner 
structures with the live endoscope image. Additionally, the developed implementation can be applied when 
using the 3D liver’s surface, as presented in [17], instead of the live endoscope image following the same 
configurations presented so far. Some results are presented in the following figures. 
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Figure 40: Instead of using the live endoscope image, it is possible to use the 3D liver’s model to depict the depth relation 
between the focus objects and their surrounding structures. 

 

As presented earlier it is possible to isolate one cut volume at a time. 

 

Figure 41: Isolating the cut volumes of each focus object. 

Adding transparency to the cut volume (fig. 42) and the liver’s surface (fig. 43). 

 

 

Figure 42: Adding transparency to the cut volume 
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Figure 43: Adding transparency to the cut volumes and the liver’s surface creates a more detailed overview of the liver’s inner 
structures. 
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6. Implementation 
 

The final workspace created to produce the results shown in the previous chapter can be seen in the next 
figure. 

 

Figure 44: Inviwo workspace created for the current master thesis. 

 

The 3D Model Reader and Endoscope Matrices processors read the models and the endoscope and 
calibration matrices respectively and “send” them to the appropriate processors. The Geometry processors 
are responsible for rendering their inputs while the Image Source Series processor reads the endoscope 
images. The Edge processor applies the edge detection algorithm to its input. The Cones Test processor 
draws the cut volumes and the liver with a depth test of GREATER but its output is used only when the 3D 
model of the liver is used for the final result, while the Cone Liver test processor performs the test shown 
in figure 31. The Final Composition processor applies different tests (fig. 49) and sends the final result to 
the canvas. 

The next figures show code samples of operations in different processors. 

As mentioned in chapter 3.2, each 3D model is composed of multiple smaller geometries. After reading 
each geometry, the vertices, colors, normals and index numbers are saved in STL vectors. Each geometry 
is then stored in another STL vector. After all the geometries are read, the final mesh is constructed (fig. 
45).  
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Figure 45: The final mesh, in this case the liver, is constructed by many smaller geometries. 

 

Sample code of the Endoscope matrices processor. The code traverses the xml file and if the name of the 
node is “PatientRegistration” then the patient’s registration matrix is read and stored (fig. 46).  

 

 

Figure 46: The patient registration matrix is stored if the current node name is “PatientRegistration”. 

 

Figure 47 illustrates the test performed between the cut volumes and the liver’s surface explained in detail 
in chapter 4.3. 
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Figure 47: The fragment shader takes as inputs the color and depth textures of the cut volumes and the 3D liver. The shader 
checks if the pixel is inside a cut volume and if the cut volumes’ depth value is higher than the corresponding liver’s depth value. 

If the pixel passes both tests, it is drawn while if one of the tests fails the pixel is discarded. 

 

Figure 48 and 49 show the main parts of the edge detection and final composition processors. 

 

 

Figure 48: Edge detection sample code. 

 

 

Figure 49: Sample code of the Final Composition processor. At first the depth values of the 3D models are inverted. If the pixel 
is in a cut volume and the models’ depth value is smaller than the cone’s depth value then the 3D model is drawn, else the cut 

volume is drawn. If the pixel is not in the cut volumes, the endoscope image blended with the 3D models is drawn. Note that with 
this code the cut volumes are drawn transparent blended with the 3D models. 
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7. Discussion 
 

The primary goal of the current master thesis has been achieved. The visualization of the overlaid 3D 
structures onto the live endoscope image has been improved and a basic estimation of the spatial relation 
of the surroundings of each focus object can be made. Using the cone meshes to create the cut volumes, 
they manage to highlight each tumor’s position and its surroundings and simultaneously provide 
information about the depth of the cut. Moreover, observing the points where the structures (veins) intersect 
each cut volume helps to understand the spatial connection between them.   

Altering the size of the cut volumes, adding different transparency levels on them as well as isolating a cut 
volume at a time, has also produced different results that still maintain the advantages of this technique. 
Moreover, the efficient blending of the structures that are not part of a cut volume with the live endoscope 
image and the edge-detection algorithm applied on them has also achieved to make those structures less 
noticeable as they are of low critical level. However, they still preserve and depict their spatial relation. 

In order to make the generation of the cut volumes automated, a first thought was to automatically adjust 
the size of each cut volume according to the size of its focus object. However, that failed to produce a 
valuable result as the opening of the cut volume was too small to depict spatial and depth relation even if 
the tumor was quite big. Moreover, due to the complexity of the inner structures of the liver, some areas 
are very dense of veins and thus a bigger cut volume is needed. The conclusion was that the size of the cut 
volume should be adjusted manually according to each case as presented in chapter 5.     

One of the most crucial parts that should be taken into consideration is lighting. Lighting plays a leading 
role in the final result, as its position and ambient, diffuse and specular terms can change it significantly. 
During the development of the current thesis, I found out that the light’s ambient and diffuse terms should 
be set somewhere to medium values and the specular term close to zero as far as the cut volumes to create 
a nice shading on the cut surface that will generate the most realistic visual result. The lighting terms 
affecting the 3D models should not be that different from those used to shade the cut volumes because 
unusual differences may occur. However, it is possible to use the specular term as it adds realism. 

As mentioned on chapter 2, the first task of the current thesis was to successfully simulate the augmented 
reality framework used by ARTORG in Inviwo. This simulation was challenging and slowed down the 
process at first as LiU and ARTORG are using different rendering software and tools and incompatibility 
issues were raised.  

 

 

 

  

 

 

 

 



   

 

36 

Advanced visualization techniques for laparoscopic liver surgery 

8. Conclusion 
 

Laparoscopic technique is preferred over the traditional open technique in most liver cases nowadays. 
Laparoscopic liver surgeries are often assisted by computer systems inside the operating room that, instead 
of the live endoscope image, can depict on another screen the 3D models of the patient’s liver and its inner 
structures, extracted from the CT scans, and the positions of the surgical tools in relation to them. Modern 
systems are also capable of overlaying the pre-operatively extracted 3D models of the patient’s liver inner 
structures, on to the live endoscope video stream during the laparoscopic liver surgery, which is extremely 
important as the surgeons can virtually look into the liver and have a very basic understanding of the 
topology and the spatial relation between the vein’s network and the tumors at the same view. That can be 
achieved by placing retro reflective markers on the surgical tools that are tracked from an optical tracking 
system.  

However, by simply overlaying the 3D models on the live endoscope’s video stream is not sufficient to 
provide a highly accurate spatial and depth perception. Thus, a cone is placed on the position of each tumor 
facing the camera. Each cone creates a volume that is intersected by the structures in different points. Due 
to the cone’s angular shape it is easier to rate the depth of the cut and the distances between the intersected 
structures. The 3D models that do not lay inside any of the cut volumes are passed through an edge-detection 
algorithm and blended with the live endoscope image. In that way they still preserve and depict their spatial 
relation with the rest of the structures.  

The proposed implementation managed to enhance the visualization of the current used software especially 
due to the use of the cone meshes as cut volumes. Future considerations in order to achieve a better result 
would be to add shadows and/or distance lines in the form of rings across each cone’s surface.  
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