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Illustrative Visualization of 3D Planning Models for Augmented 

Reality in Liver Surgery 
 

Abstract 

Purpose: Augmented Reality (AR) obtains increasing acceptance in the operating room. However, a meaningful 

augmentation of the surgical view with a 3D visualization of planning data which allows reliable comparisons of 

distances and spatial relations is still an open request.  

Methods: We introduce methods for intraoperative visualization of 3D planning models which extend illustrative 

rendering and AR techniques. We aim to reduce visual complexity of 3D planning models and accentuate spatial 

relations between relevant objects. The main contribution of our work is an advanced silhouette algorithm for 3D 

planning models (distance-encoding silhouettes) combined with procedural textures (distance-encoding surfaces). 

In addition, we present a method for illustrative visualization of resection surfaces.  

Results: The developed algorithms have been embedded into a clinical prototype that has been evaluated in the 

operating room. To verify the expressiveness of our illustration methods, we performed a user study under 

controlled conditions. The study revealed a clear advantage in distance assessment with the proposed illustrative 

approach in comparison to classical rendering techniques. 

Conclusion: The presented illustration methods are beneficial for distance assessment in surgical AR. To increase 

the safety of interventions with the proposed approach, reduction of inaccuracies in tracking and registration are 

subject of our current research. 
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1 Introduction  

Recent planning software for liver interventions enables physicians to inspect 3D models of patients' anatomical 

structures and it provides valuable risk analyses and resection plans [1]. This information allows preoperative 

assessment of surgical risks and can support the navigation of surgical instruments intraoperatively. Although 

advanced navigation systems for liver surgery have been introduced into clinical practice [2-4], and surface-based 

tracking enables the adaptation of planning data to the intraoperative movement of the liver [5], the style and 

display location of 3D planning models is often inappropriate with respect to surgical user requirements.  

       In open liver surgery, the planning models are often presented on a display in front of the surgeon  (Fig. 1a). 

During laparoscopic interventions, two separate viewports are provided in conventional systems, i.e., a live camera 

stream and a presentation of the planning models (Fig. 1b). Based on our observations during such interventions 

and many discussions with surgeons, we conclude that a mental fusion of planning models with the current 

surgical view is error-prone. Furthermore, it results in frequent distracting comparisons during the intervention that 

consume unacceptable time.  

    Numerous surgical applications for Augmented Reality (AR) apply classical rendering methods (e.g., Gouraud 

or Phong Shading) for overlaying the graphical information. However, opaque planning models such as vascular 

structures, organ surfaces, and tumors can occlude the surgical view in a way that is inappropriate in surgical 

routine. The use of transparency, on the other hand, complicates the perception of relative depth distances between 

surfaces, particularly if manual rotation of the model (perception of motion parallax) is not possible.  Moreover, 

the assessment of spatial relations in static images is difficult even when opaque models are presented [6]. To 

improve the understanding of spatial relations and depth, we introduce illustrative visualization methods for 

complex 3D planning models that encode relevant distance information. The methods are integrated in an AR 

application for liver surgery. 
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(a) (b) 

Fig. 1: (a) Intraoperative visualization of 3D planning models on the screen of a navigation system 

for open liver surgery at General Hospital Celle [2], and (b) for laparoscopic surgery at University 

Hospital Lübeck [3].  

2 Related Work 

In the context of AR in liver surgery, a variety of concepts have already been developed. Our work is inspired by 

two research areas: AR and illustrative visualization. Therefore, we review work in the field of AR for liver 

interventions and previous work on improvement of depth perception in medical AR. Subsequently, we describe 

related illustrative visualization approaches on which we base our augmentation instead of classical rendering 

techniques. 

Augmented Reality for Liver Interventions 

Medical AR has a long history in science; a comprehensive literature review can be found in Sielhorst et al. [7]. 

The basic approach to employ AR during liver interventions is described by Ayache et al. [8]. They propose to 

augment intraoperative video images with an associated 3D-reconstruction of the liver surface using alpha 

compositing. Samset et al. [9] use AR to educate surgeons in radiofrequency ablations of liver tumors. Using a 

head-mounted display (HMD), interventional procedures are trained on phantoms without the risk of performing 

an invasive intervention in reality. Nicolau et al. [10] introduced a guidance system for liver percutaneous 

punctures that superimposes planning models on video images of the interventional view. Alpha compositing is 

used to achieve semi-transparent planning models. However, if AR applications apply transparency to 

superimpose planning models on the surgical view, visual depth cues can be degraded through lower contrast. 

       Feuerstein et al. [11] apply direct volume visualization of intraoperative retrieved CT data to superimpose 

laparoscopic video images for trocar placement in liver surgery. A drawback therein is its limitation to the 

intraoperative processed segmentation result which does not provide an accentuation of risk structures and spatial 

relations. Several groups [12, 13] in the field of laparoscopy guidance apply transparency-based superimpositions, 

similar to [8, 9, 10], in order to achieve a superimposition of laparoscopic video images with planning information, 

which could as well lead to misinterpretations. 

       Projector-based AR represents an interesting way to support surgical decisions: Krempien et al. [14] and 

Riechmann et al. [15] showed that a projector can not only be used for intraoperative visualization, but also for the 

registration of the patientôs organ using structured light techniques. However, in preliminary studies in 

collaboration with the Institute of Process Control and Robotics, University of Karlsruhe, Germany [15] we found 

that complex 3D planning models (such as vascular structures) shaded with classical rendering methods are 

inappropriate for intraoperative projection. The projected image provides insufficient visual contrast which results 

in a crucial loss of spatial information (Fig. 2). Glossop et al. [16] showed that the application of laser projectors is 

conceivable. The advantage of laser is an unlimited depth of field, but it represents a safety risk for the unprotected 

eye of the surgical staff.  
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Fig. 2: First experiments in the field of projector-based AR for open liver surgery carried out by 

the Institute of Process Control and Robotics, University of Karlsruhe, Germany and MeVis at 

Robert Bosch Hospital Stuttgart, Germany. 

Depth Perception in Medical Augmented Reality  

The surgical need to assess spatial information of planning models during an intervention has lead to the 

development of several techniques which attempt to improve depth perception in AR applications. In the context 

of projector-based AR, Riechmann et al. [15] proposed to project vascular structures onto an organ surface via 

projective texture mapping while tracking the surgeons head. Thus, an important depth cue (motion parallax) is 

provided by taking the observerôs position into account. However, a permanent tracking via head-attached tracking 

applicators could affect the surgical workflow, e.g. by forcing a surgeon to move his head to improve depth 

perception. 

       Multiple viewports have been proposed to enhance depth perception in AR without forcing observers to 

change their viewing position or to rotate the model. Navab et al. [17] presented a render-to-texture approach, 

termed virtual mirror, for monitor-based AR which provides additional views on the planning model. Particularly, 

the interpretation of partial self-occlusions inside complex planning models is improved. 

    One way to add depth cues to AR is to extract depth information from the associated video images and use this 

data to control the superimposition. Lerotic et al. [18] utilize photometric stereo to derive the orientation of the 

organ surface. This information is used to generate a translucent contour layer that preserves sufficient details to 

aid navigation and depth cueing. Bichlmeier et al. [19] use surface topology, viewing attributes, and the location of 

surgical instruments to generate a transparency map that is applied to control the pixel transparency of video 

images. Thus, a context-preserving focus region is provided that facilitates intuitive depth perception. Moreover, a 

optical see-through HMD with stereoscopic imagery is used to provide an augmented view. However, head-

mounted displays can handicap a surgeon during interventions and need further technological improvement before 

getting into the operating room. 

 

 Illustrative Visualization in Medicine  

 

Based on traditional illustration techniques, a variety of non-photorealistic methods have been proposed to apply 

silhouettes and hatching strokes in order to increase expressiveness of visualizations. An overview can be found in 

Strothotte et al. [20]. While the field of non-photorealistic rendering is concerned with imitating artistic styles in 

an automated way, illustrative rendering applies these techniques to enhance visual comprehension; for a survey of 

illustrative rendering techniques we refer to the thesis of Bruckner [21]. 

       We were inspired by the work of Fischer et al. [22] who developed an illustrative rendering technique that is 

capable of generating a stylized augmented video stream. Based on an edge-detection algorithm, silhouttes are 

extracted and applied to both the camera image and the virtual objects. Thus, visual realism of the graphical 

foreground and the real camera image is reduced. Both modalities become less distinguishable from each other 

and thus an improved immersion can be achieved. 

     Our project is based on prior work in the field of vascular visualization: Ritter et al. [6] presented vascular 

visualization methods, which extend illustrative rendering techniques to particularly accentuate spatial depth and 

to improve the perceptive separation of important vascular properties such as branching level and supply area.  

Besides a GPU-based hatching algorithm for tubular structures (distance-encoding surfaces), shadow-like depth 

indicators (distance-encoding shadows), which enable reliable comparisons of depth distances, are introduced. 

Important techniques on which our work is based have been described by Freudenberg [23], who introduced an 

algorithm to generate stroke textures procedurally that is further developed by Ritter et al. [6] to visualize 

distance-encoding surfaces. Moreover, Isenberg et al. [24] described techniques for the stylization of silhouettes. 
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3 Methods 

We aim to accentuate spatial relations and reduce visual complexity of 3D planning models via GPU-accelerated 

illustrative rendering techniques. It is a prerequisite of our approach that planning information is either projected 

onto the liver surface during open liver surgery using a light projector as described in [14-16], or rather 

superimposed with the images from a laparoscopic camera [11-13]. Since the surgical view is augmented with 

planning models, we expect a reduction of cognitive demands for the surgeon, concerning distracting comparisons 

of spatially separated views during the intervention.  However, as mentioned in the related work section, an 

augmentation of the surgical view by planning models may result in unacceptable occlusions of the operation field 

or misinterpretation of spatial relations, colors, and contrast. Therefore, our visualization approach is guided by 

four requirements: 

 

¶ Spatial depth of planning models must be perceivable, even in static images, 

¶ occlusion of the surgical view by planning models should be minimal, 

¶ transitions in color and brightness must be avoided in order to ensure a maximal contrast, 

¶ required technical devices should not handicap the surgeon. 

 

To test the usability of our methods, we specified three visualization scenarios in collaboration with experienced 

liver surgeons. These scenarios represent surgical situations wherein expressive visualizations are requested: 

 

(1) Anatomical Overview: This scenario contains all tumors identified preoperatively and their relations to 

relevant vascular structures. Besides providing an abstract overview of available planning objects, this 

visualization scenario allows fast assessment of alignment errors between the real and the virtual world. 

(2) Focusing the current tumor: During the treatment of a specific tumor, this visualization provides 

information about surrounding risk structures such as vessels which are invisible for the surgeon. 

(3) Focusing the virtual resection surface: In case of a precise prepared resection strategy, this scenario 

provides spatial information of the virtual resection surface, while enhancing its relation to risk structures. 

 

Predefined views for each scenario are generated in advance and provided intraoperatively. In the following 

subsections we focus on the developed illustrative rendering techniques. 

Distance-Encoding Silhouettes 

 

Silhouettes play an important role in figure-to-ground distinction and can be applied to reduce the visual 

complexity of geometric models. Reduction of visual complexity is a basic requirement of our visualization 

approach. However, the abstraction of a classical shaded object to its silhouette results in the loss of shading 

information and consequently in a reduction of depth cues. Therefore, we enhanced conventional silhouette 

algorithms by two optional rendering settings. 

       Our first extension allows for varying the stroke thickness of silhouettes continuously by using the distance to 

relevant objects (organ surface, adjacent risk structures, or surgical tracked instruments) as input (Fig. 3). The 

distance-dependent scaling of silhouttes is similar to the concept described by Isenberg et al. [24], but we control 

the stroke thickness on the GPU using two framebuffer objects. The algorithm is based on a translation of each 

vertex of the 3D planning model (i.e. vascular tree) in direction of its normal by a vertex shader. Utilizing multiple 

render targets, we calculate the silhouette by subtracting the original planning model from the scaled model in a 

fragment program. We vary the length of the applied vertex translation by calculating a distance value (e.g. the 

distance between a vertex and the tip of a tracked surgical instrument) via built-in shader functions, or rather by 

exploiting a precomputed 3D distance map via texture lookup. Our algorithm controls stroke thickness within a 

user-defined interval (minimum and maximum stroke thickness). Irrelevant parts of the model can be omitted.  

 

 

Fig. 3: Silhouette thickness depends on the distance to the observer. A rotation about 180° of the 

left model along the vertical axis changes stroke thickness in the right model and thus adapts the 
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accentuation of  specific parts. Compare vessel marks a, b, c, d. 

 

       Our second extension uses different stroke styles (solid, dashed, dotted) to accentuate view-

dependent spatial relations (in front, within, behind) of interweaved objects. The developed 

rendering styles are particularly important for vessels that intersect other planning models such as 

resection volumes, territories at risk, or tumors. The stroke styles are varied by means of a 

sawtooth function in a fragment program. Occluded objects are detected using the depth buffer, 

while overlapping objects are identified by a texture look-up in the underlying 3D segmentation 

masks of planning models. Figure 4 shows an example for a close-up view of a tumor with 

surrounding vessels rendered with classical shading (Fig. 4a), conventional silhouettes (Fig. 4b), 

and our  new approach termed distance-encoding silhouettes (Fig. 4c). 

 

(a) (b) (c) 

Fig. 4: (a) Focusing a tumor using classical rendering techniques. (b) A silhouette representation of 

the scene results in a loss of depth cues. Occluded vessel branches are not visible. (c) Distance-

encoding silhouettes allow for the accentuation of important vessels by applying varying stroke 

thickness, while occluded vessels are emphasized via varying stroke styles. 

 

Distance-Encoding Surfaces  

 

Distance-encoding surfaces provide the observer with distance information displayed on the surface of geometric 

objects. This technique was introduced by Ritter et al. [6] to visualize the distance of vascular structures to the 

observer by using texture gradients as additional depth cues (Fig 5). A procedural stroke texture with varying 

stroke thickness is used for this purpose. 

  

 
 

Fig. 5: The distance to the observer is encoded by the thickness of strokes. A sawtooth function ů is compared 

with  a distance function ŭ. If the value of ů is greater than the value of ŭ, a black fragment is generated, otherwise 

a white fragment (Idea by Freudenberg et al. [23]). 

 

Instead of applying a hatching texture on the whole vessel system, we exploit a distance-based transfer function to 

limit the use of texture to a specific scope. Thus, distances between arbitrary planning objects can be visualized, 

e.g. vessels at risk can be accentuated while their spatial relation to other objects (organ surface, vascular 

territories, tracked surgical instruments) is encoded by distance-encoding silhouettes. In addition, this enables the  

combination of distance-encoding surfaces with distance-encoding silhouettes. Figure 6 shows an example for the 

combination of both techniques: vessels at risk are emphasized using a distance-encoding surface while a 

distance-encoding silhouette highlights branches close to the organ surface.  
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 (a) 

 

(b) 

Fig. 6: Classical rendering (a) in comparison to the illustrative approach (b). While the spatial 

relations between vessels and tumors are difficult to perceive in (a), vessels at risk are accentuated 

in (b) using a varying stroke texture, termed distance-encoding surface. The distance-encoding 

silhouette enhances branches close to the organ surface (varying silhouette thickness). The part of 

the vessel behind the left tumor is accentuated with dashed strokes.  

 

       Regarding the tumor scenario, spatial relations between a tumor and surrounding risk structures 

have to be visualized.  Besides the distance between tumors and vessels, the location of a vessel (in 

front, inside, or behind a specific tumor) has to be clearly perceivable in order to support surgical 

decisions. Inspired by standardized conventions in technical drawings we propose to encode spatial 

relations as follows: Vessels in front of the volume are encoded by the union of the distance-

encoding surface and the distance-encoding silhouette (Fig. 7a-1). Vessels within the volume (Fig. 

7a-2) are rendered as solid silhouette, while occluded vessels (Fig. 7a-3) are rendered as dotted or 

dashed silhouette. In order to achieve corresponding stroke- and texture-frequencies, the silhouette 

style for occluded vessels is controlled by the same sawtooth function as the distance-encoding 

surface. 

 

 

Visualization of Resection Surfaces using Contour Lines  

 

If a resection plan has been created before surgery, the aim of an intervention is to execute the preoperatively 

planned resection as accurately as possible. If a 3D model of the resection surface is used for this purpose, it is 

important to provide the surgeon with reliable information about distances of the virtual resection surface to other 

relevant objects like the liver surface, vessels, or surgical instruments. We found that contour lines (also named 

isolines) are appropriate for this purpose. They provide an efficient representation of data changing continuously 

which is often used on topographic maps to represent points of equal value.  

       For the visualization of virtual resection surfaces, we project contour lines onto the outer shape of resection 

volumes. The distance between contour lines is controlled by exploiting a precomputed Euclidian distance map. 

This distance map encodes the shortest distance of each liver voxel to the liver surface. Thus, line thickness can be 

kept constant or varied linear depending on a distance function in a fragment program. In addition, the distances 

between lines can be adjusted, e.g. 5mm, which facilitates quantitative assessment of spatial depth. As illustrated 

in Fig. 7b-c, the proposed contour lines can also be combined with distance-encoding silhouettes and distance 

encoding-surfaces.  

 

   

(a) (b) (c) 


