lllustrative Visualization of 3D Planning Models for Augmented
Reality in Liver Surgery

Abstract

Purpose:Augmented Rality (AR) obtains increasing acceptanioethe operating room. However, a meaningful
augmentation ofhe surgical view witha 3D visualzation of planningdatawhich allowsreliable comparisons of
distances and spatial relatiassstill an open request.

Methods:We introduce methods for intraoperative visualization of 3D planning models which extend illustrative
rendering andA\R techniqies. We aim to reduce visualroplexity of 3D planning modeland accentuate spatial
relations between relevant objectsie maincontributionof our workis an advanced silhouette algorithm for 3D
planning modelgdistanceencodingsilhouettey combined vith procedural texturesi{stanceencodingsurface$.

In addition we present a method fiblustrative visualization of resection surfaces.

Results:The developed algorithmsave beerembedded ito a clinical prototype that has beemaluatedn the
opemting room. To verify the expressiveness of our illustration methods, we performed a useurstedy
controlled conditions. The studgvealeda clear advantage in distance assessmvéhtthe proposed illustrative
approachin comparisorto classicakendering techniques

Conclusion:The pesentedllustration methods arkeneficialfor distanceassessmerih surgicalAR. To increase
the safety of interventions with the proposed approach, reductisraeduracies in tracking and registration are
subject é our current research.

Keywords:Intraoperative Visualization, Agmented RealitymageguidedSurgery,lllustrative Rendering

1 Introduction

Recent planning software for liver interventions enables physittaimspect 3D models of patishanatomical
structures andt 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
advancechavigation systemsor liver surgeryhave beerntroducedinto clinical practice[2-4], and sirfacebased
tracking enablesthe adaptationof planning data tdhe intraopegtive movementof the liver [5], the style and
display locatiorof 3D planning modeli ofteninappropriatewith respect tsurgical user requirements
In open liver surgerythe planning models are oft@mesentedn a display in front of the surgeofirig. 1a)

During laparoscopic interveiohs, two separat@iewportsare provided in conventional sgsts, i.e.a live canera
stream and @resentatiorof the planning modelé-ig. 1b). Based on our observations during such interventions
and many discussions with seoms, we conclude that a mental fusion of planning models with the current
surgical viewis errorprone Furthermoreit results in frequerdistracting comparisons during th@ervention that
consume uacceptabldime.

Numeroussurgicalapplicationsfor Augmented RealityAR) apply classicalrendering methodée.g, Gouraud
or Phong Shding) for overlaying the graphical informatiohlowever,opaque planning modekluch as vascular
strucures, organ surfaces, and tumoen occlude the surgical view in a way thainappropriatein surgical
routine The use of transparenogn the othehand,complicates th@erception ofelative depthdistancedetween
surfaces, particularly ilnanualrotation of the mode{perceptionof motion parallaxis not possible Moreover,
the assessment of spatial relations in static images is difficult elilen wpaquenodelsare presented6]. To
improve the understanding of spatial relations and depth, introduce illustrativevisualization methodsfor
complex 3Dplanning modelghat encode relevant distance information. The metha@dsntegratedin an AR
applicationfor liver sugery.



(a) (b)
Fig. 1: (a) Intraoperative visualization 8D planning models on the screen of a navigation sys
for openliver surgery at General Hospital Cellg],[and (b) for laparoscopic surgery at Univers
Hospital Lubek [3].

2 Related Work

In the context oAR in liver surgery a variety of concepts have already been developed. Ourigvarkpired by
two research area#iR and illustrative visualization. Therefore, we review woirk the field of AR for liver

interventions and previouswork on improvement of depth perceptisnmedical AR. Subsequentlywe describe
related illustrative visualization approachas which we base ouraugmentatiorinstead ofclassicalrendering
techniques

Augmented Realityfor Liver Interventions

Medical AR has a long history in scien@comprehensivditeraturereview can be found in Sielhorst et §¥].
The basicapproachto employAR during liver interventionss described by Ayache et aB][ They propose to
augment intraoperativeideo images with an associated -B&zonstruction of the liver surface usimdpha
compositing Samset et al9] useAR to educate surgeons iadiofrequency ablationsf liver tumas. Using a
headmounted displayHMD), interventionalproceduresaretrained on phantoms without thesk of performing
an invasive intervention in realitiNicolau et al.[10] introduced aguidancesystem forliver percutaneous
puncturesthat superimposs planningmodelson video image®f the interventionalview. Alpha compsiting is
used to achieve semiransparent planning model$However, if AR applications apply transparency to
superimpos@lanning model®n the surgical viewisualdepth cuesan bedegraded ttoughlower contrast.

Feuerstein et al.1l] apply direct volume visualizatiomf intraoperative retrieved CTath to superimpose
laparoscopic video images for trocar placement in lissrgery A drawbacktherein isits limitation to the
intraoperative processed segmentation reshith does not providanaccentuation of risk structures asplatial
relations Severalgroups [L2, 13] in the field of laparoscopy guidance apply transpardrased superimpositions,
similar to[8, 9, 1Q, in orderto achieve auperimpositiorof laparoscopic video image&gth planning information,
which could as welleadto misinterpretations.

ProjectorbasedAR representan interesting way to support surgical decisidiseempienet al. [14] and
Riechmann et al. @] showed that a projector can not only be used foadmerative visualization,ub also forthe
registration of the patient s o usip@ structured light techniqueslowever, in preliminary studies in
collaborationwith the Institute of Process Control and Robotics, University of Karlsruhe, Gerfdéhyve found
that complex 3D planning modelgsuch as vasculastructurey shaded withclassicalrendering methods are
inappropriatefor intraoperativeprojection. The projeced imageprovidesinsufficient visualcontrastwhich results
in acruciallossof spatid information (Fig. 2). Glossopet al. [16] showed that the application of laser projectors is
conceivableThe advantage daseris an unlimited depth of fie|dutit representa safety riskfor the unprotected
eyeof the surgical staff.



Fig. 2 First experimentén the field of projectobased AR for openver sugery carried outby
the Institute of Process Control and Robaqtidsiversity of Karlsruhe Germanyand MeVis at
RobertBoschHospital StuttgartGermany

Depth Perceptionin Medical Augmented Reality

The surgical needto asses spatial informationof planning modelsduring an interventionhas lead to the
developmenbf severaltechniques whiclattemptto improve depth perception in AR applicatiohsthe context

of projectorbasedAR, Riechmann et al.15] proposed to project vascular structures omtmmgansurface via

projective texture mapping while tracking the surgebead. Thus, aimportantdepth cug(motion parallax)is
provided by taking t het Holweverrapeemadest tragclong via hieathoheditrackimgy a c c o u |
applicators could affect the surgical workflow, ely. forcing a surgeon to move his head to improve depth
perception.

Multiple viewports have beerproposedto enhance depth perceptiém AR without forcing observes to
chang their viewing positionor to rotate the modelNavab et al. I7] presenteda renderto-texture approach
termedvirtual mirror, for monitorbasedAR which provides additional vievg on the planning modelParticularly
theinterpretatiorof partial self-occlusionsnsidecomplexplanningmodelsis improved.

One way to add depth cues to AR istdractdepthinformationfrom the associated videonages and use this
datato controlthe superimpositionLerotic et al [18] utilize photometric stereo tderive the orientationof the
organsurface This information is usgto generatea translucentontourlayer that preservesufficient details to
aid navigation and depth cueirigjichlmeier et al[19] usesurface topalgy, viewing attributes, anthelocation of
surgical instrumestto geneete a transparency maghat is appliedto controlthe pixel transparency ofideo
images. Thus, acontextpreservingocus region igrovidedthatfacilitatesintuitive depth percefmn. Moreover, a
optical seeahrough HMD with stereoscopic imageris used toprovide an augmented viewlowever, head
mounted displaysanhandicap a surgeon during interventions and need further technological improvement before
getting into the operatingpom.

Illustrative Visualization in Medicine

Based on traditional illustration techniques, a variety of-plootorealistic methods have been proposed to apply
silhouettes and hatching strokes in order to increasessipeness of visualizationsnAverview can b found in
Strothotte et al.40]. While the field of norphotorealistic rendering is concerned with imitating artistic styles in
an automated way, illustrative rendering applies these techniques to enhance visual coioprébeasurvey of
illustrativerenderingtechniquesve refer to thehesisof Bruckner p1].

We wereinspired by the work oFischeret al [22] who developedanillustrative rendering technique thist
capable of generating stylized augmented video streaBasedon anedgedetection algorithmsilhouttesare
extracted andhpplied to both the camera image and the virtual objdttss, visual realismof the graphical
foreground and the reghmeraimage is reducedBoth modalitiesbecomelessdistinguishable from ach othe
ard thusan improvedmmersioncanbe achieved

Our projectis based on prior work in the field of vascular visualization: Ritter ef6lpresentedsascular
visualization methods, which extend illustrative rendering techniques to parycatcentuate spatial depth and
to improve the perceptive separation of important vascular properties such as branching level and supply area.
Besidesa GPU-based hatching algorithm for tubular structufeistanceencodingsurface$, shalow-like depth
indicators (distanceencodingshadowy, which enable reliable corapisons of depth distanceare introdued.
Important techniques on which our work is based have been describegdunenbergd3], who introduced an
algorithm to generate stroke texturesoqedurally that isfurther developed byRitter et al.[6] to visualize
distanceencodingsurfacesMoreover, Isenberg et al.4Pdescribel techniques for the stylization of silhouettes.



3 M ethods

We aim toaccentuate spatial relations amedluce sual complexity of 3D planning models via GRidcelerated
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 agilmkeb in [4-16], or rather
superimposed with the images from a laparoscopic cafiéra3]. Since the surgical view is augmented with
planning models, we expect a reduction of cognitive demands for the surgeon, concerning distracting comparisons
of spatally separatedviews during the ntervention. 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 relatignsolors, and contrast. Therefore, our visualization appraaguided by

four requirements:

Spatial depth of planning models must be perceivable, even in static images,
occlusion of the surgical view by planning modgt®uld be minimal

transitions incolor and brightnessiust beavoidedin order to ensure a maximal contrast,
required technical devices should not handicap the surgeon.

=A =4 =8 =4

To testthe usability of our methods, we specifituleevisualization scenarios in collaboration wilkperienced
liver surgeonsThesescenariosepresent surgical situatiom$ereinexpressivevisualizatiors arerequested:

(1) AnatomicalOverview This scenario containdldumors identified preopeatively and their relatios to
relevant vascular structureBesidesproviding an abstract overview of available planning objettiis
visualizationscenar allows fastassessmermf alignment errors betvemthereal andthe virtual world.

(2) Focusing the current umor: During the treatment of specific tumor, this visualizationprovides
information abousurroundingrisk structuresuch asesselswvhich areinvisible for the surgeon

(3) Focusng the virtual resectionsurface In caseof a precise preparerksectionstrategy this scenario
provides spatial information of the virtuasectiorsurface while enhancing its relation to risk structures.

Predefined views for each scenario are genermtegidvanceand provided intraoperativelyn the following
subsections we focus on the developed illustrative rendering techniques.

Distance-Encoding Silhouettes

Silhouettes play an important role in figei@ground distinction and can be applied to reduce the visual
compleity of geometric modelsReductionof visual canplexity is a basic requiremef our visualization
approach. ldwever the abstractionof a classical shaded object to its silhouette results in the loss of shading
information and consequently in a reduction of depth cues.efiner we enhanced conventional silhouette
algorithms bytwo optional rendering settings.

Our first extension allows for varying the stroke Kmiess of silhouettes ntinuouslyby usingthe distance to
relevant objects (organ surface, adjacent risk strugtoresugical tracked instruments) as input (FB). The
distancedependent scalingf @ilhouttes is similar to the conceptsgribedby Isenberg et al.Z4], but we control
the stroke thickness on the GPU ustag framebufferobjects. The algorithm is based on a translation of each
vertex of the 3D planning model (i.e. vascular tredjifaction of its normaby a vertex shader. Utilizing multiple
render targetswe calculate the silhouette by subtracting the original planning model from the scaled model in a
fragment programWe vary the length of the applied vertex translationchlgdating a distance values(g. the
distance between a verteaxdthe tip of a tracked surgical instrument) via builtshader functions, or rather by
exploiting a precomputed 3D stiance map via texture lookuPur algorithm controls stroke thickness witha
userdefined interval (minimo and maximum stroke thicknessyelevant parts of the model can dmitted

Fig. 3: Silhouettethicknessdepemls on the distance tthe observer. Aotation about 1808f the
left modelalong the vertical axishangs strokethicknessin the rightmodelandthusadaptsthe



accentuatiorof specific partsComparevessel marks a, b, c, d

Our second extension uses different stroke stidebd, dashed, dotted) to accentuate vie
dependent spatial relationsn (front, within, behind) of interweed objects. The develope
rendering styles are particularly important for vessels that intersect other planning models
resection volumes, territories at rjsr tumors The stroke styles are varied by meansac
sawtooth functiorin a fragmentprogram. Occluded objects adetectedusing thedepth buffer
while overlapping objects are identified by a texture lopkin the unddying 3D segmentatior
masks of planning models. Figudeshows an example for a cleap view of a tumor with
surrounding vessels rendered with classical shading 4&)g.conventional silhouettes (Figb),
and our new approatarmeddistanceencodingsilhouettegFig. 4c).

(a) (b) (©)
Fig. 4: (a) Focusing a tumousing classicalrendering techniquegb) A silhouetterepresentatiomf
the scenegesults in a loss of depth cues. Occludedsel branches are nasible. (c) Distance
encodingsilhouettesallow for the accentuation of important vessddy applying varying stroke
thickness while occludedvesset are emphasizeda varying strokestyles.

Distance Encoding Surfaces

Distanceencodingsurfacesprovidethe observer with distance information displayed on the surface of geometric
objects This techniquavasintroducedby Ritter et al.[6] to visualizethe distance of vascular structures to the
observer byusing texture gradients as additional depth qég 5). A procedural stroke textureith varying
stroke thicknesis used for this purpose

BB A

Fig. 5: The distanced the observeis encoded by the thickness of strokesatvtoothfunction(l is compared
with a distance functioi. If the value ofll is greater than the value Gfa black fragment is generated, otherwise
a white fragmengldea by Freudenberg et §3]).

Instead of applying a hatching texture on the whole vessel system, we exploit a distsedtéransfer function to
limit the use of texture to a specificope Thus, distances betwearbitraryplanning objects can be visualized,
e.g. vessels at sk can beaccentuatedvhile their spatial relationto other objects (organ surface, vascular
territories,tracked surgical instruments) encoded bylistanceencodingsilhouettesin addition,this enables the
combinationof distanceencodingsurfaceswith distanceencodingsilhouettesFigure 6 shows an example for the
combination of both techniqueves®ls at risk areemphasizedusing a distanceencoding surface while a
distanceencodingsilhouettehighlightsbranches close to the organ surface.



(a) (b)
Fig. 6: Classicalrendering (a)in comparisonto the illustrative approackb). While the spatial
relations betweeresset and tumorsare difficult to perceivén (a), vessels at risk are accentuat
in (b) using a varying strokeéexture termeddistanceencodingsurface The distanceencoding
silhouetteenhancedranches close to the organ surféearying silhouettethicknes$. The part of
thevessebehindtheleft tumoris accentuateavith dashed strokes

Regardinghe tumorscenarig spatial relations between a tumor autrounding risk structure
have to be visualized. Besides the distance between tumors and vessels, the location of a-
front, inside, or behind a specific tumor) has to be clearly perceivablal@n tor support surgics
decisions. Inspired bgtandardizeaonventionsn technical drawingsve propose to encode spati
relations as follows: Vessels in front of thelume are encoded by the union of tilistance
encoding surfacand thedistanceencodng silhouette fig. 7a-1). Vessels within the voluméFig.
7a-2) are rendered asolid silhouette while occluded vessel§ig. 7a-3) are rendered adottedor
dashedsilhouette.In order to achieve corresponding strokad texturefrequencies, the silhette
style for occluded vessels is controlled by the same sawtooth function dsstidneceencoding
surface

Visualization of ResectionSurfacesusing Contour Lines

If a resection plarhas been creatdoefore surgerythe aim of an intervention iso executethe preoperatively
planned resection as accurately as possible. If a 3D model of the resecfaneis used for this purpose, it is
important to provide the surgeon with reliable information about distances wgirthal resectiorsurfaceto other
relevant obgcts like the liver surfacevesselsor surgical instrumerst We foundthat contour lines (also named
isolines)are appropriate for this purpose. They provide an efficient representati@aathdingingcontinuously
which is oftenusedon topographianaps to represent points of equal value.

For the visualization ofirtual resectionsurface, we projectcontour linesonto the outer shape ofresection
volumes The distancebetweencontourlines is controlled by exploiting a precoputed Euclidian distance map
This distance map encodes the shortest distance of each liver voxel to the liver Jurfiscdine thickness can be
kept canstant or variedinear dependingon a distance function in a fragment prograim.addition, he disance
between lines can be adjusted, &mm, whichfacilitatesquantitativeassesmentof spatial depthAs illustrated
in Fig. 7b-c, the proposed contour lines calsobe combined wittdistanceencodingsilhouettesand distance
encodingsurfaces
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