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Abstract

In this paper, we propose a 3D reconstruction

approach using shape-based interpolation and contour-
based extrapolation. This approach aims to generate a
3D geometric model of a human shoulder from a
sequence of MR parallel 2D cross-sections.
While interpolation generates intermediate slices between
every pair of adjacent input slices, extrapolation performs
a smooth closing of the external surface of the model. We
propose a new interpolation method based on conditional
morphological dilation. Our extrapolation approach is
based on surface smoothness constraints and gradually
shrinks every extreme 2D cross-section of a bony
structure towards a point, respectively. Surface rendering
is accomplished through the generation of a triangular
mesh using a parametric representation of 2D slice
contours. After surface rendering, local surface
irregularities are smoothed with Taubin’s surface fairing
algorithm[11].

1. Introduction

Widely used medical imaging systems based on MR,
X-rays, positron-emission, or ultrasound, scan 3D
anatomic structures in a serial sequence of 2D parallel
image slices. In order to visualize, analyze, and
manipulate this data, one has to deal with the difference
between the inter- and intra-slice resolution. The intra-
slice resolution is usually much higher than the inter-slice
resolution due to technical limitations and /or to medical
reasons (i.e. respiratory motion artefact, limited interval of
exposure to radiation). This 1is the reason why
interpolation and/or extrapolation techniques are required
to reconstruct the missing slices.

While a wide variety of interpolation methods are
available in the medical imaging literature, extrapolation
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techniques are rarely proposed, mostly because of the
difficulty in validating the results.

Interpolation techniques can be classified in two main
categories with respect to their input information : grey-
level and shape-based. Hybrid strategies have also been
developed lately. Traditional grey-level interpolation
techniques like the nearest neighbour method [1], linear
grey-level interpolation [1],[2], higher order polynomial
interpolation, and cubic spline interpolation [3] consist in
the direct computation of intensity for every pixel in the
interpolated slice. For medical imaging applications which
are strongly object-oriented, grey-level interpolation
techniques are not very suitable, since they result in a
large amount of input data for further segmentation and in
errors occurring in segmentation due to prior interpolation
[4]. Shape-based interpolation techniques have been
shown in [5] to be more efficient than grey-level
interpolation  methods.  Shape-based interpolation
techniques are object-oriented and aim at interpolating the
binary object cross-section, rather than the grey-scale
values. Since segmentation is performed before shape-
based interpolation in most medical applications, the non—
trivial task of segmenting intermediate slices is eliminated.

One of the first shape-based interpolation techniques,
marking the conceptual transition from grey-level to
shape-based approaches, is proposed in [4]. The binary
images are converted into grey-level images by
considering the distance transform and a grey-level
interpolation is  performed afterwards. A 3D
reconstruction technique using a linear approach for
shape-based interpolation and extrapolation is presented

in [6].
Mathematical morphology offers a coherent
framework for developing effective shape-based

interpolation algorithms [7]. In [8], an interpolation
technique based on morphological skeleton matching is
proposed. The sensitivity of the morphological skeleton to
noise is significantly reduced by using generalized fuzzy

YF]',F.

COMPUTER
SOCIETY



mathematical operators in [9]. The morphological
morphing transform proposed in [10] interpolates a new
group of slices between each two consecutive image
slices by performing a gradual shape transition. Our
proposed scheme is similar to this approach. However, the
morphing approach in [10] performs iterative erosions of
the boundary elements in the initial set corresponding to
the background of the final set. We observed that, in the
case of a non-convex initial shape, iterative erosions may
divide the foreground in disjoint regions, thus obstructing
a smooth shape transition. Instead, we propose a morphing
technique based on conditional dilation. Whereas in [10],
the inter-slice resolution in the interpolated 3D object is
non-uniform due to variable-length morphing sequences
between different pairs of consecutive slices, we are able
to obtain a 3D model with an uniform and adjustable

inter-slice resolution. To be able to adjust the inter-slice
resolution, we associate a coefficient of redundancy based
on a shape similarity measure to every intermediate object
in a “morphing” sequence.

In this paper, we propose a 3D reconstruction
approach  using  shape-based interpolation  and
extrapolation. We propose a new interpolation approach
based on morphological morphing and “splitting” that
insures a smooth transition between every two adjacent
input shapes. After interpolation, a closing surface step is
performed using a new contour-based extrapolation
technique. The 3D reconstructed model integrates the
“closing” and  “morphing” sequences in a coherent
manner, allowing an adjustable uniform inter-slice
resolution. Figure 1 shows the diagram of the proposed
3D reconstruction algorithm.
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Figure 1. The diagram of the proposed 3D reconstruction algorithm

We use the proposed approach for reconstructing the
bony structures involved in the articular complex of the
human shoulder. The 3D reconstructed shoulder models
allow for the study of the subacromial space in patients
with shoulder impingement syndrome.

The organization of this paper is as follows. Section 2
presents our original 3D reconstruction approach. Section
3 presents and validates the approach with experimental
results, while section 4 draws the conclusions and
describes future work.

2. Reconstruction approach

For each patient, a serial sequence of 2D MR images
of saggital shoulder slices is provided. Prior to the 3D
reconstruction every image in the sequence was
segmented with an algorithm based on isolabel contours
[12].

In any input cross-section, the foreground contains one
or more compact and disjoint regions corresponding to the
scanned bony structures. Since bones exhibit a smoothly
changing appearance from one slice to the next, no shape
alignment is necessary prior to interpolation.

The following sub-sections present the main steps of
the 3D reconstruction process.

2.1. Morphing-based interpolation
2.1.1. Mathematical background

Mathematical morphology [7] considers 2D binary
images as sets of pixels on which set operations such as
translation, union and intersection can be performed. The
dilation of set A using the structuring element K is
defined as :

A®K =UlAJke K} (1)

where : @ stands for the dilation operator; Ay is the
translated set A, centered at an element k in K; K is the
cross-shaped structuring element derived from the 4-
connectivity neighbourhood.

We define a new morphological operator,
conditional dilation as follows.

Definition : Let A and B be two sets, with BCA. The
conditional dilation of set B using structuring element K
and with respect to reference set A is defined as :

the
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B K|, =U{Bike k)N A ®)

It can be easily proven that a finite number m of
successive conditional dilations is required to generate A
from B, that is :

BoK|4)"=A 3)

2.1.2 Morphological morphing of two simple
compact regions

The morphing technique presented in this section
generates a gradual transition between two compact and
partially overlapping shapes. As input data for the
proposed morphological morphing approach, we consider
two binary compact regions located in adjacent slices and
denoted by obj, and obj, respectively. These regions must
correspond to the same bony structure, therefore they must
be compact (with no interior holes) and partially
overlapping when viewed in the normal direction to the
slice plane. The result of the morphing technique is an
elementary morphing sequence of intermediate binary

objects gradually changing their shape from obj, towards
Objz.

In order to gradually transform obj, into obj, we
perform two parallel deformation processes based on
iterative conditional dilation. Given obj, the intersection
between obj, and obj,, the two deformation processes
transform obj, into obj, and into obj, using k; and k,
iterations respectively. Let o0bjy (i) and objy(i) be the
objects generated after i conditional dilations of obj, with
respect to obj; (i<k;) and, obj, (i<k,) respectively. The
morphing process transforms obj; into obj, by generating
an elementary morphing sequence obj, as follows :

objoy(ky —i)Lobj (i) if i<k <ky
or i< kz < kl
obj, (i) = objo, (i) if ky <i<k, )
objoy (ky — i) objoy (ky) if ky <i<k

i= 1..maX(k1, k2)

Figure 2 illustrates the morphing process between two
synthetic objects, obj, (see fig. 2a) and obj, (see fig. 2g)
respectively.

Figure 2. Morphing based on conditional dilation : a) superposition of the initial shape obji(green boundary) and the final
shape obj, (blue boundary); the iterative conditional dilations of objo with respect to obj; and of objs are in dashed lines;
b)initial shape (obj1); c), d), e), f) intermediate iterations in the morphing process : intermediate objects are grey with red

boundaries; g) final shape(objy)

The length of the elementary morphing sequence is
equal to max(k,, k,) and thus it depends on how different
the input shapes obj, and obj, located in adjacent slices
are. However, in order to reconstruct a 3D model with
uniform inter-slice resolution, the interpolation process is
to generate the same number of intermediate slices
between any two adjacent input slices, thus there is an
equal-length constraint for elementary interpolation
sequences. An fixed-length elementary interpolation
sequence is defined as the result of interpolation for two
adjacent input slices, and is obtained from an elementary
morphing  sequence by eliminating “redundant”
intermediate objects. An intermediate object is considered
“redundant” if it does not present a significant change of
shape with respect to the previous or to the next object in
the sequence. In order to avoid drastic shape changes in
the elementary interpolation sequence, elimination is an
iterative process, and the most “redundant” object is
eliminated at the current iteration.

To evaluate the “redundancy” of intermediate objects,
a shape distance measure is defined as follows
d(obj(i),obj(i +1)) = card(obj (i) A obj(i +1)) (5)
where o0bj(i) and obj(i+1) are successive intermediate
slices in the elementary morphing sequence and A stands
for the symmetric difference. At every iteration k of the
elimination process a set of redundancy coefficients
corresponding to the intermediate objects in the current
sequence is computed as follows :

plobj(i))= min(d(obj(i),obj(i ~1))"d(obji)obji+1))™! ) (6)

i =2..(L(k)-1), where L(k) is the length of the sequence
at iteration k. The first and the last objects in an
elementary morphing sequence are not eliminated, since
they represent input slices in the reconstruction process.
The object with the highest redundancy coefficient is
eliminated at the current iteration, and the resulting
sequence represents the input for the next iteration. The
redundancy coefficients are updated at every iteration.
The elimination process stops when the length of the
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sequence becomes equal to the fixed length for the
elementary input sequence.

The equal-length  constraint for elementary
interpolation sequences results in an uniform inter-slice
resolution of the 3D reconstructed model. Furthermore,
we use the method of redundancy coefficients for varying
the length of the elementary morphing sequences. Thus,
we are able to generate 3D models of variable size and
adjustable inter-slice resolution.

2.1.3. A morphological “splitting”’ approach

Since anatomic structures have a continuous appearance,
the inter-slice region correspondence problem has a
straightforward solution, which maximizes the following
maximum inter-slice region overlap criterion :
1 if card(R; N R';,,) = max
C(R;. Ry )= . @)
0 otherwise
where R;, R’;,;are compact regions in adjacent slices

i and i+1 respectively.

a) MR slice no.25 b) MR slice no.26
Figure 3. A “branching” case in a human shoulder MR
sequence : a) three disjoint scapula(S) regions; b)
merging of the previous right-most two scapula regions

into one region. S-scapula; C-clavicle;

A “branching” situation as shown in Figure 3 occurs
when two disjoint regions in slice i(or i+1) correspond to
the same compact region in slice i+1(or i respectively).
We give a particular attention to the “branching” problem,
since it has important repercussions on interpolation as
well as on surface rendering processes.

The idea is to divide the region resulting from “branch
merging” into a sub-set of regions in order to allow a one-
to-one correspondence between this sub-set and the set of
“branches”. While the traditional solution to this problem
is based on the Voronoi region diagram [7], we propose a
more natural morphological “splitting” approach.

objd

c)

For simplicity, we consider the situation when two
binary, disjoint, and compact objects obj;; and obj, in
slice 1 merge into one compact object obj, in adjacent
slice 2. The “splitting” approach is to separate obj, into
obj,; and objy, in order to create an inter-slice one-to-one
region correspondence, as shown in Figure 4.

obj, 4 obj, 4 abi
G e NS
obj; | 0hj1.2 | obi,.,
a) b)

Figure 4. Inter-slice region correspondence(see arrows)
before (a) and after (b) the region-splitting process

The main steps of our “splitting”” approach are :

Step 1. Perform simultaneous and iterative non-
conditional dilations on o0bj;; and obj, obtaining
objd,; and objd;, respectively, until obj, <
(objd,wobjd,,). Since obj;; and obj;, are disjoint
regions, and obj, is a compact region, it can be easily
proven that (objdll N objdlz) # @ . The morphological

dilation operator is shape preserving, thus objd;; and
objd,, preserve the shape of obj;; and obj,
respectively.

Step 2. Apply the watershed transform [7] to obj, and
extract the watershed line wshl (i.e. the separation
frontier between the regions detected with the
watershed transform). As a result of “branch merging”,
obj, preserves to a given extent the shape of both
initial “branches”, obj;; and obj,,, thus the watershed
transform is to generate the inter-slice one-to-one
region correspondence. However, over-segmentation
occurs very often when applying the watershed
transform.

Step 3. Extract the separation line sep that divides obj,
in obj,, and objy, :

sep = wshi ( (objd, | N objd, ) (8)
This step eliminates the over-segmentation effect in the
watershed transform. After the minimum number of
iterative dilations performed at step 1, the separation
limit between obj,; and obj,, is to be found in the
overlapping region of objd;, and objd,,.

d) e)
Figure 5.The “splitting” approach : a) two “branches”, obji1 and obji2; b) object obj resulting from the “merging” of the two
“oranches”; ¢) step 1 : objd;; (N objd,,is in red; d) step 2 : over-segmentation of objz in 6 classes (labeled with different
colors) with the watershed transform ; e) step 2 : watershed line; f) step 3 : splitting obj> into obj>1 and objzo.
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Figure 5 illustrates the main steps in the proposed
“splitting” approach. This technique may be easily
extended to three or more compact and disjoint
“branches” merging into one compact region.

After creating a one-to-one correspondence between
regions in adjacent slices, interpolation is performed
with the technique described in section 2.1.2. More
precisely, this technique generates fixed-length
elementary interpolation sequences of intermediate
objects simultaneously, for every pair of corresponding
regions located in adjacent slices.

2.2. Surface closing

Due to the finite inter-slice distance, the acquisition
process rarely provides information about the
extremities of the anatomical structures. However, we
cannot accept flat-endings in the 3D reconstructed
model. To close the surface, we propose a contour-based
extrapolation technique which generates a smooth
surface closing. First, extreme cross-sections in the
sequence of MR shoulder data are to be detected. This
detection is based on the maximum inter-slice overlap
criterion (8) and on the following definition.

Definition. Given a sequence of saggital slices, region
R in slice S(i) is :

a) extreme leftif (V)R c S(i—1),C(R,R")=0

b) extreme right if (V)R'c S(i+1),C(R,R')=0

where R’ denotes a region in the previous adjacent
slice S(i-1) in a) and in the subsequent adjacent slice
S(i-1) in b) respectively.

An example of an extreme left region for the scapula
is shown in Figure 6.

slice no. 18  slice no. 19

slice no. 16 slice no. 17
Figure 6. Sub-sequence of shoulder MR images where
the extreme left region of the scapula (white arrow) is
detected in slice no.17

We assume that the real extreme saggital slices of the
bony structures involved in the articular shoulder
complex are one pixel-sized objects, which is a
reasonable assumption for this type of structures. To
obtain smooth closing, the extreme pixel P is always
chosen to be the centre of gravity of the extreme region
obj. This choice is justified by the fact that all shoulder
bones exhibit convex, smooth extremities.

Then, we extrapolate sequences of closing objects
located in saggital planes. These sequences are to
gradually shrink the extreme region obj towards pixel P.

The length of a closing sequence is set to (NV/2), where N
is the even-valued fixed length of the interpolated
elementary morphing sequences.

To generate a closing sequence from an initial 2D
object and its centre of gravity, the distances from the
centre of gravity to each pixel in the object’s boundary
are computed. We use a 1-D parametric representation
for the contour of the object. Therefore, the distances
from the centre of gravity to the contour pixels are as
follows :
DIST(K)=(x= X ()P + (6 —Y(®)? & = L. lengih(x ) (9)

where (x, y) are the coordinates of the gravity centre
P and [X, Y] is the 1D parametric representation of the
contour. These distances are to decrease gradually
towards O in N/2 iterations. Since the choice of a linear
decreasing pattern leads to an angular, disturbing
appearance of the extrapolated surface, we propose a
non-linear distance decreasing pattern as follows :
DIST(k); = DIST(k);_; =i (Y)k =1..length(X) (10)
where i is the index of the iteration, i =1..L/2.

s

index of
the Mslice

2
distance (in pixels)

Figure 7. The distance between two symmetric contour
points with respect to the centre is decreasing via the
non-linear pattern (grey) and via the linear pattern
(dashed)

Figure 7 illustrates the difference between the linear
decreasing distance pattern and the non-linear
decreasing distance pattern specified in (10).

In the end, the extrapolated closing sequences are
concatenated at the corresponding extreme regions in the
interpolated 3D shoulder model.

2.3.Surface rendering with a triangular mesh

Since the interpolation and extrapolation steps result
in a 3D model where every pair of adjacent slices
contain corresponding objects with similar shapes, we
propose a new surface rendering technique that exploits
this special feature of the reconstructed 3D model.
Firstly, we briefly describe how to build a parametric
representation of a 2D contour, and secondly we
describe the generation of a triangular surface mesh
based on the parametric contour representation.

2.3.1. Parameterisation of a 2D contour

We can represent a simple closed contour by figuring
a point travelling along this contour and tracing it out.
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We need to specify the initial departure position (i.e. the
starting pixel) and the travelling direction in the
neighbourhood (e.g. clockwise). The travelling point
moves from the starting pixel along the contour. Let P(i)
be the position of the travelling point at the i™ instance
of the parameterization process. The next position of the
travelling point P(i+1) verifies the following conditions :

a) P(i+1)e Vg(P(i)), where Vg is the 8-connectivity
neighbourhood, visited in the specified travelling sense.

b) P(i+1)z {P(m)l m=1..i}. This condition prevents
duplicate elements in the parameterization.

This parameterization approach works well on simple
contours with no internal loops, corresponding to
compact 2-D regions.

2.3.2. Linking adjacent slices into a triangular
surface mesh

Given two adjacent slices in the reconstructed 3D
model, we link every pair of corresponding 2D regions
with a triangular surface mesh. The map of the inter-
slice region correspondence and “branching” is
computed before interpolation and updated after
extrapolation, since the extrapolation step builds closing
sequences corresponding to extreme regions.

Considering two corresponding 2D compact objects
located in adjacent slices respectively, we extract and
parameterize their contours with the technique described
in the section 2.3.1. Next, we generate a triangular
surface plot by defining a face matrix. Each row of this
face matrix defines a single triangle by indexing into the
arrays that contain the coordinates of the vertices.

The generation of triangles between two
corresponding contours begins with connecting the
starting pixels of the two corresponding 2-D contour
parameterizations. Thus, the choice of the starting pixel
is not made arbitrarily and the two starting pixels are to
share a Vg neighborhood in a plane orthogonal to the
saggital plane.

There are three conditions to be verified in the
triangle generation process : a) every triangle has
vertices in both corresponding contours; b) the currently
generated triangle is of minimal surface; c) considering
three successive triangles, the one in the middle does not
share the same side with its successor and its
predecessor. The triangle generation process is iterative
and follows the direction of the contour
parameterizations. Supposing that the triangle generated
at the k™ iteration is (i1, i1+1,i) then the next generated
triangle is the minimal surface triangle between (i;+1,i,
i142) and (i;+1,i,, ir+1), where : i;, i;+1, and {;+2 are
indexes in the parameterization of the first contour; i,
i+1 are indexes in the parameterization of the second
contour respectively (see Figure 8).

DL
.
i |1-+1

L s

Figure 8. Iterative triangle generation : two options in
selecting the minimal surface triangle

‘1& i+2

i+

The triangle generation process between two
corresponding contours stops when every vertex in these
contours belongs to at least one triangle.

Considering two adjacent slices, we generate one face
matrix for every pair of corresponding objects, then
concatenate these matrices into one inter-slice face
matrix. The concatenation of the object face matrices is
accompanied by a correct concatenation of the contour
parameterizations into an inter-slice vertex matrix.
Finally, the face and vertex matrices for the entire 3D
model are computed by concatenating all inter-slice and
vertex matrices respectively for every pair of adjacent
slices.

2.4. Surface fairing

The previously described morphological morphing
and surface closing approaches should result into a
smooth-surfaced 3D model. However, local irregularities
may occur. Some possible reasons for their presence are
the shape of the elementary structuring element in the
2D discrete space used in conditional dilation, the
elimination of intermediate objects with high-valued
redundancy coefficients, and the fixed length of the
morphing and closing sequences.

We consider Taubin’s surface fairing approach [11]
for the linear complexity of the algorithm and for the
fact that this approach moves the vertices of the
polyhedral surface without changing the connectivity of
the faces. Since the faired surface has exactly the same
number of vertices and faces as the original one, we can
compare the smoothness of the original and of the faired
surfaces. We use an alternate definition from [11] for the
first order neighbourhood of a vertex : a pair of vertices
v; and v; are first order-neighbours if they share at least
one triangular face in the face matrix of the
reconstructed 3D model.

3. Results and geometric evaluation

The geometric validation of the 3D shoulder model
does not compare this model to the real shoulder
structure, since there is a big gap between the amount of
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input data (a sequence of 45 saggital cross-sections) and
the amount of output data (44L+1 model cross-sections,
L=3,5,7). However, since it contains the input cross-
sections at their original locations as specified in the
acquisition process, the model is coherent with the input
data. Taubin’s surface fairing algorithm [11] smoothes
the shape of the 2D cross-sections corresponding to the
input data, but it performs no shrinking or expanding.

Since the proposed 3D reconstruction approach aims
towards a smooth transition between adjacent input
shapes and towards a smooth 3D surface closing, we
propose a measure of surface smoothness for evaluating
the results.

For each vertex P, the normal directions to every
triangular face containing P are computed, using the
classical parametric equations. Among the k normal
directions corresponding to P we arbitrarily choose a

reference direction (ly, mg, np), and compute the cosine
of the angle between every normal in the set and the

reference direction. The average value cosa|p of

cosa;, i=1k-1 represents a local measure of
smoothness at vertex P. The local smoothness at P
increases when cos« |p approaches 1. The histogram of

local smoothness measures computed over the entire
surface is a global smoothness measure. The histogram
of a smooth surface presents a peak value near 1, and
low values elsewhere.

The results and evaluation of the reconstructed 3D
shoulder model are shown in figure 9. The 3D
reconstructed shoulder models shall allow for the precise
computation of the minimal distance between the bony
structures involved in the shoulder complex.

Murmber of vertices
z

.|

L miaL

S I T S B Y T Y R A
COs 0y

f)

Mumber of vertices

e e e e B

P
b2 [ 3] a4 a3y ae ar na (3] 1
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g)

Figure 9.a) A subset of the input sequence of saggital MR slices for shoulder reconstruction; reconstructed unsmoothed
structures : b) humerus, c) clavicle d) scapula, €) smoothed 3D shoulder model: humerus (blue), scapula (red), and
clavicle (green); f) smoothness histogram for the unsmoothed model; g) smoothness histogram for the smoothed model
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4. Conclusions

In this paper, we propose a new 3D reconstruction
technique based on morphological morphing between
adjacent slices and on contour-based extrapolation of
extreme slices. We believe that the major contribution of
our work consists in the proposal of a reconstruction
technique based on inter-slice shape similarity that
integrates interpolation, extrapolation and surface
rendering. The inter-slice shape similarity is a common
feature for data in medical imaging when parallel planes
are used for the scanning of the anatomic structures.
Thus, our approach could be easily extended for the 3D
reconstruction of other types of anatomic structures :
soft tissues, blood vessels, brain, etc.

After computing a correspondence map for regions
situated in adjacent slices, interpolation is performed
with a morphing technique based on conditional dilation.
We propose a new approach based on the watershed
transform for solving the region “branching” problem. In
order to smoothly close the surface of the interpolated
3D model, we propose a new extrapolation technique.

Surface rendering is based on linking the parametric
representations of the 2D corresponding contours in
adjacent cross-sections.

After describing the algorithm we provide
experimental results for reconstructing a shoulder model
and evaluate these results on a geometric basis.

Thus, we believe that our work represents an
important theoretical contribution to the field of 3D
imaging, since we propose a new end-to-end
reconstruction  technique for medical imaging
applications. Indeed, our 3D reconstructed shoulder
models will soon be used in the study of biomechanics
and arthrocinematic of the joint shoulder complex in
patients with shoulder pathologies such as instability and
impingement.

Future work will concentrate on extending the
proposed 3D reconstruction algorithm to other anatomic
structures involved in the articular complex of the
shoulder (muscles, ligaments, and capsule) in order to
pursue the study and analysis of shoulder pathologies.
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