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Abstract. This work discusses a 4D lung reconstruction method from unsynchronized MR sequential images. When a
chest surgery is done, the lung stops its movements, turning impossible to directly observe the motion of the lung. The
visualization of lung movement is a current challenge in medicine. The lung’s movement is not periodic and is susceptible
to variations in the degree of respiration. Compared to CT, MR imaging involves longer acquisition times and it is not
possible to obtain instantaneous 3D images of the lung. For each slice, only one temporal sequence of 2D images can
be obtained. However, methods using MR are preferable because they do not involve radiation. In this work, based on
unsynchronized sequences of MR images an animated B-Rep solid model is created. For each different obtained sequence
of MR images a distinct animated B-Rep solid model is created. The considered method is divided in two parts: firstly, the
lung’s silhouettes moving in time are extracted by detecting the presence of a respiratory pattern on 2D spatio—temporal
MR images. This approach enables the determination of the lung’s silhouette for every frame, even on frames with obscure
edges. The sequences of extracted lung’s silhouettes are unsynchronized sagittal and coronal silhouettes. As a result of
the animated silhouette extraction algorithm, the animated silhouette is represented as a scaled lung model. Registering
orthogonal silhouettes creates a lung wire frame model. The wire-frame creation problem is severely underconstrained,
as many surfaces could give rise to the observed silhouettes. One silhouette type is used as guide and the other silhouette
type defines the 3D model. The silhouette composition algorithm uses the registration method for orthogonal silhouettes,
which is based on the search for the scale that correctly composes the orthogonal silhouettes. Finally, a B-Rep solid model
is created using a meshing algorithm. In the shaded model, it is also possible to recognize some 3D characteristics, for
the right and left lungs.
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1. Introduction

MR imaging of the lung is limited by the low signal-to-noise ratio (SNR) due to the low proton density of the air (Ko
and Naidich, 2004). The low SNR demands longer acquisition time for each image and shortening the acquisition time
yields lower spatial resolution. Thus, recent lung MR imaging sequence developments have focused on the functional
aspects of the lung, such as ventilation and perfusion, and on lesion characterization, all of which can be evaluated
predominantly at MR imaging with low spatial resolution (Mills et al., 2003). The knowledge of the lung volume is of
special interest and approaches to obtain this knowledge were proposed. One approach to evaluate the lung volume is
related to the observation of the diaphragm. Clutzel et al. (2000) managed to obtain a 3D MRI of a breath holding lung
shortening the exposition time for each image. The image sequence was used to measure the diaphragmatic area as well
as the relationship between the diaphragmatic area and the lung volume. Gauthier et al. (1994) evaluated not only the
area of the diaphragm but also the shape of the diaphragm at different lung volumes and Gierada et. al. (1995) considered
the diaphragmatic motion using sequential MR images taken during quiet breathing. Iwasawa et al. (2002) quantitatively
evaluated the diaphragmatic motion using MR imaging from the displacement area and the total diaphragmatic movement
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(c) Coronal image. (d) Coronal image.

Figure 1. Samples of MR images. (a) shows a sagittal image. (b) shows the ascending aorta. (c) and (d) show different
instants in time of the same slice.

in a respiratory cycle. Another approach tried to relate the lung volume to the chest wall motion retrieved from MRI
sequences (Cluzel et al., 2000; Gauthier et al., 1994; Gierada et al., 1995; Suga et al., 1999).

Lung deformations have been studied for the verification of medical imaging equipments and for medical training
purposes. The initial methods to model the lung deformation were based on physiology and clinical measurements. The
deformation of the lung model as a linear model was proposed by Promayon et al. (1997). A non-physically-based
method to describe lung deformations was proposed using NURBS surfaces based on imaging data from CT scans of
actual patients (Tsui et al., 2000). Zordan et al. created an anatomical inspired, physically based model of human torso
for the visual simulation of respiration (Zordan et al., 2004). To obtain 3D information about the lung from MRI images
the boundaries of the lung in each image should be retrieved. Ray et al. (2003) proposed the segmentation of the image
by merging parametric contours within homogeneous image regions. In this work a 4D lung model is retrieved from a
sequence of MR images taken from a breathing lung. This is accomplished through the analysis of the respiratory motion
of the lung boundaries. DeCarlo et al. (1995) examined the Finite Element Method implementation of a two-dimensional
idealized lung.

2. Background

Figure 1.(a) shows an example of MR sagittal image. It is possible to process the image shown in Figure 1.(a) using
the methods present in the literature (for example, the Sobel operator), the lung’s silhouette is very clear and the heart is
not present. Figure 1.(b) shows a coronal image with the presence of the ascending aorta, where it is possible to extract
the silhouette of the lung automatically using a specific knowledge. Figure 1.(c) shows an example of a blurred image
of the chest, where bronchi and large vessels are present. It is very difficult to determine the silhouette of the lung in this
case. The knowledge of a medical doctor is necessary in the definition of the lung’s silhouette. Figures 1.(c) and 1.(d)
show different instants in time of the same slice, the number of vessels inside the lung can vary very much in time, even
for the same slice.

The lung motion is caused by the following mechanism. The intercostals muscles around the rib-cage move forward,
and the diaphragm, the muscle beneath the lungs, moves downward simultaneously. These movements cause the pressure
changes in the pleural cavity surrounding the lungs and the alveoli thus allowing the air from the atmosphere to flow inside
the lungs. The packing and unpacking of the alveoli during inspiration and expiration causes surface tension to decrease
and increase in a manner that produces the characteristic hysteresis of the lungs. Hysteresis means that inflation of the
lung follows a different pressure/volume relationship from deflation (Santhanam et al., 2004). Then, the respiration has
two phases: inspiratory and expiratory.
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Figure 2. Two disjoint intersecting images from the same lung. The mismatch is more evident on the contour of the
diaphragmatic surface.

2.1 Problem Statement

Accurate three-dimensional description of internal organs may be generated using surface based approaches for the
segmentation of a stack of images - a volumetric intensity map of this organ. Those voxel based descriptions may be
generated from a set of MR images only for non-moving and non-deforming internal structures, as the MR imaging
process is slow and the construction of this volumetric description must happen in a slice-to-slice based registration
process. In the case of the lung, a sound three dimensional volumetric description can not be builded through the use of
both a large set of MR images and a good registration method, because each image Ims, ¢; of each slice s is taken in a
different time instant ¢;, with the lung at different stages of the inflating/deflating process. This situation is illustrated in
Figure 2 where two disjointed intersecting images (coronal and sagittal) of the lung are shown.

This dazed situation is aggravated by the pulsating polarization disturbance caused by the heartbeat, which harshes the
registration of images taken from the same slice. In Figure 1(c) and (d) two coronal images taken from the same slice of
the lung at different time instants are shown.

In this work, it was presented an approach for the lung image segmentation for two-dimensional parametric boundary
retrieval, an approach that allows the three-dimensional reconstruction of the lung at different respiratory instants.

2.2 Respiratory Function

Considering a time sequence of MR images from a slice s of the lung, this time-ordered sequence of images may be
stacked, defining a spatio-temporal volume (STV) I;(z,y,t) where x and y are the coordinates of each pixel of the image
and ¢ is the time of the image acquisition. Figure 3 shows an example of an STV, builded from 10 coronal images from
the same slice of the lung taken in different time instants.

A plane Q4(zs,ys,0s) that pass on point (z,ys), makes an angle of 65 with the z axis and is parallel to the time
axis is defined. Figure 4.(a) shows a chest MR image with three different planes Qs (zs, ys, 0s) represented (85, = 90°,
0s = 0° and 0, = 45°). Plane Qs(xs, ys, 05) defines a 2D spatio-temporal (2DST) image Fi(x,t). Figures 4.(a), 4.(b)
and 4.(c) show vertical, horizontal and oblique 2DST images, respectively.

A standard respiratory function is extracted from plane Qs (x5, ys, 90°) with 2DST image F(y, t). Figure 4.(d) shows
an example of standard respiratory function that was extracted from the region indicated by an arrow in Figure 4.(a). The
standard respiratory function is represented as x = f4(t) over the 2DST image. The value of Fi(y,t) with lowest y is
defined as & and the correspondent instant in time is given by 7. This special point ({5, 7s) defines the origin of the
2DST image. This way, it is possible to map the coordinates of the 2DST image Fs(x, t) with the original STV I (z,y,t)

x = xcos(Os) + Esa
y = xsin(fs) + &sy-

A pixel Fs(x,t) in the 2DST image is associated to pixel

I (x cos(0s) + &z, x sin(0s) + &gy, 1)
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Figure 3. An example of one spatio-temporal volume (STV) builded from 10 MR images I'ms.,, (v = 1,2,3...,9) of
a coronal slice s of the lung taken at time instants ¢,,. (a) STV with I'm ,, visible.(b) STV with I'mg 4, visible.(c) STV
with I'mg 4, visible.(d) STV with I'm ;, visible.(e) STV with I'm ;, visible.(f) STV with I'm 4, visible.

in the original STV. The smallest value of time for min(f,(¢)), named 7, defines the standard frame. Figure 4.(d)
shows an ampliation of Figure 4.(a). The curve shown in Figure 4.(d) is dotted, showing the influence of the heart beating
in the imaging.

3. Proposed Algorithm

The algorithm is divided in two steps: 2D respiratory motion analysis and 3D lung’s reconstruction. In this work it is
proposed a method that uses a sample function estimation to determine the presence of respiratory functions, it analyzes
several values of 6 in the range [0°, 360°[. One can check the result, and it is possible to correct the position of any point
whenever necessary. The algorithm is re-applied if any correction where done. The second step is the creation of a B-Rep
solid model of the lung, that is constructed in three steps: silhouette composition, mesh creation and corner creation. One
can select one sequence of MR images, the B-Rep solid model of the lung associated to each image in the sequence is
constructed, defining a 4D B—Rep solid model of the lung for the chosen STV.

3.1 Tracking the Respiratory Pattern

All images in the sequence are processed and the edges are determined using the Sobel operator that calculates the
gradient of the image intensity at each point (mathematically, the gradient of a two—variable function is at each image
point a 2D vector with the components given by the derivatives in the horizontal and vertical directions). Every image has
its own set of edges. After the application of the Sobel operator the intensity of the edges is high.

The algorithm seeks the respiratory movement represented by (s, (), s, (t)), associated with an arbitrary point ).
However, as most organs move synchronously with breathing, the following expression can be written (Asakura et al.,
2005):



Procedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

(b) A horizontal 2DSTI.
X
—>
ti _
(c) An oblique 2DSTTI.
t
>
yl -

(d) Region showed by an arrow in (a).

Figure 4. A sample of a chest MR image and its 2D spatio temporal images (2DSTI). (a) shows a coronal image and a
vertical 2DSTI. (b) shows a horizontal 2DSTI. (c) shows a diagonal 2DSTI. (d) shows a zoom from (a).

(wsx(t)>¢sy(t)7t) = (fs(t)CCOS@+wsr(Ts)7
fs()Csing + sy (75), 1) (h

where ¢ and ¢ represents the scale and the orientation of the respiratory function associated to point ¥s. The most
suitable respiratory movement is searched, considering that the point belongs to the set of edges and the movement’s
coherence with f,(¢). The search is done by varying ¢ and ¢ (amplitude and angle). (55 (t), ¥sy(t), t) defines a sequence
of pixels for a given ( and ¢. It is considered the pixel’s intensity after the application of the Sobel operator. The average
of the pixel’s intensity must be high and the standard deviation must be low. Finally, the average and standard deviation
are used in the following expression empirically determined:

— <] _ S(%%C))
Bb5.0) =094 (1= oS @

where A(v, ¢, () and S(v, ¢, ¢) represents the average and the standard deviation previously calculated. When the
respiratory movement of ¢s(t) is in coherence with f,(¢), the average of the edges’s intensity is high and the standard
deviation is low. Curves with shape similar to the diaphragm can have several candidates of respiratory movement with
different angles and amplitudes. The algorithm seeks the candidate with smaller amplitude by penalizing greater values
of ¢. The respiration movement associated to point ¢5(¢) is given by max(E (%, ¢, ¢)). Then it is possible to determine,
for a given point, the angle and scale that best represent the respiratory function associated to it.
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Figure 5. The scaled lung model.

3.2 Silhouette points as Scaled Functions

With the angle and scale that best represent the respiratory function f(¢) associated with each point Py;(75) that lies
on the lungt’'s boundary in a given reference frame it is possible to estimate their position Pg;(t) in other slices. The
orientation and scale may be represented by a vector V; in the image space, according to the following expression:

Psi (t> = Psi (Ts) + ‘_;si . fs (t) (3)

where P,;(7) is a point in slice s from the standard frame, ¥; is a vector in the image space defined by the orientation
and scale that best represent the respiratory function for this point, f,(¢) is the respiratory function for slice s (see Figure
5).

For a given slice the respiratory function is working as a scale defining scaled lung’s silhouettes in time. Then it is
possible to simplify expression ( 3) by not considering the time, as

Psi (04) = Psi(Ts) + Vsi ez (4)
Using expression ( 4), one can determine a lung’s silhouette in a slice s for a given scale a.

3.3 Reconstruction of the 3D Lung

The result from the 2D analysis is a set of silhouettes moving in time S, (¢). Although belonging to the same lung,
each silhouette has its own time axis due to the long image acquisition time of MR systems, resulting in image sequences
without coherence among them. The reconstruction of the 3D Lung is be accomplished through the interpolation between
coronal and sagittal silhouettes considering the geometric information present in the DICOM images and the variation in
the degree of breathing, in this work, the scale o given in expression ( 4).

3.3.1 Interpolation Criteria

In order to interpolate and match coronal and sagital silhouettes the following function is defined:

9s(@, 2, @) = | ([M] - Ss(e)) [ line(x, 2)| (5)

where line(z, z) is a line parallel to the y axis and passing through coordinates x and z. Function gs(x, 2, ) returns
the length of the edge defined by the intersection between the polygonal silhouette in the 3D space defined by [M] - Sq(«)
and the straight line line(z, z). [M] is the matrix that converts the DICOM coordinates into the three dimensional space

Pz To Dy Yz A; 0.0 s, i i

Py | _ | my A yy Ay 00 sy | J o ) J

p. | | za-Ai y.-A; 0.0 s, 0.0 | [M] 0.0 ©)
1.0 0.0 0.0 0.0 1.0 1.0 1.0

where ¢ and j are the column and row to the image plane. x, x, and x, are the row x direction cosine of the image
orientation. y,, y, and y, are the column y direction cosine of the image orientation. A; is the column pixel resolution
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Figure 7. Right and left lungs with its sagittal silhouettes coherently composed.

and A; is the row pixel resolution. s, s, and s are the start position for the first voxel. Usually, coronal images have a
bigger value for A; and A; when compared to sagittal images from the same patient.

3.3.2 Silhouette Composition

This section explains how to reconstruct the 3D lung associated to a given silhouette, using the acquired set of sagittal
and coronal sequences of silhouettes. For simplification, it is assumed that a coronal silhouette is given; for a sagittal
silhouette the method applies similarly. The coronal image contains the silhouettes for the right and left lung simultane-
ously. The sagittal images have a better quality when compared to the coronal images. However, the coronal images allow
simultaneous reconstruction of the right and left lungs.

For a given coronal silhouette, a sagittal silhouette near the middle of the lung that fits the selected coronal silhouette
according to the interpolation criteria is determined. This sagittal silhouette is used as guide, and coronal silhouettes that
fits the determined sagittal silhouette are computed. This way, the right and left lungs are reconstructed simultaneously.
This fit is given by the absolute position of the silhouette present in DICOM images (see equation 6 ) and the length of
the silhouette intersection as function of the scale (see equation 5). Figure 6 shows an example of coronal silhouettes that
fits to a determined sagittal silhouette. Next, sagittal silhouettes that fits the first and last coronal silhouettes are computed
and clipped (Figure 7). The 3D lung skeleton is obtained (Figure 8).

Figure 8. Right and left lungs with their silhouettes coherently composed.
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Figure 10. Right and left lungs with their mesh.

3.3.3 Mesh Creation

Now, it is necessary to create a B—Rep solid model of the lung, given a collection of planar silhouettes representing
cross-sections. It is necessary to define the edges connecting the points from one silhouette to a point from a neighboring
silhouette. This is known as tiling problem and is severely underconstrained (Meyers et al., 1992). Many surfaces could
give rise to the observed cross-sections. In order to choose the “correct” surface, it is optimized with respect to some
objective function. The chosen objective function should capture some notion of what a “good” surface is and should
be easy to compute. Meyers et al. (1992) analyzed several objective functions. State of the art methods for shape
reconstruction consider the possibilities of complex geometrical shapes and quick shape changes (Diebel et al., 2006; Liu
et al., 2006; Paloc et al., 2006; Pauly et al., 2006), however this is not the case in this research.

When the cross sections are convex polygons a “good” surface can be easily created. However, the lung has concave
polygons as cross sections. As a first step, neighboring silhouettes are registered by searching vertices with higher cur-
vature and if two of them are near enough they are connected by the creation of edges named spans. Figure 9 shows the
cross sections connected at registered vertices. Each edge in B-Rep solid model has two halfedges oriented in opposed
directions (Méntyld, 1988). Both halfedges from the spans connecting registered vertices are pushed into a stack and are
used as initial halfedges in the meshing algorithm.

The B-Rep solid model is composed by vertices, edges and faces. Each vertex in the B-Rep solid model originated
from a distinct silhouette. The intersection between sagittal and coronal silhouettes is an exception. It is associated an
attribute to each vertex representing from which silhouette such vertex originated from. A span can only connect vertices
from distinct silhouettes, i.e., vertices with different attributes.

Figure 10 shows the meshed right and left lungs. The algorithm created a surface interpolating sagittal and coronal
neighboring silhouettes. Remains to define the four corners of the lung defined by sagittal and coronal silhouettes having
only one neighboring silhouette.

Table 1. Characterizations of the three sequences of coronal and sagittal MR images used in the experiments

case A B C
fov - cor (mm) 420 x 420 420 x 420 420 x 420
fov - sag (mm) 380 x 380 380 x 380 380 x 380
total time (s) 17 11 11
age 31 31 24
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(a) Left lung characteristics. (b) Right lung characteristics.
Figure 11. (a) Mediastinal surface of the left lung and its characteristics. (b) Mediastinal surface of the right lung and its
characteristics.

Figure 12. Lateral view of the right and left lungs shaded and meshed.

4. Results

The sequence of MR images used in the experiment were obtained by Symphony (1.5T) made by Siemens, using the
method true FISP (Fast Imaging with Steady State Precession). The slice’s thickness is 10 mm. It was used 22 coronal
slices and 10 sagittal slices, with 256 x 256 pixels and 12 bits per pixel. The MR images were taken from three healthy
non smoking persons. Table 1 shows some characterizations of the three sequences of MR images.

The three dimensional right and left lungs were created based on the selected sequence of MR images, the result
can be seen in Figures 11.(a) and (b). It is possible to recognize several lung’s characteristics in the three dimensional
model. Figure 11.(a) shows the mediastinal surface of the left lung, and the following characteristics can be observed:
apex, inferior border, cardiac impression, groove for descending aorta, anterior border and diaphragmatic surface. Figure
11.(b) shows the mediastinal surface of the right lung, and the following characteristics can be observed: apex, inferior
border, cardiac impression, groove for esophagus and diaphragmatic surface. Figure 12 shows the shaded model of the
left and right lungs with their mesh.
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