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t. Intera
tive and high{quality dire
t volume rendering pro-vides a 
omprehensive spatial understanding of 
omplex stru
tures withinvolume data. This is a
hieved with 3D texture mapping whi
h is stilllimited to high-end graphi
s hardware. In order to a

ess this type ofvisualization intraoperatively, the system presented in [1℄ was appliedwithin the operating room. In this 
ontext, navigation within CTA datawas evaluated in 
ase of intra
ranial aneurysms. The suggested frame-work eÆ
iently 
ombines lo
al desktop 
omputers and remote high-endgraphi
s hardware. Thereby, standard visualization 
apabilities whi
h areavailable at the 
lini
 are exploited to a maximum. In addition, remotespe
ialized hardware is a

essed providing 3D representations of highresolution and quality. Based on di�erent 2D and 3D fun
tionality theintegration of the suggested remote visualization strategy is eÆ
ientlyassisted. Di�erent examples of intraoperative appli
ation demonstratethe value of this approa
h.Keywords: Volume Rendering, Remote Steering, Intraoperative1 Introdu
tionA fast and 
omprehensive visualization is fundamental for the analysis of to-mographi
 image data. This requires a 2D approa
h in order to inspe
t lo
alinformation on 
onse
utive sli
e images. In addition to that supplementary as-sistan
e is obtained with 3D approa
hes whi
h easily allow to 
onvey the spatialrelation of stru
tures. Compared to indire
t strategies whi
h use polygonal mod-els [2℄, methods of dire
t volume rendering proved to be superior sin
e the result-ing semi-transparent representations better 
onvey the available information ofthe data [3℄. Furthermore, intera
tive adjustment of transfer fun
tions for 
olorand opa
ity values 
ir
umvents time-
onsuming pre-pro
essing in many 
ases ofpra
ti
al importan
e [4℄.The appli
ation of 3D visualization within a 
lini
al environment requiresintera
tivity and high rendering quality. This is a
hieved with eÆ
ient graphi
shardware. However, a major drawba
k is the general availability of su
h systems.



Even if the graphi
s 
apa
ity of low-end PCs in
reases 
onsiderably there is aneed of more spe
ialized 3D graphi
s hardware whi
h provides high performan
eIO bandwidth and above all high image quality. In order to a

ess this graphi
s
apa
ity inexpensive network 
omputers are used whi
h gain in
reased attention.Due to the restri
ted availability of powerful graphi
s hardware dire
t volumerendering is 
urrently restri
ted to pre-operative planning independent of theapplied rendering strategy. In order to provide a 
omprehensive visualization forintraoperative appli
ation a system was applied within the operating room whi
h
ombines low-end desktop 
omputers with remotely lo
ated high-end graphi
shardware and whi
h 
onsiders intera
tive steering of the rendering pro
ess [1℄.2 MethodsThe applied framework as shown in Figure 1 
onsists of a high-end visualizationserver whi
h is used for dire
t volume rendering. The obtained images are dire
tlytransferred to one or more 
lients providing a user interfa
e in order to displaythe rendered images and to 
ontrol the visualization pro
ess. As an advantage,the 
lient needs only low-end equipment without any spe
ial requirements.On the 
lient side the system was developed with Java in order to supportarbitrary platforms. Overall, the 2D appli
ation is built on Java2D providingeÆ
ient 
lasses for manipulation. As a result, the data 
an be inspe
ted witha sli
ing tool whi
h allows for the intera
tive inspe
tion of the data in axial,
oronal and sagittal dire
tions. The supported features are sli
ing and zoomingbased on syn
hronized panels in the main dire
tions. Sele
ting a volume positionon one sli
e panel will show the 
orresponding orthogonal sli
es in the othertwo panels. While zooming into the volume data nearest-neighbor or bilinear�ltering 
an be applied. Furthermore, the mapping of volume data to RGBvalues 
an be intera
tively manipulated using the transfer fun
tion 
ontrol panel.A re
tangular subregion of the volume data for 3D inspe
tion is sele
table.Optionally, a Java3D viewer on the 
lient side allows to visualize a spe
-i�ed sub-volume with limited rendering quality having sele
ted an interestingsubregion of the volume data using the sli
ing tool. Java3D supplies supportfor 2D and 3D texture mapping. Sin
e low-
ost graphi
s adapters 
urrently donot supply hardware support for 3D texture mapping, obje
t-aligned sli
es and2D texture mapping are used for rendering. Various tools support this pro
essproviding a fast overview of the data. This in
ludes 3D transformations and 
on-trol of transfer fun
tions whi
h allow to 
hange the mapping of volume data toRGBA values. Additionally, orthogonal 
lip planes and isosurfa
e re
onstru
tionare provided as presented in [5℄. Sele
ting a threshold the isosurfa
e is integratedinto the texture-based volume visualization. In order to ensure intuitive inves-tigation of the data the 3D visualization and the sli
ing tool are syn
hronizedin both dire
tions. In 
onsequen
e, when sli
ing through the volume data the
orrespondent position of the sli
e is shown in the 3D view. On the other handa sli
e probe 
an be moved in the 3D view and the 
orrespondent 2D sli
e is



displayed in the sli
ing tool. Be
ause of the limited amount of texture memoryon low-end graphi
s adapters down sampling of the volume data 
an be applied.On the server side the system is based on OpenInventor with a render engineusing 3D texture mapping hardware [6℄. It was developed out of a stand-aloneappli
ation [7℄ whi
h was adapted a

ording to a previously suggested frame-work [8℄. After rendering the images to non-visible frame bu�er (PBu�er), theyare 
ompressed and transferred to all 
onne
ted Java 
lients. Using a Java userinterfa
e the 
lient o�ers the same look and feel as the server appli
ation basedon OpenInventor. In this way there is no di�eren
e with respe
t to the interfa
ewhether lo
al or remote 3D graphi
s hardware is used. Besides, all features ofthe server appli
ation are a

essible. All events sent from the 
lient appli
ationin order to manipulate the visualization are dire
tly managed by OpenInventor.Thereby, the remote 
ontrol pro
ess allows to manipulate the visualization resultintera
tively.3 ResultsThe suggested framework of intera
tive remote dire
t volume rendering was in-vestigated within the operating room in order to evaluate the value of intra-operative navigation within CTA data sets (
ompare Figure 2 and Figure 3). Inthis 
ontext, the system was applied in 5 
ases of intra
ranial aneurysms.The applied CTA data sets had an image matrix of 512x512 pixels with100-200 sli
es. All remote visualization was performed at the Visualization andIntera
tive Systems Group in Stuttgart using a SGI O
tane2 (R12000, 400MHz)with MXE and VPro graphi
s hardware and 128MB graphi
s memory. The 
lientto this visualization server was lo
ated at the operating room of the Departmentof Neurosurgery. The 
onne
tion was established via Internet with an average
ommuni
ation rate of 10 Mbits/se
. For a 
omparison, the renderings were alsoperformed at the Neuro
enter whi
h is part of the Department of Neurosurgeryin Erlangen. In this 
ase the same type of visualization server and a 
onne
tionof a lo
al area 100 MBit TCP/IP network was applied.In the beginning of the data exploration a pseudo-3D navigation on a sli
eby sli
e basis is performed using sli
es with orthogonal orientation based on thelow-end graphi
s 
apabilities of the 
lient. Sin
e the Java2D implementation isspe
ialized for 2D imaging it provides intera
tive manipulation 
omparable to anative C++ implementation.After transferring the volume data to the remote visualization server, volumerendering is performed and the resulting images are immediately sent ba
k tothe 
lient. In order to a

elerate this pro
ess every image is 
ompressed using runlength en
oding. Applying a view-port of 600x600 pixels a frame rate of 3 fps isa
hieved in 
ase of the Internet 
onne
tion. Redu
ing the size of the transferredimages by a fa
tor of 4 during manipulation leads to an a

eleration by a fa
torof 5. Alternatively, delay times due to data en
oding and transmission over theInternet 
onne
tion are over
ome by rendering the data with the lo
al renderingapproa
h based on Java3D. Thereby, a redu
ed image quality is obtained. How-



ever, the performan
e in
reases to 5-10 fps. In 
omparison to this the lo
al areanetwork provides a rate of 5 fps whi
h is in
reased by a fa
tor of 3 if the size ofthe images is redu
ed.4 Dis
ussion and Con
lusionSin
e the applied visualization strategy determines the impa
t of an envisaged3D analysis, the tomographi
 data was formally transferred to the 
omputer s
i-en
e department in order to produ
e high-quality renderings using 3D texturemapping. Although the result images were of high quality their stati
 nature wasa major limitation. Therefore, the suggested approa
h provides a 
onvenient wayto introdu
e dire
t volume rendering to intra-operative appli
ation allowing forintera
tive manipulation. As a 
onsequen
e the spatial orientation is 
onsider-ably improved 
ompared to stati
 representations. Aligning the orientation of theproje
tion a

ording to the surgeons dire
tion of view leads to even better navi-gation. For the future further developments are envisaged to fully integrate thevisualization in the operating pro
ess. Above all, integrating remotely lo
atedhigh-end graphi
s 
apabilities allows to share expensive hardware 
omponentsmore eÆ
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Fig. 1. General ar
hite
ture of the visualization system.

Fig. 2. Patient with 2 aneurysms of the medial 
erebral artery (MCA). The visualiza-tion shows good 
orrelation with the intraoperative view.

Fig. 3. Aneurysm of the left medial 
erebral artery (MCA): the intraoperative viewand the 3D visualization show the same viewing dire
tion.


