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ABSTRACT

Tumor resections from the liver are complex surgical interventions. With recentplanning software, risk analyses
based on individual liver anatomy can be carried out preoperatively. However, addional tumors within the
liver are frequently detected during oncological interventions using intraoperaive ultrasound. These tumors are
not visible in preoperative data and their existence may require changes to the resdoh strategy. We propose
a novel method that allows an intraoperative risk analysis adaptationby merging newly detected tumors with a
preoperative risk analysis. To determine the exact positions and sizes of thesemors we make use of a navigated
ultrasound-system. A fast communication protocol enables our application to exchang crucial data with this
navigation system during an intervention.

A further motivation for our work is to improve the visual presentation o f a moving ultrasound plane within
a complex 3D planning model including vascular systems, tumors, and organ surfacesn kase the ultrasound
plane is located inside the liver, occlusion of the ultrasound plane by the planning madel is an inevitable problem
for the applied visualization technique. Our system allows the surgeon to focus othe ultrasound image while
perceiving context-relevant planning information. To improve orientation ability and distance perception, we
include additional depth cues by applying new illustrative visualization algorithms.

Preliminary evaluations con rm that in case of intraoperatively detected tumor s a risk analysis adaptation
is bene cial for precise liver surgery. Our new GPU-based visualization approach prades the surgeon with
a simultaneous visualization of planning models and navigated 2D ultrasound datavhile minimizing occlusion
problems.
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1. INTRODUCTION

With regard to complex oncological resections, a computer-assisted risk analigsis important for precise and safe
liver surgery. Based upon security margins around each tumor, disturbances of blabsupply and drainage within
the remaining liver parenchyma can be computed, quanti ed and visualized preoperativel.! However, using
intraoperative ultrasound during oncological interventions, approximately 20% of patients with primary liver
malignancies or metastases show additional tumoré!* Although the maximum diameter of these intraoperative
ndings is mostly smaller than 15 mm, changes to the resection strategy may benecessary, especially if the
new tumors are adjacent to hepatic vessels. In such cases, an intraoperationtdol for automatic risk analysis
adaptation would assist the surgeons in optimizing the resection strategy. W propose a new application, the
Intraoperative Planning Assistant, which allows a risk analysis adaptation by merging intraoperatively detected
tumors with a preoperative risk analysis. To determine the exact positionsand sizes of newly found tumors, we
make use of an navigated ultrasound-system. Data exchange betweenntraoperative Planning Assistant and
navigation system during an intervention is realized using a fast XML-based conmunication protocol.

Furthermore, an adequate visualization of the ultrasound plane relative to thepreoperative model facilitates
the navigation for the surgeon and is bene cial for precise liver surgery. Majordrawbacks of existing concepts
are occlusions of the ultrasound plane by the 3D planning model and fade-out of crucial coekt information.

* Corresponding author. E-mail: Christian.Hansen@mevis.de; Tel.: ++49 421-2187722



We introduce a new visualization approach, that allowing a focus-view on the ultasound image while preserving
context-relevant planning information and depth cues. The paper is organized as folles: First, we review

related work. After describing the applied registration technique, we introduce a newapproach for intraoperative

adaptation of risk analysis in the case of intraoperatively found tumors. Furthermore, we introduce requirements
for an adequate, intraoperative visualization and describe a new visualizabn pipeline. Finally, we present our

results, draw conclusion and discuss future work.

2. RELATED WORK

The work described in this paper extends and combines existing concepts in medical image prosesy and
visualization. In this section we provide an overview of related work in the eld of intraoperative adaptation and
registration, as well as illustrative and intraoperative visualization.

2.1 Intraoperative Adaptation and Registration

An initial concept for intraoperative adaptation of risk analysis for | iver surgery was presented by Ritter et al®
They propose to determine tumor attributes like position and size manually ty means of mouse interactions on a
notebook inside the operation room (OR). Their approach is not designed for the usin sterile areas and does not
make use of a navigation system to determine tumor attributes. Since our approdtis based on an ultrasound-
based navigation system, the success of an intraoperative risk analységlaptation correlates with the accuracy of
the applied intraoperative registration technique. Maier-Hein et al.” developed a motion simulator for CT-guided
liver interventions allowing a real-time adaptation of preoperative calculated tumor positions. Their system is
of particular importance for radio-frequency ablations where liver immobilization is hard to archive. Zshlke et
al.® presented a model-based technique based on Self Organized Maps, using extracted vessel branchiingm
preoperative (CT) and intraoperative (tracked 2D Doppler ultrasound) data as input. The method outputs a
rigid registration matrix. Lange et al. ® combined the Iterative Closest Point algorithm and multilevel B-Splines
to achieve a non-rigid registration of preoperative CT/MRI and intraop erative 3D ultrasound. Similar to Zshlke
et al. the algorithm is based on the vessel center lines of both image modal@s. Papenberg et al® introduced
a landmark-based registration approach for ultrasound and CT-data. It combinesthe distance measure of the
normalized gradient eld with a penalizer that forces the deformation to ful Il the landmark condition using an
a ne linear deformation model.

2.2 lllustrative Visualization

The rendering of overlapping transparent iso-surfaces like the segmentation resulif a vascular tree often gener-
ates a complex output which is di cult to interpret. Selective accentuation of shape features using illustrative
techniques like hatching strokes or silhouettes can reduce visual complexity. Visuatomplexity can further be
decreased by viewing important objects in focus while less important structues are visualized as context in-
formation or even discarded. In recent years a variety of non-photorealistic methds have been proposed to
increase expressiveness of illustrations, e.g. focus & context techniques, hatchingakes or silhouettes. Detailed
overviews have been given by Strothotte et at! and Gooch et al'? In the eld of medical visualization these
illustrative methods were adapted, improved, and combined to allow an e ective exploation of medical data
sets.

Our visualization approach was inspired by a sequence of user studies accomplish bytérrante et al.'®> They
evaluated the e ect of displaying surface texture in combination with overlapping transparent surfaces and showed
that non-photorealistic techniques are an adequate solution to support evident recagtion of layered surfaces.
Corresponding to these studies, Fischer et al* introduced a pipeline for illustrative rendering of overlapping
iso-surfaces. Hatching, silhouette extraction, and depth-peeling are combined in suchway that a simultaneous
inspection of inner and outer structures of an object is possible. The pipeline alloara manual de nition of focus
regions by specifying a secondary geometry, but is limited to two iso-surface yers. Tietjen et al.'®> describes a
focus & context rendering approach for medical visualization that combines silhouettesdirect volume rendering,
and surface shading. Di erent styles are used to control the appearance of anatoital structures according to
their relevance for the visualization. A context-preserving volume rendering model thatautomatically enhances
important information in a volume data set using illustrative volume rendering was introduced by Bruckner et



al.’® In order to reduce the opacity in less important data regions, they use a function ofshading intensity,

gradient magnitude, distance to the eye point, and previously accumulated opacity. Auser-controlled focus
& context technique for volume rendering was presented by Kmger et al}’ Changing attributes like size and
location of the focus or weight for the context allows the user to control theappearance of a medical visualization
using a point-and-click interface.

2.3 Intraoperative Visualization

Previous publications in the eld of medical visualization primary focus on preopemtive exploration of medical
data. A detailed overview of these techniques can be found in the book of Preim et &% Since the availability of
navigation support in the OR has risen in the last years, intraoperative visualization becomes more interesting.

One of the rst approaches for intraoperative visualization in liver surgery with clinical relevance was pre-
sented by Lange et al’ Registrated preoperative models of vessels, tumors, the liver surface, and thresection
plane are rendered as colored intersection lines onto the top and perpendicular slicé a 3D ultrasound image.
The current position of these two slices in relation to the preoperative datais presented in an extra viewer.
However,the approach does not consider an adequate visualization in a single view order to avoid frequent
comparisons.

Burns et al.*® presented an approach for simultaneous visualization of ultrasound and medicalolume data.
To provide a clear view on the ultrasound plane, they removed occluding volume data basednoan importance
function. Furthermore, they apply illustrative rendering techniques like silhouette enhancement and Gooch cool-
to-warm shading to provide visual distinction between anatomic structures. Although their aim is similar to
ours, we use segmented iso-surface objects with additional, color-coded planning ammation (e.g. distance to
relevant structures like tumors or organ surface) for intraoperative visualization. Compared to Burns et al. we
do not clip any planning data, but carefully fade out planning data that occludes the view betweencamera and
ultrasound plane by applying illustrative rendering techniques.

3. METHODS

In this section we briey review prior work concerning the underlying risk analyses algrithm for planning
models. Afterwards, we present a new approach for intraoperative risk angkes adaption and describe the
applied registration technique. Furthermore, we de ne requirements for an intraoperative visualization and
introduce a novel rendering pipeline that allows an adequate visualization of adapd risk analyses together with
intraoperative 2D ultrasound.

3.1 From Voxels to Risk Analyses

The generation of 3D planning models including risk analyses is part of the softwar assistant MeVisLiverAnalyzer

which integrates all steps to analyze contrast-enhanced CT data for preoperativ@lanning in liver surgery.?° We

brie y describe the important steps for vascular analysis and visualization: Skeletonization with a topology-

preserving thinning algorithm yielding an exact centerline and the radius at each voxebf the skeleton. A graph

analysis transforms the vessel skeleton in a directed, acyclic graph where nodes repent branchings?! Based

on the assumption of a circular cross-section of vasculature, smooth transans at branchings and rounded ends
are produced by means of convolution surface®

Tumors and liver surface are semi-automatically segmented using Live Wiré and transformed to a triangle
mesh. For the visualization of a ected vessels the spatial relations between tumrs and vessels have to be
analyzed. Therefore, certain security margins around the tumor are assumed. Computinthe di erence between
the tumor segmentation mask and the eroded tumor segmentation mask (3x3x8rosion lter) delivers the border
of the tumors. Distance transformation is applied to all border voxels, thus generating the security marginst
Finally, a graph traversion identi es a ected voxels of depending vascular branches acording to the speci ed
security margins and determines the vertex colors for the convolution surfaces. Bsd on the eight major branches
of the portal vein (giving a classi cation similar to Couinaud's scheme) vascular territories and their volumes
are approximated using a Voronoi Tessellation. An iso-surface renderer generatesparate triangle meshes and
sets vertex colors. While vascular territories show the relation between lier parenchyma and supplying/draining
branches, territories at risk show the liver parenchyma of impaired blood in- @ out ow. Thus, the calculation of
territories at risk (as the a ected vessels) has to be adapted when new tumor ndings & made during operation.



3.2 Intraoperative Adaption of Risk Analyses

If additional tumors are found during surgery, tumor size, and position are directly de ned in the 2D ultrasound
image on the navigation system's display which is located in front of he situs. For simplicity, tumors are assumed
to be spherical in shape and it is therefore su cient to draw a circle around the tumor. After tumor attributes
have been determined, the navigation system sends an XML-request to thintraoperative Planning Assistant,
containing the new tumor radius and position. In case the request is accepted, the tumosiadded to the planning
model and a risk analysis adaptation is performed by thelntraoperative Planning Assistant. To create a new
risk analysis, an Euclidean Distance Transformation is applied to calcula¢ the distances between vessels and
tumors. A ected vessels are identi ed and relabeled depending on the prede ned security margingFig. 1a, 1b).

(b)

Figure 1. (a) Preoperative risk analysis for the portal vein vessels and dependent subtrees for di erent security margins.
Three standard security margins around the tumors are chosen and displayed in red (5mm), yellow (10mm) and green
(15mm). The red sphere on the ultrasound plane shows an intraoperatively detected tumor before adapting the risk
analysis. (b) Adapted risk analysis including relabeled vessels.

(@) (b)

Figure 2. (a) Preoperative territories at risk that are supplied by the a ected vessels. (b) Adapted risk analysis showing
the updated territories at risk. Tumor and risk margins are the same as in Fig. 1.



Furthermore, a Voronoi Tessellation with respect to the vascular system is prformed to approximate the
volume of the parenchyma supplied or drained by the a ected vessels (Fig. 2a, 2b). fer the computation
has nished, the Intraoperative Planning Assistant sends a response to the navigation system and the updated
planning results are immediately available on the navigation display. Usinga multi-scale approach for the
underlying volume data, our algorithm for risk analysis adaptation can chose a trade o between accuracy
and computation time. Figure 3 illustrates the XML-based exchange protocol, de ned tetween Intraoperative
Planning Assistant and navigation system.

Intraoperative
Planning Assistant navigation system
! request planning data
allocate planning data m h >
‘ data location of planning data use tracked ultrasound
to look for new lesions

__ tumor position and radius define tumor attributes

>
acknowledge

adapt risk analysis use tracked ultrasound

inform about new planning data R

D | <
| acknowledge download new
I planning data

Figure 3. Exchange protocol, de ned between Intraoperative Planning Assistant and navigation system.

3.3 Intraoperative Registration

In order to calculate the exact position of a newly detected tumor, a registration between the intraoperative
ultrasound images and the preoperative planning data is required. We implemented a régtration method that
is robust, executable in real-time and interactively adaptable. It requires the surgons to de ne a small set of
corresponding markers in both the preoperative radiological data and the intaoperative ultrasound images using
anatomic landmarks like vessel branchings. By minimizing total squared disances of the corresponding markers,
we compute an a ne transformation and apply it to the preoperative data.

3.4 Intraoperative Visualization

In case the ultrasound plane is located inside the liver, occlusion of the ultraamd plane by the planning model is
an inevitable problem for the applied visualization technique. Presenting the ultrasound image without planning
data in a second window results in time-consuming comparisons for the observer because neszgyg information
is not presented in a single image. Applying transparency or clipping operations on acluding objects removes
important context information and results in a loss of spatial information and clearness. To address these
problems, we de ne three guiding requirements to ensure clinical applicability of our method:

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

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

3. Error Identi cation : Since recent intraoperative registration methods make a compromise betweeral-
time and error-prone computation, a clear hint to perceive registration errorsshould be provided.

The aim of visualization approach is to provide an adequate presentation oplanning models and ultrasound
data in a single view. Therefore, we combine three extended rendering techniques in a GPU-acceltyd rendering
pipeline (Fig. 4). This pipeline consists of the following four steps in whichthe rst three steps directly address
the mentioned requirements:



3.4.1 Focus, context and mask image generation

The main objective of our visualization approach is to provide the surgeon vith a focus-view on the ultrasound
plane and a context-view on the planning model in order to ensure diagnostic usability. Since the focus lies
on the ultrasound plane, we create a mask by rst rendering this plane with disabled texuring onto an o -
screen textureM. For the generation of the focus and context views, we render the colored and shaded plamg
models onto two o -screen texturesF and C. For F, the models are transparent. Correct order-independent
transparency is achieved via depth-peeling* Using the maskM to combine F and C would lead to an abrupt
change of rendering styles at the border of the ultrasound plane. This causes a wrong spatinterpretation due
to receiving the impression that the ultrasound plane occludes the vessels. We found that gradual transition
between focus and context images avoids this misinterpretation. To achieve thijghe maskM is of low resolution.
When sampling from M, we use fast bi-cubic interpolation as described by Hadwiger et &° to obtain a smooth
gradient. Thus, we avoid several blurring passes which are required when a higheesolution is utilized.

3.4.2 Silhouette and hatch stroke generation

We found that transparent layered surfaces in combination with shape-accentuating sokes give a context-
preserving view of the planning data while providing orientation aid and minimizing occlusion problems. Fur-
thermore, we suggest varying line width of silhouettes depending on the distance to theltrasound plane to

support depth perception. In a rst step, we render the depth valuesDgyreq Of the vessels into an o -screen
texture. While D is the relative distance between the current vertex and the ultrasound plane, andR describes
the diameter of the bounding sphere, we use a vertex shader to translate all vertices ohé model by the factor
Dr in opposite direction to their normal vector. This causes a shrinking of the model depnding on the distance
to the ultrasound plane. The corresponding fragment shader computes the di erence of the currdrdepth value
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Figure 4. Pipeline overview showing intermediate rendering re sults together with the associated requirements.



Z and Dgreq Which delivers a distance encoding silhouette in image space precision, i.e., the thiokss decreases
with increasing distance to the ultrasound plane. We extend the method by applying hatching strokes within
the same rendering step, using the hatching algorithm introduced by Ritter et al?®

3.4.3 Intersection contour generation

This is done by rst cutting an image representation of the ultrasound plane out of a 3D binary vessel mask
(applying a multiplanar reformation). Then a marching squares algorithm is used to nd all iso-contours in the
image. Thus, the registration result can be compared with the current ultrasaund image (error identi cation).

3.4.4 Compositing in screen space

A fragment program starts by computing the output color colyoger USINg a convex combination of the current
F and C samples. The value sampled from the mask imag# is used as the weight . Recall that we use bi-
cubic interpolation when sampling from M to achieve a smooth transition betweenF and C. Next, the program
computes the contribution from N to the current fragment color. If the sample of N is black the program outputs
coly instead of colyogel , Wherecoly is determined by blending black with the color of C using . Figure 6 shows
a resulting image generated with the technique described above.

4. RESULTS

So far, preoperative risk analyses for oncologic liver surgery were of lited value during interventions in case
of intraoperatively found tumors. For the rst time, we provide surgeons with an intraoperational tool for risk
analyses adaptation that can be integrated into a surgical work ow. Preliminary evaluations (Fig. 5) con rm
that in case of newly discovered tumors an adaptation of the preoperative riskanalysis is bene cial for precise
liver surgery. Our application, in combination with a navigated ultrasound-system, o ers crucial decision support
and is easy to use. Using an XML-based communication protocol, the provided servicean be utilized by other
systems as well.

Furthermore, we present methods for simultaneous visualization of preoperativglanning models and nav-
igated 2D ultrasound. Our new GPU-accelerated visualization approach is guided by ragrements of clinical
applicability and provides the surgeon with a focus-view on a moving ultrasound plae within a complex, inter-
weaving 3D planning model (Fig. 6). Unlike previous visualization approaches, w minimize occlusions of the
ultrasound plane by the 3D planning model and avoid fade-out of crucial context informdion. With a prototype
implementation of our pipeline on the developer platform MeVisLab we achieve interactive framerates (16fps
on a GeForce 7900 GT) with a 2 GHz CPU using a model with 203k vertices (foudepth-peel passes and one
anti-antialiasing pass). We expect real-time framerates after optimizaton of the code.

5. DISCUSSION AND FUTURE WORK

Preliminary evaluations with ex-vivo pig livers have been performed. The purpogs was to prove the feasibility
of our concept in collaboration with liver surgeons as well as an analysis dhe surgical work ow for the intra-
operative risk analysis adaptation. For the near future we plan to evaluateour system under realistic conditions
during oncological interventions with a focus on accuracy. Therefore, we will replee the spherical approximation
of tumors by a tumor segmentation algorithm applied on intraoperative 3D ultrasound data using a prede ned
sphere as the region of interest. Since our system uses a rigid registration apgach, which does not provide an
adequate accuracy for clinical use, we want to extend our system by an intensity-basedlastic registration.°
Regarding clinical applicability, a trade-o between registration accuracy and computation time needs to be
found.

Concerning our new visualization approach, we expect additional clues from a quantitéve user study which
is currently performed in cooperation with clinical partners. Furthermore we will extend the approach with an
automatic viewpoint selection algorithm?’ that computes optimal camera positions for a 3D scene with respect
to clinical parameters, like newly found tumors.

For more information visit www.mevislab.de



@) (b)
Figure 5. (a) Intraoperative Planning Assistant showing the risk analysis for a pig's liver with arti cial tumors bef ore
applying a risk analysis adaptation. (b) Preliminary evaluations in the OR using the Intraoperative Planning Assistant
and the ultrasound-based navigation system for laparoscopic liver surgery.

Figure 6. Simultaneous visualization of preoperative planning data and in traoperative 2D ultrasound. The close-up view
on the right hand side shows the highlighted intersection areas and depth-accentuating hatching strokes. While silhouettes
encode the distance to the ultrasound plane, a gradual transition from op aque to transparent rendering (around the focused
ultrasound plane) avoids misinterpretation of spatial relations.
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