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Abstract

The evaluation of spatial relationships between anatomic structures is a major task in surgical planning. Surface
models generated from medical image data (intensity, binary) are often used for visualization and 3D measurement
of extents and distances between neighboring structures. In applications for intervention or radiation treatment
planning, the surface models should exhibit a natural look (referring to smoothness of the surface), but also be
accurate. Smoothing algorithms allow to reduce artifacts from mesh generation, but often degrade accuracy. In
particular, relevant features may be removed and distances between adjacent structures get changed. Thus, we
present a modification to common mesh smoothing algorithms, which allows to focus the smoothing effect directly
to previously identified staircase artifacts. This allows to preserve non-artifact features. The approach has been
applied to various data to demonstrate the suitability for different anatomical shapes. The results are compared to
the ones of standard uniform mesh smoothing algorithms and are evaluated regarding smoothness and accuracy
with respect to the application within surgical planning.

Categories and Subject Descriptors (according to ACM CCS): 1.3.5 [Computer Graphics]: Computational Geometry

and Object Modeling—Curve, surface, solid, and object representations

1. Introduction

The morphology of anatomic and pathologic structures and
their spatial relations are examined for planning of surgi-
cal intervention or radiation treatment. Surface models of
anatomical structures are usually derived from tomographic
medical image data, e.g. from computed tomography (CT)
or magnetic resonance imaging (MRI). Medical image data
often suffers from a limited resolution and anisotropic vox-
els (slice thickness is considerably larger than the in-plane
resolution). For generating surface meshes, the target struc-
tures need to be identified and delineated by user interaction,
automatic or semi-automatic methods. 3D models, generated
from such segmentation information, may contain several ar-
tifacts, such as staircases, terraces, holes, and noise. For a
correct and convenient perception of shapes and spatial re-
lations, the models should look naturally to resemble e.g.
the intraoperative experience of surgeons. The natural ap-
pearance refers to smoothness of the surface, since anatom-
ical structures usually do not exhibit sharp edges. Feature
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edges attract the observers’ attention and might severely dis-
turb perception of the overall shape and structure of the
surface model. Artifacts can be reduced during mesh gen-
eration or by additional mesh postprocessing (smoothing).
Unfortunately, this may alter the structures’ volume, ex-
tent, relevant inter-structure distances and features, which
are not caused by model generation, might get removed.
Smoothing methods, in general, apply a uniform filter to
the surface mesh. However, artifacts are often not uniformly
spread over the surface (see Fig. 1(a)). As a result of uni-
form surface smoothing, artifacts get reduced, but as a side-
effect non-artifact areas might get altered too much (see Fig.
1(b)). As a remedy, feature-sensitive smoothing was sug-
gested [KBSSO01]. These methods are successful in preserv-
ing sharp edges in CAD models. However, when applied
to surface meshes derived from tomographic medical image
data, they consider staircase artifacts as features to preserve.
Context information, such as slice direction, slice distance
and knowledge on the properties of artifacts are usually not
considered for a locally adaptive artifact reduction.

To account for the described problems, we suggest an ex-
tension to common uniform mesh smoothing approaches,
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Figure 1: Staircase-aware smoothing applied to a surface model of the liver. Left: the initial model generated via MC; Middle:
a Laplacian filtered model; Right: Laplacian filtering focused to the staircases with preserved surface details (right part of the
model) and smoothed staircases (left part of the model); Coloring by mean curvature.

that restricts the smoothing procedure to the staircase arti-
fact areas. Our method can be applied to any available mesh
smoothing method, whereas it adapts the displacement vec-
tor of each vertex according to the distance to staircase ar-
tifacts. Thus, it allows to smooth only specific parts of the
model, while leaving areas without staircase artifacts un-
changed (see Fig. 1(c)). This gives the opportunity to pre-
serve model accuracy in non-artifact areas which is impor-
tant in 3D diagnostic or surgical planning applications. We
refer to this concept as staircase-aware smoothing.
Especially the anatomy of neck region is a good example,
where several critical structures (e.g. arteria carotis, vena
jugularis, sternocleidomastoid muscle, lymph nodes, sali-
vary glands) are located very close and local distances and
a natural appearance are relevant for the planning of surgi-
cal interventions or further treatment. Thus, we applied our
modified smoothing approach to sample data acquired for
surgery planning and investigated the influence on smooth-
ness, distance and volume preservation.

2. Related Work

Medical surface models are generated from raw medical im-
age data or binary masks, which are derived from volume
data by preprocessing and segmenting the target structures
(e.g. bones, vessels, liver, lymph nodes, ...). The image data
are often composed of anisotropic voxels, which may intro-
duce artifacts to the surface models (see Fig. 1(a) and 2).
The anisotropy problem can be overcome, e.g. by shape-
based interpolation [RU90]. However, interpolating interme-
diate slices results in much more data and computational ef-
fort. In clinical routine, this additional effort is often pro-
hibitive, since data with lower resolution is usually acquired
deliberately to save time and storage. The data can be trans-
formed into a surface mesh using e.g. the Marching Cubes
(MC) algorithm [LC87], or level-set methods [Whi00]. Sev-
eral methods take care of artifacts during mesh generation,
e.g. by additional trilinear interpolation and subdivision of

the surface elements (Precise MC [ACMS98]) or iterative
constrained relaxation of the surface (e.g. Dual MC [Nie04],
Constrained Elastic Surface Nets [Gib98, BVP*00]). Some
of these methods, however, such as Precise MC, achieve bet-
ter visual quality at the expense of a significant loss of per-
formance. However, the reduction of strong artifacts, such
as staircases, goes along with a loss of smaller, potentially
relevant details and large terraces may still remain.
Similarly, noise, staircase artifacts, or plateaus resulting
from the limited resolution can be reduced after mesh gener-
ation by appropriate smoothing operations (e.g. Laplace fil-
ter, Mean Curvature Flow [DMSB99]). These methods allow
to smooth surface models but cause volume shrinkage and
loss of features. More specialized methods (Laplace+HC
[VMMO99], Taubin’s Aju smoothing [Tau95]) try to prevent
from shrinking volumes by an additional correction step. For
models containing extreme staircase artifacts (e.g. Fig. 2 and
3), an appropriate parameter configuration is nearly impos-
sible, if a natural appearance and accuracy are required si-
multaneously.

Several approaches are designed to reduce noise resulting
e.g. from laser scanning [DMSB99, VMM99, TWO03, BO03,
JDDO03, LMJZ09]. However, these methods focus on the
preservation of sharp edges in non-medical data. Their direct
application to medical surface models may give unsatisfying
results, since anatomical structures typically have smoother
shapes and the staircase artifacts would be interpreted as fea-
ture edges and thus be preserved. BADE ET AL. [BHPO6] ap-
plied different mesh smoothing algorithms to surface models
generated from binary image data and compared the results
with respect to artifact reduction and volume preservation.
They identified the Laplace+HC and Taubin’s A|u smoothing
as most appropriate for most anatomical structures with re-
spect to volume and feature preservation. Additionally, they
suggested a constraint for vertex placement during mesh
filtering to preserve accuracy [BKPO7]. Smoothing algo-
rithms, such as Laplace+HC and Taubin’s Aly, are suitable
for smoothing of small artifacts (staircases, noise) with si-
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multaneous preservation of accuracy. Large staircase arti-
facts can still not be sufficiently reduced.

All of these widely used methods apply constant smoothing
parameters to the target structure. In contrast, there are other
methods available, that adjust smoothing according to clas-
sified features [HA08, OBS02], local mesh density [BX01],
or even apply different filters [CCO5] with the goal to pre-
serve detected features. Thus, most feature-sensitive meth-
ods would preserve the artifacts in medical surface models.
Furthermore, there is no mesh smoothing method available,
which focuses smoothing to artifact areas and thus tries to
split up the smoothing process for different problems.

3. Methods

To enable staircase-aware smoothing, an initial identification
and subsequent weighting of staircase areas is required. We
assume that the surface normals have not been manipulated
earlier in order to gain visual smoothness. Thus, each nor-
mal is oriented orthogonal to its face. All surface normals are
consistently pointing towards the outside or the inside of the
model and the normals of neighboring faces do not suddenly
point to the opposite side. As a result, we can assume, that
faces being orthogonal to slice orientation (typically along
z-axis) have normals being parallel to it and vice versa.
Staircases can be characterized as parts of the model exhibit-
ing feature edges of about 90 degree. However, this infor-
mation is usually not sufficient to reliably detect staircase
artifacts for two reasons:

e Other (relevant) features with similar feature angles might
be contained in the model which should not receive a high
weighting for the smoothing algorithm.

e Depending on the initially applied mesh generation algo-
rithm, these staircase "borders" might already have been
smoothed slightly. Thus, the corners within the staircases
would exhibit similar curvature values as other "natural"
features.

As a result, we employ knowledge on the slice orientation,
slice thickness and on relative changes between faces in and
orthogonal to the slice direction. Especially for data with
very anisotropic voxel dimensions, staircases exhibit fea-
ture edges with almost 90 degree angles (between the face
normals). However, for nearly isotropic voxels, these angles
might get smaller. Thus, our approach allows to interactively
adjust its sensitivity for different sizes of staircase artifacts.
After computing the initial orientation rating, the vertices be-
longing to staircase artifacts are weighted to allow for sub-
sequent usage during mesh smoothing. This is described in
detail in the following subsections.

3.1. Identification of Staircase Artifacts

First, we determine the relative orientation 8, of each single
face f; (see Fig. 2(a)) with respect to slice orientation. For
that, we compute the angle o; between the face normal and

(© The Eurographics Association 2010.

o
) {ﬂ?%nngﬁ%

uuﬂ'f

any”
bl

(a) Face Orientation

(b) Change of Face Orientation

Distance (mm)
0.400

0.300

0.200

SN 0.100

0.000 " / 4«
(d) Final Smoothing Result

Figure 2: The images show the single steps of the staircase-
aware smoothing procedure for a part of the geometric
model of a sternocleidomastoid muscle. (a) Colored by ori-
entation of the faces in relation to the slice direction (z-axis).
(b) Coloring of the vertices where the orientation of incident
faces changes. (c) Vertex weighting according to distance to
staircase edges. (d) Final smoothing result colored by local
distance to the initial model.
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the slice orientation vector. These angles are then scaled to
the range of [0,1] according to Eq. 1. Thus, for faces with
normals being orthogonal to the slice direction the relative
orientation 0. equals 1, whereas for faces with normals be-
ing parallel to slice direction it equals O.

Vfi€F: 07 =1—](c;—90)/90] (1
WvjeV: 6, =max(67)—min(6y) 2)

«; - angle between normal of face f;
and slice orientation vector
vj € V;V -set of vertices of mesh M
fi € F;F - set of faces of mesh M
fi € K Fy; € FiFy; - incident faces at v;
6,0’ € [0,1];0/, - orientation of face f;

9(,1, - orientation gradient of incident faces at vertex v;

Subsequently, the orientation 6@}. at each vertex v; is com-
puted as the difference between the maximum and the min-
imum face orientation of all incident faces F,; at that vertex
(see Eq. 2). As aresult, 9@}. will be 1, if there is at least one in-
cident face oriented orthogonal to slice direction and another
face is oriented in slice direction. In contrast, Ocj equals 0,
if all incident face have the same orientation. However, the
computation of 8, and GC/, described by Eq. 1 and 2 is sen-
sitive to the global orientation, specifically to slice direction
(see Fig. 2(b)). Fig. 3 illustrates the orientation rating for a
model with staircases which are oriented along slice direc-
tion (z-axis) and for a second model which has been rotated
out of slice direction by 45 degree. For the latter, the stair-
case vertices receive a lower rating, since the staircases do
not exhibit faces in slice direction and orthogonal to slice di-
rection. However, this is only an artifical example to demon-
strate the weighting sensitivity. Staircase artifacts in medical
surface models will always be related to slice direction.

3.2. Artifact Weighting

During the identification step, all vertices have been assigned
arating with values in [0,1], whereas the vertices at the stair-
case edges have received high values. For later smoothing,
not only the vertices at the staircase edges are required. It is
necessary, to define smoothing values within the flat areas of
each staircase, which can be solved by computing the dis-
tance to the staircase edges.

To apply a weighting function to all mesh vertices, we apply
a threshold Tg/ to the values of 9/v, and extract only the ver-
tices with GCI > Tg/. By default, we have set T¢/ to 0.7, which
has given good results for different data. A decrease of Tg
will include smoother staircases, whereas a high value of Tg/
extracts only staircases with 90 degree feature edges. Since
the type of staircases should be almost homogeneous within

Figure 3: Example of relative orientation change weighting.
Two models of the sternocleidomastoid muscle are shown:
one in original orientation along slice direction and one ro-
tated by 45 degree. Note that the staircases of the rotated
model receive a lower weighting.

one surface model, the user can adjust the threshold Tg/ eas-
ily and fast. For all vertices v; of the original surface mesh,
we compute the minimum Euclidean distance dy; to the ex-
tracted staircase vertices. The distance values are scaled ac-
cording to Eq. 3. A maximum threshold Tmax can addition-
ally be applied to account for the size of staircases, which
is the slice thickness respectively. This allows to control the
influence of detected artifacts to surrounding vertices within
a given distance. However, the final weights wy; of the ver-
tices, which are regarded as staircase edge vertices, are set
to 1 and with increasing distance to staircase edge vertices,
wy; decreases to 0 (see Fig. 2(c)).

d, .
i
Wi eV wy; = (1 max(D)) if dy; < Tmax, 3)
O lf dv/- > Tmax.
W;/ =wy; (1 = Brmin) + Prmin 4)

Tmax - Max. distance threshold

Bmin - min. weighting offset

dy; € D;D - min. Euclid. dist. of the vertices V to v’/
V' € V;V' - the extracted staircase vertices

/ . .
wy;, wy; - distance-related weights for each vertex v;

Besides the maximum distance used for scaling (Tmax), we
also define a minimum value for the final weighting. Other-
wise, unnatural edges might appear when using high values

(© The Eurographics Association 2010.



T. Moench, S. Adler & B. Preim / Staircase-Aware Smoothing

for the smoothing parameters or the number of iterations. A
minimum smoothing value (e.g. Buin = 0.1) to be applied
to non-artifact areas could prevent such additional artifacts.
Thus, the previously computed weights are readjusted to the
range above the applied minimum value (see Eq. 4). The pa-
rameter 3,,;, allows to slightly smooth non-artifact areas to
remove surface noise. As a result, there will not be a visu-
ally disturbing border between smoothed staircase areas and
non-artifact areas without smoothing.

3.3. Application to Smoothing

The result of the previous steps is a weighting value for
each vertex in the given surface mesh. This allows to modify
the displacement vector determined from uniform smooth-
ing for each vertex. For example, a standard Laplacian mesh
smoothing filter is defined by Eq. 5:

Y eV: V}ZVj—F%ZZ":l(Mk—Vj) o)

v, u € V,Vuy € lej,m: ‘le/

ler. - Ist order neighbors of vertex v;

A - uniform smoothing factor

To make the smoothing process adaptive with respect to spe-
cific artifacts, we simply need to replace the weighting fac-
tor A by A" = A-wy, (see Fig. 2(d) for a sample result).
The modification of the smoothing factor, shown above for
the Laplace filter, equals to the application of d",j to the fi-
nal displacement vector. For a general application to other
smoothing methods, the length of the displacement vector,
computed by the smoothing method for each vertex, sim-
ply needs to be multiplied by the weight obtained from our
method. Thus, our suggested modification can be applied to
any smoothing algorithm. More specific algorithms, such as
Laplace+HC or Taubin’s A|u, can be employed with their de-
fault parameters for smoothing and back correction as usual.
The staircase weighting will be applied to the final displace-
ment vector, that is determined by the specific smoothing
method with its individual parameters and weightings.

4. Data and Evaluation

To evaluate staircase-aware smoothing, we employed four
different clinical CT datasets (two of the neck and two of the
liver) and applied our algorithm to differently shaped struc-
tures. All selected structures contain parts suffering from
staircase artifacts and parts without such artifacts. However,
the surface models represent typical results of the mesh gen-
eration process without artificially introducing artifact or
non-artifact parts.

As sample structures from neck surgery, we selected the
arteria carotis and the sternocleidomastiod muscle of two
CT datasets, each with a voxel size of 0.453x0.453x3
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mm. All structures have been segmented manually by med-
ical experts. The resulting binary masks have been dilated
(3%x3x3) and used to mask the intensity data. This allows
the subsequently applied MC algorithm to generate partially
smooth surfaces and restricts mesh generation to the bound-
aries of the applied mask, where the image data is inhomoge-
neous or neighboring structures have very similar intensity
values. Thus, staircase artifacts may remain in those regions
and as a consequence of the strongly anisotropic voxel di-
mensions, they tend to be very large. Furthermore, we em-
ployed two CT datasets of the liver with almost isotropic
voxel dimensions (0.797x0.797x0.8 mm). The initial sur-
face models have again been generated via MC from the in-
tensity data which has been masked by a dilated binary data.
Several staircase artifacts remained after model generation.
Due to the roughly isotropic voxels, the artifacts are visually
less disturbing.

For each of the three structure categories, the results
have been averaged. We compared staircase-aware smooth-
ing to standard uniform smoothing approaches: Laplacian
smoothing (with and without node position constraint),
Laplace+HC, and Taubin’s A|u. For Laplacian smoothing
with node position constraint, we defined cubical voxel cells
with the original voxel dimensions for each vertex, whereas
the displacement of the vertices during smoothing is re-
stricted to these cells. Staircase-aware smoothing has been
applied to all of these uniform smoothing methods to allow
for a direct comparison. For the surface models of the liver
and of the arteria carotis, we used 20 iterations with A=0.5
for all involved methods, since the staircase artifacts are rel-
atively small for the liver data and the vessels are very sen-
sitive to mesh smoothing due to their elongated, thin shape.
For the models of the muscle, A has been set to 1, to account
for the large staircases. The parameters allow for a sufficient
reduction of staircase artifacts for all methods. According
to BADE ET AL. [BHPO06], the additional parameters of the
Laplace+HC filter have been set to oo = 0 and § = 0.5. For
Taubin’s A|u filter, u equals 0.52 for the liver and vessel data
1.02 for the muscle data.

The resulting surface models have been compared regarding
smoothness, shape and volume preservation. For smooth-
ness, we employed the maximum angle between the ver-
tex normal and the normals of all incident faces, which is
similar to the faces’ dihedral angles and partially compara-
ble to the normal curvature described by GOLDFEATHER ET
AL. [GIO3]. This modified curvature measure has shown to
be less sensitive for degenerated parts of the model (where
the radius of the fitted sphere would be very close to O
and the resulting default curvature value would thus get ex-
tremely high). Volume preservation is used to demonstrate
the global error introduced by each mesh smoothing method.
The preservation of shape is evaluated with two measures:
the Hausdorff distance, which is determined between the
smoothed and the initial surface (to show changes within
the model) and the average minimum Euclidean distance be-
tween the smoothed and the reference model.
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Table 1: Averaged results for the comparison of the smoothing methods for the liver data. Each smoothing method has been
combined with our staircase-aware smoothing (SA). NPC stands for "node position constraint”.

Smoothing method Hausdorff distance @min. Euclidean distance volume (%) avg. normal curvature
to original model (mm) to original model (mm) (degree)

No Smoothing 0 0 100 22.46
Laplace 391 0.26 97.13 4.27

SA Laplace 3.73 0.17 97.71 5.87
Laplace+HC 2.80 0.09 99.32 8.54

SA Laplace+HC 2.58 0.07 99.37 10.29
Laplace with NPC 1.33 0.15 98.83 10.14
SA Laplace with NPC 1.34 0.11 99.07 10.54
Taubin’s Alu 2.18 0.08 99.52 9.99
SA Taubin’s A|u 1.90 0.05 99.66 13.65

5. Results

The comparison of the employed smoothing methods in
combination with our suggested extension showed, that our
method is able to restrict the smoothing process to the arti-
fact areas and thus enable selective smoothing.

5.1. Models of the Liver

As expected, standard Laplacian smoothing yields strongest
volume shrinkage compared to the original surface model
(97.13%). However, the models of the liver are very large
in relation to the size of the surface elements, which makes
them relatively robust against volume loss (Tab. 1). For
smaller structures, stronger volume shrinkage occurs. Our
results confirm those of BADE ET AL. [BHPO6] in terms
of smoothness, volume and shape preservation. Addition-
ally involving staircase-aware smoothing yielded at least the
same values for Hausdorff distance and volume preserva-
tion or could slightly improve them. The Hausdorff dis-
tance decreased slightly for Laplacian, Laplace with node
position constraint and Taubin’s A|u filtering, whereas the
average minimum Euclidean distance has slightly been re-
duced for all involved methods. Looking at smoothness, only
marginally worse values are reached. However, those values
are still a sufficient gain compared to the original model. The
slightly higher values for average normal curvature are ex-
plained by those parts of the surface models, which were not
subject for staircase-aware smoothing.

5.2. Models of the Sternocleidomastoid Muscle

Due to their size in relation to the slice thickness of the
neck CT data, the models of the muscle exhibit more se-
vere staircase artifacts than the liver models. However, the
results are quite similar to the ones of the liver (Tab. 2). Stan-
dard uniform Laplacian smoothing yielded strongest volume
shrinkage and curvature reduction, whereas the other em-
ployed methods provided relatively high accuracy for the ap-
plied smoothing parameters. Again, staircase-aware smooth-

ing could keep and even slightly improve all results. For
Laplace+HC and Taubin’s Ay filter, the Hausdorff distance
could be decreased by about 20-30%, whereas the curvature
values are kept nearly constant.

Stallrease
Weliglhtiing

Figure 4: Sample models of the arteria carotis. Left:
original model, colored by computed staircase weighting
(left colorbar); Middle: after uniform Laplacian smoothing;
Right: after staircase-aware Laplacian smoothing. Middle
and right models are colored by minimum Euclidean dis-
tance to the original model (right colorbar).
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Table 2: Averaged results for the comparison of the smoothing methods for the data of the sternocleidomastoid muscle. Each
smoothing method has been combined with our staircase-aware smoothing (SA). NPC stands for "node position constraint".

Smoothing method Hausdorff distance @min. Euclidean distance volume (%) avg. normal curvature
to original model (mm) to original model (mm) (degree)

No Smoothing 0 0 100 16.35
Laplace 3.54 0.30 95.84 4.23

SA Laplace 32 0.18 97.48 6.02
Laplace+HC 2.23 0.08 100.89 8.50

SA Laplace+HC 1.81 0.06 100.84 10.09
Laplace with NPC 1.54 0.19 98.69 8.18

SA Laplace with NPC 1.53 0.13 99.03 8.38
Taubin’s A|u 2.28 0.09 101.01 8.18

SA Taubin’s A|u 1.55 0.06 100.59 10.63

5.3. Models of the Arteria Carotis

Smoothing of surface models of vascular structures is usu-
ally critical, since such thin and elongated models tend to
shrink strongly. Laplace+HC and Taubin’s A|u filter yielded
best results for volume and shape preservation. However, the
larger artifacts did still remain to the models and smoothness
could only be improved slightly (Tab. 3). As expected, stan-
dard Laplacian filtering (with and without node position con-
straint) resulted in strong volume shrinkage (volume preser-
vation: 88.78% and 91.67%) and relatively large values for
Hausdorff distance. In contrast, combining both methods
with staircase-aware smoothing could preserve up to 96.34%
and 97.30% of the original volume, whereas nearly the same
smoothing effect could be achieved (see Fig. 4). Further-
more, a comparison of the distribution of distance changes
shows that staircase-aware smoothing decreases the overall
error (see Fig. 5).

6. Conclusion

Surface models from tomographic medical image data may
suffer from artifacts, such as staircases and terraces. A reduc-
tion of these artifacts can be achieved e.g. via mesh smooth-
ing. However, the properties of the available methods of-
ten do not meet the requirements in medical visualization
or lead to a tradeoff between accuracy and visual quality.
Staircases are the most dominant artifacts introduced by im-
age segmentation and subsegent model generation. We have
presented a modification to standard uniform mesh smooth-
ing algorithms, that allows to focus the smoothing procedure
on the areas containing staircase artifacts. Targeting the ap-
plied smoothing algorithm to these critical areas allows to
preserve accuracy and features within other parts of the sur-
face model. This is especially relevant for surgical planning,
where pathological structures need to be evaluated and quan-
tified.

Our method is suitable to be used in combination with stan-
dard smoothing algorithms for a large variety of structures.
It is able to detect and smooth staircase artifacts resulting
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from isotropic and anisotropic data and can be used to extend
any available mesh smoothing algorithm. Staircase-aware
smoothing achieved results that are equal to standard uni-
form mesh smoothing algorithms or even slightly improved
them. Especially for elongated surface models, which are
very sensitive to volume shrinkage, staircase-aware smooth-
ing preserves accuracy and still removes staircase artifacts
reliably. The presented approach can be adjusted to different
sizes of staircases and thus handle surface meshes from dif-
ferent meshing algorithms. Nevertheless, our method should
be adjusted to allow for a special perservation of the end caps
in vascular structures (see Fig. 4).

However, the quantification of volume and average distance
can not completely characterize the value of staircase-aware
smoothing. The size of the artifacts to be removed is re-
lated to the specific voxel size. Thus, the gain of accuracy
preserving smoothing lies within the submillimeter/subvoxel
range. However, the visual results of our method showed,
that those parts of the model, which do not suffer from stair-
case artifacts, could be preserved. The subjective visual ef-
fect is stronger than usual quantification methods reveal. The
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Figure 5: Comparison of the distance histograms of uni-
form and staircase-aware Laplacian smoothing for the mod-
els of the arteria carotis.
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Table 3: Averaged results for the comparison of the smoothing methods for the data of the arteria carotis. Each smoothing
method has been combined with our staircase-aware smoothing (SA). NPC stands for "node position constraint".

Smoothing method Hausdorff distance @min. Euclidean distance volume (%) avg. normal curvature
to original model (mm) to original model (mm) (degree)

No Smoothing 0 0 100 16.50
Laplace 2.17 0.23 88.78 7.71
SA Laplace 1.97 0.09 96.34 9.07
Laplace+HC 0.76 0.04 100.46 10.60
SA Laplace+HC 0.71 0.03 100.56 11.74
Laplace with NPC 1.52 0.19 91.67 9.58

SA Laplace with NPC 1.46 0.07 97.30 9.96
Taubin’s A|u 0.70 0.04 100.91 11.63
SA Taubin’s A|u 0.64 0.02 100.52 13.46

strongest visual and quantitative gain is achieved for surface
models, where only parts of the model suffer from staircase
artifacts. Using uniform smoothing might alter the whole
surface model, whereas staircase-aware smoothing preserves
the non-artifact parts.
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