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structure at the upper level in the hierarchy. Global pose and topological parameters
then drive pose and shape parameters of individual structures at the lower level of
hierarchy. The coarse and fine matching strategies are considered in the following.

3.1.1 Coarse Matching
In the coarse matching step, illustrated in Fig. 1a, we tune only global pose and
topological parameters that in turn drive pose and shape parameters of the structures.
According to these parameters, each shape model, describing a corresponding
structure, generates a shape that defines a patch on the underlying image. The patch is
then elastically transformed to the shape-free form, which is fed into the appearance
model that yields appearance parameters and approximates the given shape-free
image patch. Finally, the match measure between the shape-free image patch and its
approximation is calculated. The obtained match measure is part of the energy
function that is used for selecting the global pose and topological parameters for the
next iteration in the optimization process. The energy function, which considers also
topology, shape, and appearance deformation energies, is described latter.

(a)

  (b)

Fig. 1. Coarse matching strategy (a): global pose and topological parameters are optimized and
fine matching strategy (b): pose and shape parameters of all structures are optimized
simultaneously
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parameters of the cervical spine model, was performed by selecting two points, one
on vertebra 3 and one on vertebra 6. Points were selected in centers of the vertebrae
and then perturbed by a constant distance, which was quarter of the vertebra size, in
10 different directions. After applying the method, the resulting landmark positions
were compared to the manually defined gold-standard positions by calculating root
mean square (RMS) error separately for each of the vertebrae. The RMS errors were
calculated for the initial landmark positions and after the coarse and fine matching
steps. In 80% of the cases the initial RMS error was reduced. Fig. 2 shows two
cervical spine X-ray images. In Fig. 2a the landmarks were accurately placed by the
proposed method, while in Fig. 2b the method failed because of the poor contrast on
vertebrae 3 and 4, large osteophyte on vertebra 5, and partial overlapping of vertebra
6 and shoulder. Also a well-trained human operator hardly identifies vertebrae
landmarks on such images.

The initial RMS errors and RMS errors after coarse and fine matching steps are
shown in Fig. 3. The resulting RMS errors were on the average 2.2 pixels, while the
initial RMS error ranged on the average from 5.5-7.5 pixels. The coarse matching step
succeeded to locate the landmarks to pixel accuracy, while the fine matching step
only slightly improved the localisation.

(a) (b)

Fig. 2. Cervical spine X-ray images on
which the method was successful (a) and
on which the method failed (b)

Fig. 3. Mean RMS errors and corresponding
standard deviations (in pixels) for initial
landmark positions (dark gray) and after coarse
(light gray) and fine (white) matching steps

5 Conclusion

In this paper we presented a general method for segmenting articulated structures
exhibiting variations in shape, appearance and topology. The method is based on
statistical parametrical models that are incorporated in a two-level hierarchical
scheme. The lower level describes the shape and appearance of individual structures,
while the upper level controls the topology of the articulated structure. When
segmenting a given image, the anatomically plausible configuration of the models is
searched for in coarse and fine matching steps. The segmentation results on 36 X-ray
images confirmed the applicability of the proposed modeling and segmentation
strategies. We will focus our future efforts on extensive evaluation of the method on a
larger number of spine X-ray images. The proposed hierarchical statistical modeling
of shape, appearance, and topology is an important breakthrough for describing non-
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linear shape variations of articulated structures. Further development and refinement
of this methodology should remain an important area of research in the near future.
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