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Fig. 1. Interactive visualizations (< 50 ms) of simulated stress tensor elds for a human femur unde r load, using our methods. Left:
Principal stress directions and magnitudes in the physiological state (violet = tension, green = compression). Middle left: Principal
stresses after a simulated implant surgery. Middle right: Change of normal stresses with respect to the principal stress directions of
the physiological state (red = increase, yellow = decrease). Right: Change of shear stresses.

Abstract —We demonstrate the application of advanced 3D visualization techniques to determine the optimal implant design and
position in hip joint replacement planning. Our methods take as input the physiological stress distribution inside a patient's bone
under load and the stress distribution inside this bone under the same load after a simulated replacement surgery. The visualization
aims at showing principal stress directions and magnitudes, as well as differences in both distributions. By visualizing changes of
normal and shear stresses with respect to the principal stress directions of the physiological state, a comparative analysis of the
physiological stress distribution and the stress distribution with implant is provided, and the implant parameters that most closely
replicate the physiological stress state in order to avoid stress shielding can be determined. Our method combines volume rendering
for the visualization of stress magnitudes with the tracing of short line segments for the visualization of stress directions. To improve
depth perception, transparent, shaded, and antialiased lines are rendered in correct visibility order, and they are attenuated by the
volume rendering. We use a focus+context approach to visually guide the user to relevant regions in the data, and to support a
detailed stress analysis in these regions while preserving spatial context information. Since all of our techniques have been realized
on the GPU, they can immediately react to changes in the simulated stress tensor eld and thus provide an effective means fo r optimal
implant selection and positioning in a computational steering environment.

Index Terms —Stress Tensor Fields, Biomedical Visualization, Comparative Visualization, Implant Planning, GPU Techniques.
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1 INTRODUCTION

3D simulation and visualization methods for in-vivo bone stresses a@ational misalignment cannot be controlled and the implant posi-
of great importance in hip joint replacement planning, since they suifen can only be revised in 2D planes. To overcome these limita-
port the surgeon in nding the optimal design, size, and position of d®ns, 3D planning systems have been developed in the last years,
implant during a preoperative design loop. This is due to the fact thahich provide the surgeon with a 3D visualization of the implant po-
an essential factor for the long-term stability of an implant is the loagition using patient-speci ¢ CT data [13, 17, 34, 36]. These systems
transmission to the adjacent bone stock. In particular, an optimizate used for implant selection from a set of standard prostheses as
femoral stem should provide bone stress patterns that closely replicagdl as for designing custom-made implants for abnormal anatomies.
the physiological stress state in order to avoid stress shielding with accurately reproduce the planned implant position during surgery,
the consecutive effects of osteopenia, fracture and aseptic loosergagputer-assisted navigation systems have been developed [1].39, 41
[3, 17,27, 31, 33]. However, since the planning systems are merely geometry-based, i.e.
In clinical practice, hip joint replacement planning is so far mainlglo not provide any stress analysis, they do not allow for a patient-
done on 2D X-rays using simple, transparent template sheets with #f€ci ¢ evaluation of an implant with respect to stress shielding.
outlines of the implants [41]. Using this two-dimensional approach, Physically-based simulation of the mechanical response of a bone
to an applied load (without or with an inserted implant) has been ad-
dressed in a number of research papers [3, 4, 35, 43]. Recektas
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tion of the two stress distributions. To the best of our knowledge, suSlilva et al. [8] proposed color-coding of streamlines to visualize the
a comparative visual analysis of simulated 3D stress patterns to tlistance between corresponding bers. To allow for the interactive
physiological stress state has not yet been reported in the literaturevisualization of static tensor elds based on the tracing approaches,
several GPU-based rendering methods were presented. This imclude

Contribution the ray-casting of thin threads splatted into a volume [37], stress nets,
To the best of our knowledge, we present the rst interactive visualiz#/hich are limited to 2D tensor elds [40], ray-casting of hyperstream-
tion approach for time-varying 3D stress tensor elds, and we demoliRes [30], rendering of streamtubes by textured triangle strips [25],
strate the application of this approach to nd the most optimal |mp|aﬁ{nd the rendering of streamtubes combined with a level of detail tech-
shape, size and position in hip joint replacement planning. We ugiglue [29]. Kondratieva et al. [20] presented a GPU-based particle
volume rendering to show stress magnitudes, and we combine it wifAcing method for diffusion tensor elds that even performs the trac-
transparent, shaded, and antialiased lines to indicate stress directiitgsdirectly on the GPU.
To improve depth perception, these lines are rendered in correct visiLIC-based approaches are based on the adaption of the lIter ker-
bility order, attenuated by the volume rendering. Since the propose@l parameters [32] or of the shape of the Iter kernel domain [46] to
visualization techniques run entirely on the GPU, high frame rates cl¢ local tensor eld, or they apply the LIC to each eigenvector eld
be achieved even for time-varying stress tensor elds. Therefoee, theparately, and then overlay the resulting images [16]. Tensor eld
techniques provide an effective means for analyzing changing str&&galization techniques based on direct volume rendering [5, 19] use
patterns as they are simulated in computational steering environmeft§omplex mapping to obtain a color volume from the tensor eld.

The user can exibly change a number of visualization parametef§Pology-based approaches [10, 15, 47] compute and visualize the
such as transparency and color to explore the underlying 3D stress @é@generated points/lines and the separating lines/surfaces of a tensor
sor eld. Furthermore, changes of normal and shear stressesavith |e|d Another method interprets the tensor eld as a stress tensor eld,
spect to the principal stress directions of the physiological state can®¥l visualizes its deforming effect on the underlying media [6, 45].
visualized, thus allowing for an immediate recognition of the regions Each of the proposed visualization methods has advantages and dis-
where stress shielding occurs. To restrict the user's attention to the Rdlvantages. Due to the complex nature of a 3D tensor eld—at each
evant regions and to enable a precise’ ye’[ Context-preserving ?Bna|?§|nt, three directions and T:hree scalar values haVe. to be Vls_uallzed—
of the stress directions in these regions, a focus+context techniquéW@st of the proposed techniques suffer from occlusion and visutal clu
used. Only in the focus region ne details of the stress directions af@fing problems, which often reduces their application to the 2D case,
shown, while the stress directions in the context region are visualizafd/or they are dif cult to interpret, at least for the non-expert.
with lines on a much coarser scale.

A rst qualitative evaluation of our visualization techniques showg STRESS TENSOR FIELD VISUALIZATION
the importance of the proposed methodologies for preoperative iftress is a measure of the internal forces acting within a deformable
plant selection and positioning. Even though the visualizations diffepdy. Given a point as well as a normal vector specifying the orien-
vastly from the current state-of-the-art, practitioners have indicated &@ion of an in nitely small,imaginaryarea element passing through

immediate medical bene t from these visualizations. that point, the stress vectsris de ned ass = %%, where d&F denotes
the force vector which the material on the positive side of the normal
2 RELATED WORK exerts on the material on the negative side via the area elerent d

In this section, we survey related work in the area of the visualization At €ach point, the state of stress is fully described by the stress vec-
of second-order, symmetric tensor elds, with the most prominent e;prs'for three mutually orthogonal .orlentatlons of the area element. In
amples of stress/strain as well as diffusion tensor elds. A 3D secon@@rticular, the stress tens8r contains the stress vectors for the three
order, symmetric tensor is represented by a symmetricBmatrix orientations corr.espondllng to.the axes of a Cartesian COO(dlnate sys-
(six independent scalar values), and is thus uniquely characterized®y- For an arbitrary orientation of the area element speci ed by its
its three eigenvalues and three mutually orthogonal eigenvectors. B§fmal vectom, the stress vector is determined Syn. This vector
sorting the three eigenvalues, the corresponding eigenvectors carf® be decomposed into a normal stress and a shear stress componen
classi ed into the major/medium/minor eigenvector, resulting in thre@Cting orthogonally and tangentially on the area element, respectively.
eigenvector elds. Most of the proposed visualization methods malk®r each stress tensor, there are three mutually orthogonal orientations
use of the eigen-decomposition. of the area el.ement where the shear stress components vanish. For

Previous work can be classi ed into glyph-based approaches, methese orientations, the normal stresses are calleprtheipal stresses
ods originating from vector eld visualization based on line/surfac8f the stress tensor. Mathematically, fencipal stress magnitudes
tracing or line integral convolution, direct volume rendering tect@re the eigenvalues of the stress tensor, and they are independent of
niques, topology-based visualization methods, and approaches bdg8¢coordinate system in which the stress tensor is given. The associ-
on the visualization of the physical effect of the tensor eld on théted eigenvectors are theincipal stress directionsand they are given
underlying media. with respect to t.he current qoordlnate systern. The sign of th.e. princi-

Glyph based approaches map the tensor eld's local properties Rg! stress mggnltudes g:lass_,l es the stresses into tension (posm_ve ;lgn)
the shape and visual appearance of graphical icons. Simple glyShcompression (negative sign). However, since there are threg-prin
based visualization techniques are hedgehogs, which representRfkstresses acting at each point, the classi cation is with respect to a
three eigenvectors by short lines, the absolute eigenvalues by the BRECI ¢ direction.

Ie_ngth, and the _sign of the eig_envalue by the line color, or el!ipsoi 11 Stress Computation

with half axes aligned to the eigenvectors and scaled according to the ] ] ) . ) .
(normalized) eigenvalues [24]. To avoid visual ambiguities, more aff! the numerical simulation of an elastic material the stress is de-
vanced primitives are used, for example composite shapes [38} or tyed from the deformation eld. Using a nite element discretization,
perquadric tensor glyphs [18]. the defor_matlon eldu is cor_nputed by s_olvmg the equatittu = f,

A broad class of methods adopts approaches from vector eld whereK is known as the stiffness matrix, arfddenotes the external
sualization. These approaches can be divided into line and surf&@€es [2]. Itis worth noting that in our application the occurring dis-
tracing methods, and techniques which are based on line integral cBlicements are typically so small, that—from a visualization pl)omt of
volution (LIC). Examples for the rst category are hyperstreamline¥i€W—they do notresultin any perceivable change of the body'seshap
[9], which are traced in the major eigenvector eld, and which havahd _thus can be ignored in _the wsgallzatlon. Once _the dlsplacem_ent
an ellipsoidal cross section which is determined by the medium arfd iS computed, we determine the internal stresses in the body using
minor eigenvalues, as well as streamlines, streamtubes and streanifgrelement stress matrices
faces used in the context of diffusion tensor eld visualization [44, 48].

To visualize the differences between two diffusion tensor elds, da S=

Z
DBdx:
w
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Fig. 2. From left to right: Cross section of a human femur showing the cortical and trabecular structures. Schematic overview of the principal stress
directions in 2D (according to Pauwels [28]). 3D volume rendering of the scalar von Mises stress norm. Visualization of the principal stresses using
the method proposed in this work.

Here\V = Rwldx is the volume of the nite elemerw, D is the under- compression, with the rendering of transparent lines for the visualiza-

lying material law, andB is the element strain matrix [2]. By applying tion of stress directions.

the displacement vectors of the element's vertices (linearized into aFor the volume rendering of the principal stress magnitudes, we use

single vector) to this matrix, an averaged stress teSsaver the do- the following mapping to assign a color to the stress tensor at a given

main of the element is computed. point. First, we compute the tensor's eigenvalues and eigenvectors. We
In the current work we employ a computational steering envirotthen determine for each principal stress magnitade 2 f 1,2;3g a

ment for implant planning in orthopedics [11] to simulate the streswlor contribution(RGRH; aj) as follows (using non-associated colors):

tensor eld in quasi real-time whenever the exerted external forces dhe colorRGH is determined by the classi cation into tension (violet)

the shape or position of the implant are changed. The stress compatad compression (green), and the respective opagityproportional

tion is based on a nite element model consisting of hexahedral nit® the absolute stress magnitude, i.e.,

elements aligned in a 3D Cartesian grid, which is built from patient-

speci ¢ CT data in a preprocess. From the computed stress tensors, GB= violet if s; 0 | aj = saturatéc jsij):

which are assumed to be located at the centers of the nite elements, - green ifsij<0 * “'7 1il)

we derive a continuous stress tensor eld by means of componentwise

trilinear interpolation. wherec is a user-speci ed scaling factor. In this way, regions with low
stresses are almost transparent and do not occlude regions with high

3.2 Principal Stresses stresses. Since stress magnitude is nally represented by the bright-

ness of the associated colar RGH, the violet and the green base

A human femur is made of two different types of bone tissue—color are selected such that they have the same luminance. The three
compactcortical boneforming its outer shell, and spongiotrabec-  color contributions at a point are accumulated to get the nal color
ular boneoccupying its interior (see left image in Figure 2). Thes¢RGRB a) for the point according to
two different types of bone tissue result from a natural optimization |
process, which allows the femur to be load-bearing and light-weight 43 a;, RGR 3
at the same time. Bone is living tissue which is subject to a life-long RGB= ==L - : a = saturate Q a;
remodeling process, consisting of bone resorption and bone forma- aiz1 4 i=1
tion, and driven by the mechanical load situation on the bone [23]. o . . ) o )
For an unchanging load situation, bone resorption and formation areT0 add directional information to the visualization, we trace lines
at equilibrium. This equilibrium is disturbed, however, if the mecharlong the three eigenvector elds, with six traces originating from each
ical load situation is changed (for example due to bone growth). $¢ed-point (two for each principal stress direction and its opposite di-
larger (smaller) deformation causes an increase of bone formagion (iection). We choose the seed-points on a regular Cartesian grid, which
sorption), which will decrease (increase) the deformation, until tHg restricted by the bone surface, and we slightly jitter each seed po-
equilibrium is restored. In this way, the bone adapts itself to chang&§on. To accurately integrate the lines of principal stress, we apply a
in the load situation to provide optimal mechanical stability at lightourth-order Runge-Kutta scheme with xed step size. During tracing,
weight. As a consequence of this natural adaption process, the #he eigenvector-decomposition is computed on-the-y for each sam-
beculae of the spongy bone are aligned along the principal stressRig point. To ensure directional consistency within a trace (note that
rections (Wolff's law [42]). This can be clearly seen in the left andhe eigenvector direction is not uniquely determined), we ip com-
right image of Figure 2, which show a cut through a real femur ariited eigenvectors if the angle to the current line direction is larger
the visualization of the principal stresses in a simulated physiologidiRn 90. We restrict the length of the traces to a user-speci ed limit,
stress distribution, respectively. Since the trabecular structures—a@ce the principal stress directions are a local property of the tensor
thus the principal stress directions in the physiological state—are wefld. The line is colored according to the principal stress magnitude
known by orthopedic surgeons from their education and daily wofR the trace direction, using the same color mapping as is used for the
with X-rays (see middle left image in Figure 2, which is taken fronyolume rendering. In this way, stress lines representing low stresses
medical literature and which shows a 2D sketch of the principal stre3& transparent and thus do not occlude stress lines with high stresses.
directions in a human femur), visualizing principal stresses gives the
surgeon an intuitive way to judge the stress distribution resulting froh COMPARISON TO PHYSIOLOGICAL STRESS STATE
a simulated implant surgery. In particular, this approach is much madhe major problem in implant surgery is the change of the bone stress
intuitive than previous approaches based on the scalar von Mises n@jigtribution due to the insertion of the implant. In particular, the stiff-
[2], which is used in the middle right image of Figure 2. ening of the bone by the implant as well as an unphysiological load

Following these ideas, we combine volume ray-casting for the viransmission from the implant to the bone lead to a removal of stress
sualization of stress magnitudes, color-coded according to tension drman certain regions in the bone, which is callstitess shielding



Fig. 3. Different options for the comparative visualization of the stress distribution after a simulated implant surgery and the physiological stress
distribution (red = increase, yellow = decrease). Left: Change of normal stresses, tension only. Middle left: Change of normal stresses, compression
only. Middle right: Change of normal stresses, both tension and compression. Right: Change of shear stresses.

Due to the bone's adaption to changed stress patterns, stress shieltheglirectiong and the orthogonal shear stress component (magnitude
causes degeneration of bone tissue, which nally may lead to fracturg by

or loosening of the implant. Paradoxically, degeneration of bone tissue

also occurs when the stress exceeds a certain critical stress magnitude si = e,TS e; i2f1;2;30;

[23]. Therefore, the ultimate goal of the medical procedure is to keep " KS & sie ko i2f1:2 30

the stress distribution after insertion of an implant as close as possible : =2 s
to the physiological state. We address this requirement by providing . - .
novel method to visualize differences between the simulated stress t ‘;‘The visualization maps the differences of the absolute normal/shear

sor eld resulting from a virtual implant surgery and the physiologica?hress magnitudes to colors of the respective principal stress lines in
u

P . : i physiological stress distribution, using a similar color mapping as
stress dlstrlbutl_on. Our idea is to use the _dlrectlons Of. the_trabgc gscribed in the previous section, but with different base colors. Anal-
structures—which correspond to the principal stress directions in t

physclogca siate—s  efrence iame at each pot o decampi1 5 1€ VSUAIZALCn of e pERal sesses tese e o
ing the stress tensors of both elds into normal stress and shear str grgctions S}ilnce changes of normgllshear stress magnitudes with re-
components, and then to visualize differences with respect to th e : 9 9

components. It is worth noting that by using these reference framéﬁed to the physiological stress distribution are highly important for

in the physiological state the normal stresses are principal stressesI @:;;%egga V(;/:Ci:sgl%?“t%gt sct?(laosrss r;e; 233 déesuc?gstoe\é'tis\?:l“'ZeDT: to
the shear stresses vanish, corresponding to an optimal loading of deri f the I 'gh hei ’I h p | é’ d
trabecular structures. the transparent rendering of the lines with their alpha value depend-

A h . del of th becul ing on the magnitude of the differences, only those lines are visible,
Wh'IS a rst St.eﬁ” o#r approacb reqlwres a r_nc_)ble 0 ht itra elcu_ 4fhich re ect a signi cant change in the load transmission and thus are
lle In principle the main trabeculae are visible in high-resolutiogs ye|eyance for the surgeon. Since stresses within the implant are not

CT scans, we (_:hoo_se a model-driven approximation he“?- We de ge rimary interest in the preoperative planning phase, these stresses
the reference directions by means of the principal stress directions t be hidden in the visualization as it is shown in Figure 3

arise from the default loading of the intact bone (standing position - We provide four different visualization modes in order to reduce

Th's model can be obtalne.d by using the available S|mulat|qn bag:ke information provided to the observer at once, which are shown in
It is worth noting that the intent of the proposed comparative visu igure 3:

ization method is to show 9han_ges (.)f normal f'ind ;hegir §trastte§ Tension view: Change of normal stresses that are classi ed as tension
respect to the trabecular directionsSince the visualization's physi- in the physiological state

cal signi cance thus depends on the accuracy of the referencefia ompression view: Change of normal stresses that are classi ed as
let us mention here that we could employ any other, more accural pression in the physiological state

trabepulae model, too. Normal view: Change of normal stresses (tension and compression).
Using the trabeculae model, we can decompose any stress 8nsoghear view: Change of shear stresses.

at a given sample point with respect to the local reference feame

f1;2;3g, i.e., the trabecular directions, yielding a stress vector for eagh

direction as illustrated in Figure 4. Each stress vector is then further

decomposed into the normal stress component (magniydalong TO ensure immediate updates of the visualization whenever visual-
ization parameters or the underlying stress tensor eld are changed,

we exploit computational, bandwidth, and rendering capacities on the
GPU for stress tensor eld visualization. In combination with a nite
element simulation method which provides interactive update rates,
the GPU implementation enables the surgeon to interactively explore
e the effects of different implant shapes and positions as well as varying
loads on the stress distribution inside the patient-speci c bone.

GPU-BASED IMPLEMENTATION

Reference
directions
(trabeculae)

1 5.1 Eigen-Decomposition
As described in Section 3.2, our visualization method requires the
computation of the principal stresses of a given stress tensor, i.e., its
eigenvalues and eigenvectors. Our implementation uses the eigen-
Fig. 4. Decomposition of the stress tensor (with respect to the reference  solver algorithm proposed by Hasan et al. [14], which allows for the
directions e; and &) into normal stresses s; and s, and shear stresses  analytical computation of the eigenvalues and eigenvectors of 83
t; and to. The gure shows the 2D case for simplicity. symmetric, positive de nite matrix. For a GPU implementation, an



analytical solver is preferable to an iterative algorithm, since a con-

stant runtime better ts to the GPU's lock-step execution of parallel

threads. On the GPU, Hasan et al.'s algorithm has recently been used

for eigen-decomposition in the context of DT-MRI visualization [20],

but in contrast to diffusion tensors, which are positive de nite, i.e.,

which only have positive eigenvalues, stress tensors have eigenvalues

of arbitrary sign. Fortunately, from the proof given by Hasan et al. it

can be deduced that the algorithm is also applicable to non-positi4g. 5. Comparison of different rendering techniques: Left: Opague
de nite 3 3 symmetric matrices. In this case, however, the alg@ines without antialiasing. Middle: Transparent lines with antialiasing.
rithm does not implicitly return the eigenvalues in ascending order s@ght: Transparent antialiased lines with volume attenuation (proposed
that an explicit sorting of the three eigenvalues is required. method).

5.2 Line Tracing transparent geometry in correct visibility order, we reduce the maxi-
mum number of incoming fragments per pixel by discarding all line

The GPU-based computation of the stress lines is similar to the partiﬁjggments with an alpha value 0:02 during rendering, since these
adve_ctlon method presented |n_[21]. We use a xed nl_meer of vertic Agments would only have an iﬁsigni cant contributién to the nal
per line, as well as a xed step size. First, the seed-points are compu (gge

on the CPU and are uploaded into a buffer on the GPU. Then, startin he visualization i ted i ltiol First. all
from the seed-points, the lines are successively traced on the GPU l;t € visualization IS generated In multiple passes. First, ali opague
ne geometry is rendered into the frame buffer, with depth testing

using a multi-pass *ping-pong” technique, which in each renderi ing enabled. The depth buffer content is later used during ray-

ass simultaneously performs one trace step for each line. : .
P yP P casting to correctly clip transparent geometry and the volume at the

The lines' vertices are stored in two texture sets, which are altef- . .
nately used as input and output. For each vertex, we store its posﬁaaque geometry. Then, all transparent geometry is rendered into the

tion, the tangential direction of the stress line at that position (i.e., t ereen-allgned k-buffers, with depth testing as well as front/back face

: . . . ulling being disabled, so that all fragments are captured. The trans-
ﬁll?rﬁg\cljcet?\rc)(’) é?negsvtvrﬁiii rgizgerr]:\tlggfop'giat?ga?g%/emn\ézliﬂi)]'/rﬁ?n(V)Vr()e'{hagsa?ent geometry consists of the bone and the implant surface mesh, as
respective line follows. Therefore, each texture set consists of tv&vgg Irllflswtgestt(r)?gsi& aa%rgtﬁt;izs rl]'gfnslélFigrczﬁgrgosnpeaggd;?wgntzgagr']
four-component, oating-point textures. The tensor eld is store bject ID which is later used to assign material colors. For the lines,

in two _three-component, gatlng point 3D textures. .Thls enap!e(%e store the depth in camera space as well as the RGBA color of the
us to directly use the GPU's texture sampling capabilities for trlllnf-

ear, componentwise interpolation within the tensor eld. The eigeqesg_@;% (’)An”e?]];tSr?SSiZ::Lu;?e&ggrigiﬁg%m?ﬁz bits, requiring a

decomposition of the interpolated tensor is computed on-the-y b . . ) .

emponFi)ng the method desgribed in the previous slzction yvy To render the stress lines, which have been traced using the method
' described in Section 5.2 and stored in two textures, the lines' vertices

p alézgn% ggiz (\)N Ittt:] eas elgg?rggir?tf\(l)f\:ggﬁ ?i?\ er ?g?elgceﬁ: dr?rg?f;:;gbuﬁe fetched from these textures in the vertex shader. We renderdshade

and written into texture set 0. In all other passesl;2;::;;N 1, each alr(l)d iﬁntltﬁléas:gnﬁgte}s é?]gggrr?gife;ﬁzpéfgh “'rl']glss és ;%m? i\ftg %;@én
line’s previous vertex 1 is fetched from texture s¢t 1) mod 2, gli ynesc;‘zl uagd whicﬁ/ is conce tuaﬁl similar to the ?nethod roposed
and each line's new verteixis computed using fourth-order Runge- 9 g ’ P y prop

Kutta integration. The new vertices are stored in texturé said 2. 2Y Merhof et al. [25]. The expansion is performed in screen space,
so that the lines are rendered with a speci c pixel width. We apply

transparency-based antialiasing using a box lter kernel [7]. Employ-
ing non-associated colors, this is implemented by multiplying a frag-
For the GPU-based visualization of the 3D stress tensor eld, we comment's alpha value with saturgte d) in the fragment shader, where
bine volume ray-casting and transparent line rendering. While tiM&> 1:5 denotes half the line width antthe distance of the fragment's
volume rendering is used to simultaneously visualize the three stresgiter from the line's centerline, both values measured in pixels. To
magnitudes at each point, the lines are used to visualize selected stegggnce the lines' silhouettes, we multiply the fragment's RGB color
directions as well as the stress magnitudes along these directions. Thaponents by saturggv  1:5) d), which introduces thin black
transparent lines and the volume are rendered in correct visibility drorders along the lines.
der, which considerably improves depth perception, since the lines areAfter all transparent fragments have been captured, we use a full-
attenuated with increasing depth (see Figure 5 for a comparisonsafeen render pass to perform the volume rendering as well as to si-
different rendering techniques). multaneously create the nal image. For each pixel, in the fragment
The correct visibility order is achieved by using the stencil-routeshader we rst fetch the transparent fragments corresponding to tha
k-buffer proposed by Myers and Bavoil [26], in a similar way as it wapixel and sort them according to ascending depth. Furthermore, we
used by Dick et al. [11] for the simultaneous rendering of transparetitp at the opaque geometry by using the pixel's depth buffer value.
surfaces and volumes. The stencil-routed k-buffer can capture uplftethe view ray corresponding to the pixel does not intersect the vol-
eight incoming fragments per pixel in a single rendering pass. It isne, the fragments lying in front of the opaque geometry are blended
thus signi cantly faster than depth-peeling, which can only capturigont-to-back, and the result is blended with the frame buffer content.
one fragment per pixel in each pass. In our application, four rémgler Otherwise, we ray-cast the volume along the ray and simultaneously
passes, i.e., up to 32 fragments per pixel, are typically suf cient.  incorporate the transparent fragments in correct depth order. cht ea
The k-buffer consists of a multisampled texture accompanied bysample point, two texture fetches are performed to obtain the compo-
stencil buffer, which is used to route the fragments falling into onentwise interpolated stress tensor, and its eigenvalues are computed
pixel to individual subsamples in the texture. To capture more th&d derive the sample's color. This color is accumulated along the ray
eight fragments per pixel, the geometry has to be rendered suco#ih the transparent fragments via front-to-back blending. If the ray
sively into multiple k-buffers using different initial stencil values forreaches the depth of the opaque geometry it is terminated, and the ac-
each buffer. Since the maximum number of incoming fragments tocamulated color value is blended with the frame buffer content.
pixel, i.e., the number of required rendering passes, is not known aDue to the discrete tensor eld voxelization, the volume and the
priori, we employ occlusion queries to detect at runtime whether atress lines can appear slightly outside of the bone surface mesh.
over ow of the k-buffer has occurred, i.e, whether further remag We therefore improve the visualization by clipping the volume and
passes are required. For details, we refer the reader to the origiiva rendering at the bone surface. This is implemented by main-
work [26]. In our application, where we use the k-buffer to rendarining a ag during ray-casting, which speci es whether the cur-

5.3 Rendering



Fig. 6. Focus+context visualization of 3D stress tensor el ds. Left: Spatial context is lost if only the stress lines are shown. Middle left: Increasing
the opacity of the bone's surface improves the spatial perception but washes out the lines. Middle right: Fewer and thicker lines improve the
perception of the global stress distribution but do not allow for a detailed analysis. Right: Focus+context visualization provides the spatial context
and the global stress distribution, and allows for a detailed stress analysis in the focus region.

rent sampling/fragment position is inside or outside the bone surfaseed-points, we always use a total line width of 6 pixels, but for line
and which is toggled whenever a transparent bone mesh fragmenségments located outside of the focus region, we set the alpha value to
blended. Using this ag, the color contribution of the volume or & (again with a smooth transition at the border of the focus region).
transparent line fragment is only blended if the respective position is

lying inside of the bone. The removal of the stress visualization withih RESULTS AND EVALUATION

the implant mesh is implemented analogously. We have integrated the proposed visualization techniques for 3D stress
tensor elds into a virtual implant planning tool [11], which is based
6 FoCUs+CONTEXT on an implicit multigrid nite element approach [12] for the simula-

To emphasize important regions in the data and to support a detaileuh of the stresses in a human femur under load without and with an
stress analysis in these regions, we employ a lens-like focus+cont@serted implant. The tool allows the user to interactively adapt the
metaphor as proposed by iger et al. [22] for scalar volume render-shape, size and position of the implant as well as exerted forces.
ing. We also use a sphere-shaped focus region that snaps onto éhe borAll images were created in less than 50 ms on a standard desktop
surface, but in contrast to showing different structures in the contdX€, equipped with an Intel Core 2 Quad Q9450 2.66 GHz processor,
and the focus region, we show the same structures at different re8&B of RAM, and an NVIDIA GeForce GTX 280 graphics card with
lutions. In the context region, the density and thickness of the stre324 MB of local video memory. The view port size was 1280024.
lines is decreased and increased, respectively, while the opacity of T resolution of the tensor eld is 89 83 182 voxels at a spacing
bone's surface is increased. of .5mm 1.5mm 2mm. The trace length is 40 mm, the step size
This particular visualization approach is motivated by the observis-0.5mm, and the seed points are located on a Cartesian grid with a
tion that a detailed stress analysis requires ne details of the streggacing of 12 mm in the context region and 6 mm in the focus region.
directions, which can be achieved by using a high seeding density ofin Figure 1, we demonstrate the effectiveness of our visualization
the stress lines. Furthermore, the bone's surface has to be completeghniques for the precise analysis of 3D stress tensor elds. First,
transparent to optimally reveal these details. By only showing thvee visualize tension (violet) and compression (green) as they arise in
stress lines, however, spatial perception is signi cantly reduced, eshealthy femur under a typical load. Next, we show the same data
pecially if the user navigates around the bone. As a consequence,sgeafter a virtual implant surgery. It is clearly visible how the implant
increase the surface's opacity in the context region, yielding a consithanges the stress distribution in the surrounding bone tissue. To allow
erably improved perception of the spatial relationships. The probleior a more precise comparison, we apply our novel comparative visu
now is, that in the context region the blending of the bone's surfa@dization technique in the next image. We use colors red and yellow
with the nely detailed directional structures results in a rather at vito visualize the increase and decrease of the normal stresses. In this
sualization showing low contrast and little structural information. Tomage, the stress shielding in the lower cortical head region becomes
circumvent this drawback we reduce the seeding density of the strapparent (yellow region). The last image visualizes the shear stresses
lines in the context region, at the same time making them thicker atfdht arise mainly around the implant.
thus more distinguishable. By doing so, we provide important spatial The relevance of the visualization techniques for orthopedic sur-
context information of the bone as well as the global stress distribgeons is demonstrated in Figure 7. We show comparative stress vi-
tion, at the same time enabling a precise analysis of the focus regmrmalizations for two implant types and positions. It is clearly visible
as demonstrated in Figure 6. that the common G2 implants yield to stress shielding in large areas
Decreasing the seeding density of the stress lines is implementddhe femur, especially in the cortical region close to the cut surface.
by increasing the spacing of the regular Cartesian grid that is used Tdre images demonstrate that modern shorter CUT implants yield a
the placement of the seed-points as described in Section 3.2. Obétter physiological load transmission. However, these implants are
within the focus region we insert additional seed-points located in tingore sensitive to correct positioning. If the implant does not have di-
middle between the existing ones. To achieve a visually continuorest contact to the cortical region, the load transmission exhibits higher
visualization, i.e., to avoid that lines suddenly pop up or disappesiress shielding and higher shear stresses, which increases the risk of
during movements of the focus region, we proceed as follows: THacture or aseptic loosening. These examples demonstrate that our vi-
additional seed-points are placed within a sphere region located at shialization techniques help the surgeon to understand and evaluate the
focus region center, but with a radius of the sum of the radius of tikemplex mechanical situation arising in hip joint replacement surgery.
focus region plus the trace length. For the stress lines originating frddensequently, the surgeon can optimize the shape, size and position
theoriginal seed-points, we use a total line width of 10 pixels, with thef the implant to ensure the best possible long-term prognosis for the
exception of line segments located within the focus region, for whigbatient.
we use a line width of 6 pixels (with a smooth transition at the border To obtain a feedback on the importance of the proposed method-
of the focus region). For the stress lines originating frometthditional  ologies to practitioners and the additional bene ts they can derive, we



G2 - normal stresses CUT (non-optimal pos.) - normal stresses (Ghutimal pos.) - normal stresses

G2 - shear stresses CUT (non-optimal pos.) - shear stresses @timgbpos.) - shear stresses

Fig. 7. Visualization of the stress distributions for varying implant types and positions in the femur. It is clearly visible that the CUT implant reduces
the stress shielding in the cortical region and yields a more physiological load transmission than the G2 implant (left column). Optimal positioning
of the CUT implant yields less stress shielding as well as reduced shear stresses around the implant (middle vs. right column).

have pursued a rst qualitative evaluation of the orthopedic implamtut the value of the tool in education, because all variants and results
planning tool. We have shown the tool to ve experienced orthopedtbereof can be tested, compared, and analyzed virtually.
surgeons (assistant or associate professors) at the Klinikum Rechts d The focus+context technique was considered to be an interesting
Isar, Technische Univergit Minchen. Speci cally, we have shown feature of the system. However, there were some concerns with re-
to them visualizations of the stress distribution in two patient-speci spect to its usability in clinical practice, since the focus region was
data sets without and with three different implants, each insertedp&ced manually in the demonstration. The majority of the surgeons
two slightly different positions. We have asked them to judge whethezquested that the focus region should be automatically placed at a
the results can be easily understood and are in line with their intuitineedical point of interest (e.g., at the calcar region at the proximal me
expectation, in particular with respect to an immediate assessmentlal femur), a feature we will integrate in the future. Two surgeons
the patient-speci ¢ differences in the stress distributions induced byere critical concerning the current realization of the tool, because it
different implant types and positions. does not yet support a default mechanism to automatically place the
All surgeons rated the proposed stress visualization methodsirlant into a physiologically meaningful initial position. It was also
highly relevant in practice, especially because an intuitive perceptiggen problematic, whether the tool can really be used to precisely an-
of the different kinds of stresses, i.e., tension and compressiovelas alyze the most optimal position of a selected implant. Here it was
as their main directional structure in combination with the stress magpnjectured that the ne-granular adjustment as provided by the tool
nitudes is given. All of them stated that the comparative visualizaright be dif cult to be mimicked in reality.
tion of the stress distributions provides an intuitive and clearly visible
rating of different implants, and that the use of such a support topl CONCLUSION
for preoperative implant selection can signi cantly reduce the risk diVe have presented advanced, yet interactive, visualization techniques
stress shielding. An even stronger statement has been made byfal3D stress tensor elds. To the best of our knowledge, this is the
surgeons with respect to the use of the tool in the preoperative plarst approach that allows for the interactive visual exploration of time-
ning phase for patients with anatomical anomalies, e.g., pronounagaying 3D stress tensor elds. Due to the sophisticated visualization
hip-joint dysplasia and bone deformation, or in the context of revisiasptions provided, surgeons get deep insights into the highly complex
interventions. All ve surgeons have indicated strong interests to us&ress tensor data sets arising in preoperative implant planning envi-
the tool for this purpose, even though it causes an additional tempoaments. Especially, we have demonstrated the importance of com-
ral expense. Due to the more precise and predictable operative caagjng the stress distribution after an implant has been inserted with
this temporal expense would be accepted. Two surgeons were pointing physiological stress state, and we have provided powerful novel



visualization techniques for this purpose. These techniques allow (@8]
surgeon to optimize the shape, size and position of the implant with
respect to the speci ¢ patient, which nally improves the long-terni24]
prognosis of the patient.
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