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Abstract. Organ segmentation is a challenging problem on which re-
cent progress has been made by incorporation of local image statistics
that model the heterogeneity of structures outside of an organ of interest.
However, most of these methods rely on landmark based segmentation,
which has certain drawbacks. We propose to perform organ segmenta-
tion with a novel level set algorithm that incorporates local statistics
via a highly efficient point tracking mechanism. Specifically, we compile
statistics on these tracked points to allow for a local intensity profile out-
side of the contour and to allow for a local surface area penalty, which
allows us to capture fine detail where it is expected. The local intensity
and curvature models are learned through landmarks automatically em-
bedded on the surface of the training shapes. We use Parzen windows
to model the internal organ intensities as one distribution since this is
sufficient for most organs. In addition, since the method is based on level
sets, we are able to naturally take advantage of recent work on global
shape regularization. We show state-of-the-art results on the challenging
problems of liver and kidney segmentation.

1 Introduction

Level set methods have many strengths that make them suitable for general
organ segmentation, which include the ability to naturally represent complex
shapes non-parametrically, and the ability to incorporate powerful shape mod-
els [MUTOIT5I5]. Until recently, most level set-based segmentation methods have
focused on global data likelihood models [I6] and global priors on contours such
as surface area penalty [9]. Unfortunately, such global models do not fully exploit
the fact that surrounding image intensities and local organ curvatures vary in a
predictably local fashion, e.g., in the segmentation of livers in computed tomog-
raphy (CT) images in which the outside intensities and contour curvatures are
naturally heterogeneous.

Thus many mechanisms to allow for local evolution have been introduced
both in the computer vision literature [I3], and in the medical imaging liter-
ature [ITI6IT2]. Some methods allow for local intensity models in a level set
framework, but not in a way that allows position dependent knowledge to be
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accounted for [I3]. Other methods use landmarks to represent the organ bound-
ary [SIGIT2/TT], and allow incorporation of shape through active shape models [3].
While these methods have achieved significant progress on difficult organ seg-
mentation problems such as the liver, no completely satisfactory solution exists
due to high variability in anatomical shape, from disease, and in acquisition
protocol. Additionally, segmenting only within the space of shapes allowable by
ASM’s is a limiting factor since ASM’s tend to naturally produce shapes that
smooth out naturally high curvature structures. Furthermore, determining seg-
mentation boundaries in between points requires, as a final step, choosing some
method of interpolating between landmarks [T1].

In this paper, we introduce a novel efficient point tracking mechanism into
standard level set evolution, which allows us to formulate the problem as a max-
imum a posteriori estimation problem with both a local likelihood model for the
data term as well as a local prior model for the surface area penalty term. In
doing this, we extend the work of [I4], where point tracking is used to define
correspondence during level set evolution, by simplifying the tracking for greater
efficiency at the cost of maintaining an approximate correspondence that is still
sufficient for segmentation. In addition, we show how introducing shape-guidance
into this level set framework is natural and we can take advantage of recent work
on shape-guided level set methods (see [5] and references therein.) We validate
the efficacy of this point tracking method on complex organ segmentation prob-
lems such as liver and kidney segmentation, while also showing that it is very
efficient. We show that the method produces segmentations with state of the art
overlap and surface error statistics, as made popular in the MICCAI 2007 Liver
challenge.

2 Key Point Tracking on Evolving Zero Level Sets

To facilitate the application of local prior statistics and constraints it is necessary
to track explicit points on the evolving surface. This is done as follows.
Consider a set of discrete points {z;(t)}i=1,... .~ defined on the initial zero
level set of a signed distance function ¢(x,t),x € 2 C R3 at t = 0. As explained
in [I4] and the references therein, those can be tracked along with the evolution
of the zero level set by mapping them along its outer normal n(x;(t),t) =
—Vo(xi(t),t)/ |V (x:(t), t)| by the amount of the level set speed A¢(-, ¢ + 1):

xi(t+ 1) — x;(t) + Ap(xi(t), t + 1) n(x;(t),t) . (1)

This is to be carried out for each level set update, see Fig. [Tl for an example.

However, in the case of a narrow-band implementation, especially when the
speed of the level set is high, the update of the key point x;(¢) might locate
the new position x;(t 4+ 1) such that it lies outside of the band of ¢(-,t +1). In
order to handle such cases, we linearly search along the normal of ¢(-,t) to a
pre-defined extent, i.e. along the line x;(¢) + 7 ng(x;(t),t), with 7 > 0 . (We
found sampling 7 at intervals of one voxel length to be a reasonable value.) By
this we bring down the fraction of “lost” key points typically below 0.1%.
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Furthermore, due to numerical inaccuracies in the update scheme (), the key
points may deviate from the zero levelset after some iterations. For such points,
we apply an additional correction scheme:

x;(t) — x;(t) + ¢(xi(t), t) mo (xi(t), 1), (2)

which guarantees that the updated key points are always on the zero level.

In the following, we use the described algorithm to establish shape correspon-
dences between the initial shape ¢(-,0), which we will refer to as reference shape,
and the segmenting shape ¢(-, t). Obviously, because of neglecting the tangential
evolution of similarity features, such a correspondence is only approximate, but
will be sufficient in the following if the reference and the target shape are not too
dissimilar and are roughly rigidly aligned. Compared to Poisson-equation-based
methods, cf. [T4], this method has the advantage of being computationally much
more efficient. For example, tracking 3126 key points in the case shown in Fig.[I]
along with a narrow-band consisting of 35000 voxels added only 2.3% to the
average computation time of a level set update.

Fig. 1. (a) Example of initial key points on an initial zero level being rigidly aligned
to the organ to segment. (b) Evolution of each key point along the normals of the zero
level sets while carrying out a standard data-driven segmentation iteration. (c¢) Result
after 200 level set/key point tracking iterations. Given a sufficient similarity of the
initial shape as well as an initial alignment, tracking points along the normal at each
iteration is sufficient to retrieve an approximate shape correspondence.

3 Levelset Segmentation Driven by Local Feature Models

Given a set of explicit points that have correspondences to the initial shape,
we can assign locally measured features of different level set evolutions to one
common reference shape. Such measurements from the segmentation of a set
of training samples are accumulated on the reference shape to deduce localized
feature models and it is these models which then are introduced as priors in the
segmentation approach.
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3.1 Local Intensity Statistics

To build a localized intensity prior, we carried out a standard data-driven seg-
mentation approach [2] on expert-generated binary annotation masks of the
intended organs, while employing the scheme presented in section 2 to track the
key points in parallel. Thereby the initial/reference shape was a typical shape
of the organ and rigidly aligned to each of those masks.

Once the zero level set had converged at or near the binary edge, at each
key point, we sampled the local intensity outside the contour from the intensity
volume being aligned with the annotation mask. Specifically, we convolved with
small Gaussian windows which were centered at each point separately for inside
and outside voxels, which in the latter case reads:

Jo, 90(xi —y) (1 = H($:(y))) I;(y) dy
fgi 9p (Xi - Y) (1 - H(¢z‘(3’))) dy

with g,(x) = exp(—x"x/(2p?)), I;(x) referring to the value of the intensity vol-
ume (not the segmentation mask) at x, and H denoting the Heaviside function.

In a next step, for each key point on the reference shape, we accumulated
these samples across the training cases by fitting Gaussian distributions, whose
spatially dependent parameters were determined according to:

(Uout(xi) - Ijl')f;)t(xi))Q ’

I3 (xi) = 3)

L

1
out 2 _
,U'out Xz - L Z] 1 jp Gout(xi) - L—1 Zj:l

See Fig. [X(a)-(b) for an example on the liver.

Subsequently, during the course of the level set evolution, the such inferred
Gaussian likelihoods are not only available at tracked key point locations, but
can be interpolated to any voxel in the narrow-band. In case of a simple nearest-
neighbor interpolation, the prior probability of observing an intensity I(x) at a
location x near or at the zero level can thus be approximated by

1 (I(x) - Mout(xl(w)))2>
out I X)|X) = * B 2 7 4
o109 \/27703ut(xl(x)) ’ p( 200u (Xi()) Y

with {(z) = argmin;—1,. n||x — xi||2L2 being the closest key point with regards
to the Euclidean distance. With respect to implementing the latter, we found [I]
to provide a very efficient solution.

3.2 Local Mean Curvature Constraint

Local correspondences between the evolving and a reference shape not only en-
able spatially dependent intensity priors, but also allow for a spatially dependent
weighting of feature measurements, such as the mean curvature.

Given the tracked key points at the boundaries of ground truth annotation
masks, as described in the previous section, one can similarly sample local mean
curvatures and average them over the set of training cases, which yields an
average mean curvature for each key point (see Fig.[2lc) for an example):
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Fig. 2. Means (a) and variances (b) of the outward-bound local intensities across 100
liver shapes, which were traced back to the shown reference shape. (¢) Average mea-
sured mean curvatures. Despite high shape variability, sharp correspondences are re-
trieved by the proposed key point tracking method, which is visible especially at the
rib region in (a)+(b), and at the liver tips in (c).

1 L . V¢j(xi)
Kp(x;) = I Zj:l div [V (xi)| v

Instead of inferring prior densities, which would involve second-order derivates
of ¢ in the energy and thus numerically problematic fourth-order derivatives
in the Euler-Lagrange equations, here we propose to introduce the spatially-
dependent prior by modulating the weight of the area term, cf. [2], in the energy:

Ee(@) = [ wel) V@) dx, with weGo=  f, o (©)

with a parameter v controlling the amount of weight variation and ¢ denoting a
global weigth.

Thus, we penalize surface area of the segmenting contour more strongly at
locations when low curvatures were observed on the training contours, and vice-
versa for high curvatures. For example, by this the curvature term can be weak
at the tip regions of a liver shape, while enforcing low curvatures everywhere at
relatively straight regions. See Fig. [ for examples on the CT liver.

4 Organ Segmentation Approach

In the following we combine the localized feature priors with established ideas
in order to obtain a highly accurate, robust and generic organ segmentation
approach. Thereby our objects of study are the segmentation of the liver and
the right kidney in 3D CT images.

4.1 Local Models for the Liver and the Kidney

We applied the technique described in Sec. 3] on 100 liver and 20 right kidney
ground truth segmentations, in order to estimate the local mean and variance of
the intensities inside and outside the segmentation boundary. For the outside in-
tensities, we obtained maps which clearly reflect heterogeneous intensity regions
of the neighboring tissue classes, see Fig. l(a)-(b).
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By contrast, the accumulated inside measurements turned out to be very
homogeneous per training case, but to vary in a range of about 150 Hounsfield
units across all training cases. Both observations are in line with the fact that the
tissues of both organs exhibit relatively homogeneous CT intensities, while their
mean fluctuates with the concentration of contrast agent. In order to account
for these effects, we chose an adaptive region-based Parzen density model, cf.
e.g. [], for the observed intensities inside the organ:

pinl1601) =30 MY g (160 <1y where B =30 (), ()

with h(I) denoting the histogram of observed (discrete) intensities I € [Inin, Imaz)-
Combining the new local intensity term for the outside and the region-based
term for the inside yields the energy:

Imaz

I=Imin

Er(¢) = - /Q aH (¢)log pin(1(x)|¢) + (1 — @) (1 — H(¢)) log pour (I(x)|x) dx ,

while the role of the weights « and (1 — «) are to balance those opposing forces
which typically occur in slightly different value ranges.

With regards to the local curvature models, we determined the local mean
curvatures as described in Sec. for each organ. By this we obtained curvature
maps which reflect the different convex and concave region of each organ, see

Fig. 2(c).

4.2 Global Shape Prior and Final Approach

Although the spatially modulated curvature term imposes local constraints on
the shape, in order to increase robustness of the overall segmentation approach,
we also add prior information based on a global statistical shape model. Specif-
ically, we follow a similar approach as recently reported in [5], where projec-
tions (;3 of the current level set map ¢ into a linear subspace of learned shape
variations are used to guide the shape evolution, by adding a term of the form
Es(¢) = [,(¢— $)2dx to the overall energy. In our experiments, we used a liver
model which was built on a training set of 100 liver and 20 right kidney shapes,
respectively.

Finally, the overall segmentation algorithm amounts to minimize the weighted
sum of intensity-dependent E;, the curvature-dependent F¢ and the shape-prior-
based energy FEg, by iteratively descending along the negative energy gradient,
which is represented by the partial differential equation:

e =3.06) (wr(alog 10~ o pa 16)) +ociiv 74 +s(o-6))
9¢ IVl

Thereby, the key points {x;} are updated according to () in every iteration in
parallel.

In our experiments, ¢ was initialized by the reference shape of the local fea-
tures models, which were manually aligned with the organ in question with
regards to translation and rotation. The latter can easily be automatized by an
atlas registration technique, or a Pictorial structure based approach, for example.
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Fig. 3. Qualitative comparison of a standard approach with adaptive Parzen density
estimation of the background intensities, cf. [4], and a global mean curvature force, cf.
[2], (yellow) against the proposed local intensity prior (blue) and the locally modulated
area penalization term in addition (red).

5 Experiments

Besides qualitative comparisons of the new local feature priors versus existing
global approaches (see Fig. B]), we evaluated our algorithm on the 20 (mostly
pathological) CT liver cases from the MICCAI ’07 Liver challenge [7], and for the
right kidney on 13 other CT cases which were annotated by own experts. None of
them were included in the training sets. The reference shape of the local feature
models served as initial shapes, which were manually aligned to each organ. The
iteration were let run until convergence. All parameter values were the very same
for all cases, except for a slightly weaker global curvature weight £ in the kidney
cases. The obtained volumetric and surface-based errors in Table[llshow that our
proposed method produces state-of-the-art results, especially w.r.t. the average
surface distance error of only 1.46mm/0.88mm for the liver/kidney, respectively.
In addition, the fact that these results were gained without adjusting none of the
involved parameter to any individual data set clearly shows the high degree of
generalization and, given the strong variability of liver shapes and appearances
in the test set, the high robustness of the presented algorithm.

Table 1. Volumetric and surface errors, cf. [7], as well as scores for the 20 training
data sets of the Liver 2007 Challenge, as well as for 13 other CT right kidney data sets

Mean/std.dev. Overlap.  Volume  Avg. Surf. RMS Surf. Maximum Challenge
Err. (%] Diff. [%] Dist. [mm] Dist. [mm] Dist. [mm] Score

20 liver cases 8.44+1.7 3.944+2.72 1.46+0.38 2.91+0.95 24.18+8.34 66.67+8.5

13 r.kidney cases 10.6 £ 1.9 4.82 + 3.44 0.88 £ 0.23 1.92£0.52 15.31£4.51 72.8£7.3

6 Conclusion

In conclusion, we have developed a new method for general organ segmentation
with level sets that incorporates local intensity statistics and local curvature by
means of an efficient point-based tracking mechanism. We have shown that using



Organ Segmentation with Level Sets 41

level set methods enables us to incorporate recent advances in shape regularized
segmentation. We have achieved results that are both qualitatively and quanti-
tatively strong on some of the most challenging problems in organ segmentation.

In practice, we have not found point correspondence problems to effect the
performance of the algorithm, however for future work we wish to investigate
the effect of the tangential component of the tracked points. Proper treatment of
this task would require ensuring correct correspondence, which is not explicitly
guaranteed even by the method of [I4].

In addition, we wish to investigate limitations of uni-modal statistical mod-
els employed by the tracked points, and whether using multi-modal or more
sophisticated methods would yield improved segmentation.

Acknowledgments. We would like to thank Haibin Ling for helpful discussions
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