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Abstract. Anatomical structure is important for medical education and disease
diagnosis. In the application of surgical simulation, different anatomical struc-
tures can be retrieved to create variety of surgical scenarios for training, while
similar structures can also be retrieved to assist disease diagnosis. This paper
presents an approach to liver-gallbladder anatomical structure retrieval with 3D
shape comparison, where the direct shape comparison based on dense shape
registration is applied to liver shape due to its shape complexity, and feature
based comparison is applied to gallbladder shape with a semantic shape decom-
position using the saliency area based on multi-scale curvatures and concavity.
After the registration of liver models, the geometric structure of the gallbladder
and liver can be combined for joint comparison. With the 3D models con-
structed from a set of liver-gallbladder CT data, experiments are conducted for
joint liver-gallbladder retrieval. Encouraging result shows that it can reveal im-
portant topology based on similarity and variance of 3D shapes and has a simi-
lar performance compared to that of manual retrieval by human operators.

Keywords: Anatomical structure, shape analysis, shape comparison, surgical
simulation.
1 Introduction

Anatomical relationships of liver and gallbladder (GB), of which some are rare such
as the left GB and intrahepatic GB, may pose challenges to the surgeons. The GB
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shape information, such as extra large size of a GB or folds on a GB, is not only use-
ful for surgery and training, but may also reveal some potential pathological risks. In
laparoscopic surgery and simulation of cholecystectomy, anatomical shape and struc-
ture of the liver and GB, including the position, size and wall thickness, are some of
the important factors that affect the difficulty of such surgeries. Most of the current
surgery simulation systems mainly aim at the training on fundamental laparoscopic
skills (FLS) with generic liver, GB and other organ models. Such a simulation thus
lacks the facility to supply different scenarios with different challenges for training.
However it is possible to construct new models from patient CT data and store the
models in a model library for future training as well as patient specific surgery plan-
ning and preoperative practice.

The training with new models can assist the surgeon trainees by exposing them
with new scenarios and different challenges instead of a single generic model. With
increasing number of models, it becomes difficult for a trainee to select suitable train-
ing cases, to cater for his/her specific training purposes. Thus a reliable approach to
compare and retrieve the relevant (similar or dissimilar) anatomical structure is highly
needed.

1.1 Related Works

GB diseases have varying symptoms, which sometimes can be shown in the shape
change of a GB [1, 2]. Although the shape anomaly may not always be related to
disease, it may cause the stasis that could lead to stone formation and inflammation
[3]. Measurement for wall thickness from CT images has been studied by Prasad et al
[4]. Noticeably, GBs can also vary from person to person in terms of size, shape and
location, which pose the challenges for new surgeons.

In cholecystectomy, liver is the main surrounding organ of GB. Thus liver shape is
to be modeled in the simulation and the anatomical relationship specifies the surgery
scenario. In the literature, liver shape model has been successfully applied for atlas
construction [5] and segmentation [6]. However there is no study on the retrieval of
anatomical structure of liver-GB. The statistical liver shape model and liver shape
retrieval has been successfully applied for segmentation [7]. However there is no
systematic study on the retrieval of liver-gallbladder. Work in [8] presented physics
modeling of GB, which did not address GB shape analysis. In [9] the researchers
described an approach to a 3D shape decomposition, which is improved using a more
robust saliency method in this paper.

In 3D model retrieval, works include shape description, modeling and similarity
measurement [10]. Generally a 3D shape can be represented by tetrahedral or polyhe-
dral mesh. Focusing on surface model, there are three main categories of 3D shape
analysis. One is based on the mesh patch segmentation from the salient points on the
surface [11], and the second is based on skeletonization of 3D shapes or logical parts
decomposition [12]. Besides, there are some works proposed to compare the shape
based on the registered models directly using the distance of the corresponding points
[13, 14]. To segment an object into meaningful parts, minima rule and part salience
[15] have been proposed. Banegas et al presented a decomposition of volume data
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[16], and then ellipsoids are fitted and deformed to reconstruct the object from the
hierarchical decomposition.

1.2 Contributions

This paper presents an approach to the application in joint liver-GB shape comparison
and retrieval, where direct shape registration and comparison based on Coherent Point
Drift (CPD) [13] is adopted to compute liver shape similarity and semantic features
are proposed for GB shape comparison. Using CPD is due to its speed and nonlineari-
ty for non-rigid shape registration. Combining the distance measurement of the liver-
GB anatomical structures, users can retrieve the similar or dissimilar data sets for
surgery training or pathological comparisons. Noted that the liver-gallbladder pairs
are essentially in a continuous shape space, as no categories are defined for joint liver-
gallbladder anatomical structure, the conventional precision-recall measurement can
not be adopted for the retrieval performance evaluation. Instead, the Spearman’s score
for rank correlation [20] is used to compare the order of the retrieval data sets with the
result from human operators, which can be the trainee surgeons or technicians who
are selecting similar or dissimilar anatomical structures for training.

2 Liver-Gallbladder Model Comparison

The preprocessing of CT data to reconstruct liver and GB model is based on our pre-
vious work for CT image segmentation and mesh construction and optimization [17],
[18]. This paper focuses on liver-GB shape analysis and retrieval, where we compare
liver shape based on direct shape distance due to the complexity of liver shape, while
model GBs with meaningful semantic features.

2.1  Similarity of Liver Shapes

The registration method adopted here is based on CPD where point set registration is
formulated as a probability density estimation problem. The moving set is modeled by
a Gaussion mixture model (GMM) with unknown centroids. It forces the GMM
centroids to move coherently as a group by reparameterizing the centroid locations
explicitly. The form of transformation is non-rigid. Since we choose to use a fast
Gaussian transformation [13] the registration is fast (about 10 seconds for 2 sets of
1000 points/vertices on surface mesh). Given the registration of liver shapes L; and
L,, we compute the mean Hausdorff distance of the two shapes, modified (multiplied)
by dot product of the surface normals of the two correspondences.

Fig. 1 shows the superimposed liver shapes, from similar shape to dissimilar ones.
Only rigid transformation is used for better visualization so the original shapes can be
compared visually.

To quantitatively evaluate the performance of the proposed shape comparison, we
use the Spearman’s score that computes the rank correlation [20] on two of the shape
similarity ranking orders. We get the Spearman’s score on liver retrieval between
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human operators and the method. As the liver shapes are highly complex, the
shape similarity rank is quite subjective from person to person especially for dissimi-
lar shapes comparison. Nevertheless, for those similar shapes, the rank should be
consistent.

Here, the Spearman’s score p between the two human operators is only 0.40. Ana-
lyzing the result we found that for the dissimilar liver sets the retrieval results were
quite subjective, which caused the low correlation among the sets. While for those
liver shapes that have many similar samples, the correlation rank is higher, the score
p=0.53 if four sets that have less similarity with each other are not used in the com-
parison. The correlation score by using the CPD shape registration with the two
human operators are increased to 0.54 and 0.47 respectively.
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score=7.15 score=9.42

score=13.93 score=17.77 score=28.97

Fig. 1. Liver registration and score using modified mean Hausdorff distance measurement

2.2  Gallbladder Shape Modeling

GB shape can be intuitively and semantically represented by neck, size, orientation,
and folds. To detect a GB fold, we use saliency region to segment a GB. We have
developed a method for the decomposition [9]. However it has problems in ring-like
saliency region caused by shape protrusion or large saliency region caused by a flat-
tened fold. Here we present a new approach to find the proper cutting plane. With a
surface mesh, a saliency region R; at scale s is defined as a set of connected mesh
vertices V, of which all the Gaussian curvatures K are negative due to the opposite
values of the two principal curvatures.

R, = {veV, K\(v)<0}. ey
To capture the global shape change, we detect all local minimum in R, of Gaussian

curvatures at largest scale N, V,, = {v,eV, Ky(v,)< Kn(v,;), v,; is the neighboring
vertices at ring 1 of v,,}. As Ky is negative, we have
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v, =argminK (v, )C (v,). 2)

The concavity C,, measures the minimum distance from the mesh vertex v,, to the
mesh convex hull. It is a good measurement of the global shape concavity at the ver-
tex. To consider the saliency region around v, (2), set the curvature threshold as half
of the local minima, £=0.5K,(v,), R, = {veV, K(v)< &}. A multiscale saliency re-
gion R, is then defined as

R,=UR, and NR,;#¢. 3)

Let the saliency region be Q containing v,. The center of the saliency region is the
mean,

vV =—>v,
X 4)

where Q has N, vertices. Define the main norm . for the saliency region as the sur-
face norm nearest to v.. The principal (curvature) directions of the surface at a vertex
v; in Q can be computed [19]. Shown in Fig. 2 are the curvature directions, with the
blue lines being the minimum principal curvature directions p", and yellow lines being
those for maximum principal direction p™. Red dots are the saliency points forming
the saliency region (on left image). Note that we are interested in a cutting plane
aligned with n,. Illustrated in Fig. 2 (central image), let the cutting plane have a nor-
mal 7, v. is a point on the plane, then n.xn,=0. Removing the n, component from p”",
we have,

q" =p,—(p,-nn,. )

e
LB N
Sl

Fig. 2. Cutting plane using principal curvature direction. Left: partial surface at a saliency re-
gion, Middle: the illustration of the curvatures, Right: the ellipsoid fitting for a GB.

For a vertex, both p" and —p" are possible depending on the surface property. Ran-

domly selecta g, we adjust the other direction ¢; by aligning them with g,
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. Jal s i gl q;>=0
q; = " ) W o : (6)
-4 > lf q,"QO<O

The cutting plane normal is then computed as
n =t 2q;
YA (N

With the cutting plane, the mesh vertices of a GB are separated into two sets of data
points. One ellipsoid is applied to one set of points by the ellipsoid fitting.

The GB neck is further identified by a position related to the liver center. Let a GB
mesh vertices be G={g;}, the liver mesh vertices be L={/;}, centered at /.. The major
principal axis O, of G can be obtained by PCA. Mapping all {g;} to O,, so d= {(g;-
8:)'0,}. The GB neck N, is obtained as one of the two extremes {g.;=arg max(d;),
ge.o=arg min(d;)} that is close to the liver center /.. Another extreme is taken as the
fundus. Here, given N,, a GB is simplified by the connection of the major axis of the
decomposed ellipsoids, (E},E,), pointing from the GB neck to the GB fundus. Fig. 3
illustrates such a GB topology, which is the semantic feature of the GB, written as
G={N,0,S,,(E,E>)}, where S, is the size of the GB.

Depending on fold detection, a GB may have only one ellipsoid if no saliency re-
gion detected. For GBs A and B both with two ellipsoids (EA1,EA2), and (EB 1,EB »), the
bend difference (angle and size) is used to measure the similarity. By shifting N, to
N «» and rotating the ellipsoids (EA I,EAZ) around E* IXEB ;S0 that E* ; 1s aligned to EBI,
the distance of the folds is,

T g

implified representation
e ellipsoids and

I axis vectors

Fig. 3. Gallbladder representation

|E"-E" |
D=1-w,———. 8
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The weight w,, measures the difference of relative length I between the two folds,

w,, = min(l 1% L0771y /max( T LT T 9)
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I =N ESTIAES T+TE ). (10)

If a GB G with only one ellipsoid EGI, letting E° = E° 1, (8) still works well as a dis-
tance measurement. It can be shown that if the folds are the same, D,=0.

2.3  Liver-Gallbladder Distance Measurement

In this study, liver volume is normalized so that it will not affect the comparison. It
can always be added easily later whenever it is necessary. Mahalanobis distance is
adopted to compute the joint liver-GB distance between patients, p; and p,. Let D" be
the distance between liver shapes, and DG,-= 1d= (DN”’DOK ,Dsg ,D,) be the distance

between the semantic features of the GBs. To balance the shape influence of liver and
GB, the joint similarity is rewritten as

ID'I 1_1D°|
Y=, (11)
O

(o

1
S(pnp2) =1- E(

The oin (11) is the corresponding standard deviation.

3 Experiments and Result Analysis

Experiments have been conducted on a small data set including 19 liver-GB CT
scans. Liver volume is normalized so that it will not affect the comparison. By visual
examination of the results in Fig. 4, we can see that a high similarity score (11) does
reflect the anatomical similarity, both in shapes and structures. The gallbladders are
superimposed at the bottom-right for a better view. Query-1 has obtained very similar
anatomical structures on top. Query 2 has only one similar instance, but due to the
gallbladders’ shapes are not similar, the overall score is low.

S=0.78 5=0.67 S$=0.53

Fig. 4. Liver-GB retrieval with similarity scores
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Fig. 4. (continued)

Spearman’s rank correlation [20] is also used to measure the performance. The
higher the Spearman’s score p is, the more similar of the two ranks will be. Two users
are asked to sort the data based on the visual similarity. The mean score p between the
two users is 0.55, over all 19 queries. Compared with the results from the two users,
the proposed approach got the mean scores p=0.50 and 0.40 respectively. The main
difference is caused by some dissimilar datasets, which are difficult even for human
operators to decide the similarity rank among them. If we take out the dissimilar sets
(4 sets, irregular liver and gallbladder shapes), the score between the 2 operators is
0.68 and the scores go up to 0.64 and 0.54 between our method and the two human
operators. We also tested the shape retrieval method in [21] using multi-view
LightField Descriptor. Including all data for testing, the correlation score with human
operators are 0.34 and 0.35. One of the reasons is that the LightField is good for simi-
lar objects, but it may not suitable for dissimilar objects. In GB comparison, the size
and orientation are the factors to be considered, however which will be normalized by
LightField.

4 Conclusion

This paper presents the approaches to model and compare 3D anatomical structures of
liver-gallbladder pairs. Through jointly comparing the shape and structure features,
the liver-gallbladder anatomical retrieval is developed. Although the data set collected
and tested is small, it includes variant structures and shape changes like fundus fold,
big fold in the middle of gallbladder, normal liver shapes, and abnormal liver shapes
(some are due to lesions) with gallbladders in different types and positions. The
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preliminary test shows that the approach successfully retrieved the data according to
the similarities or dissimilarity. The quantitative results show that our method is high-
ly correlated with human’s performance.

The structure retrieval proposed in the paper is limited to either similar or dissimi-
lar cases for the training purpose based on liver shape, GB shape and the relationship
between liver and GB. The shape registration using CPD or other generic registration
does not consider the semantic similarity of livers, such as the similarity between liver
left/right lobes or the GB fossa shapes, which requires specific region identification
on the lobes, segments and fossa. For GB comparison, only the biggest fold is de-
tected and used for GB decomposition. For GBs with more complicated folds, the
method may not be enough to characterize the shape variation. Currently the detected
fold can be a real fold or a small ‘fold’ caused by the extension from GB to cystic
duct. In the comparison (8), we do not distinguish the types of folds, but the relative
length and position of the folds are used to measure the difference between two GBs.

Future works include the benchmark on more datasets, improvement using rele-
vance feedback, and incorporation of other structures for data retrieval.
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