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Abstract

Purpose—To report a tissue feature-based image registration strategy with explicit inclusion of the
differential motions of thoracic structures.

Methods and Materials—The proposed technique started with auto-identification of a number of
corresponding points with distinct tissue features. The tissue feature points were found by using the
scale-invariant feature transform (SIFT) method. The control point pairs were then sorted into
different “colors” according to the organs they reside and used to model the involved organs
individually. A thin-plate spline (TPS) method was used to register a structure characterized by the
control points with a given “color”. The proposed technique was applied to study a digital phantom
case, three lung and three liver cancer patients.

Results—For the phantom case, a comparison with the conventional TPS method showed that the
registration accuracy was markedly improved when the differential motions of the lung and chest
wall were taken into account. On average, the registration error and the standard deviation (SD) of
the 15 points against the known ground truth are reduced from 3.0 mm to 0.5 mm and from 1.5 mm
to 0.2 mm, respectively, when the new method was used. Similar level of improvement was achieved
for the clinical cases.

Conclusions—The segmented deformable approach provides a natural and logical solution to
model the discontinuous organ motions and greatly improves the accuracy and robustness of
deformable registration.
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INTRODUCTION

A prerequisite of thoracic radiotherapy planning is the accurate modeling of respiratory motion
of thoracic structures(1). Much effort has been devoted to applying various deformable
registration models to tackle the problem(2-7). A fundamental deficiency of these approaches
is that the differential motion properties of the involved organs are tacitly ignored(8). For
example, the two sides of the contact surfaces between the lungs and chest wall behave
differently. Recently, some physics-based models have been proposed to describe the
respiration motion. Villard et al studied the lung motion based on a continuous mechanics
model(9). However, the use of finite element method (FEM) entails a detailed knowledge of
the tissues’ mechanical parameters, which are poorly understood. Al-Mayah et al modeled the
sliding interaction between the lungs and chest cavities(10). In their work, a single material
property was assumed. In reality, the lungs consist of various tissues, such as the trachea,
bronchia, and alveoli, etc, which can hardly be uniformly represented by a single material.

In this work we report a new registration strategy with individualized handling of the involved
structures. The proposed approach effectively utilizes the inherent tissue feature and affords a
natural and logical solution to this difficult problem.

METHODS AND MATERIALS

Background

Let X; and X; represent the coordinates of corresponding voxels on the template and target
phases, respectively. Suppose that AX is the displacement vector between X; and Xj, i.e., X;: =
X;i + AX. The task of four-dimensional computed tomography (4D CT) image registration is to
find the displacement vector Ax for each voxel. To properly model the discontinuity of organ
motion at the boundaries of thoracic structures, it is desirable to perform the deformable
registration at an individual structure level. For 4D CT, however, region of interest (ROI)
segmentation of all phases can be labor intensive and may pose a practical constraint.

Tissue feature identification by using scale-invariant features transform (SIFT) method

Two important steps in our approach are the identification and association of points with
distinct tissue features on two images. This is accomplished by using the SIFT method(11).
We extended this approach from two-dimension (2D) to three-dimension (3D). The inherent
feature of a point is characterized by using the orientation distribution of intensity gradient
vectors in the eight quadrants surrounding the point (containing 8x8x8 voxels). To obtain the
histogram for a quadrant (4x4x4 voxels), as illustrated in Fig. 1, the gradient components in
three orthogonal directions (x-, y-, z-axis) for each of the 64 voxels in a quadrant were
computed. Let I and VI represent the intensity and its gradient, the gradient components along
X-, y- and z-axis at a voxel (i, j,k) are

( ir1jk = lie1, jl\) % (1,',41 k= lij1 I\) and % ( ikt = Lk 1) respectively. For each of the

ree planes (xy, yz and zx plane), an eight-bin histogram, with the first bin representing the
number of voxels whose gradients fall between —22.5° and +22.5°, and so forth, was then
constructed. For illustration, the three eight-bin histograms for one of the quadrants are
sketched in Fig. 1. A total of 192 vectors were involved for a given point because each quadrant
has 24 vectors, with 8 vectors for each plane. The set of 192 vectors characterizes the inherent
feature and serves as a signature of the point. The SIFT descriptor is considered as one of the
most effective descriptors currently available(12).
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For a given point, indexed by (i,j,k) in the template image, the least-squares difference of the
SIFT descriptor of the point and its potential corresponding point (i’, j’,k") in the target image,
S, was first computed according to

192
5= J 2)(VEisa), = (Vir.pe) |

a=1 (1)

where a indexes the bins of the SIFT histogram. Thereafter two points (1. 1. ;) and

(i'z, Jhs ké) in the target phase having the least differences with point (i, j,k) in the template phase
were identified. Suppose S; and S, are the S values for the two points, and S;1<S,. If the ratio

K=5/S; is less than 50%, the point (i1, /1, k}) that has the least S value is chosen tentatively as
the correspondence of the point (i, j,k). Otherwise, no association is made to avoid a potentially
wrong correspondence. About 6% of control points are associated based on the k-ratio. Failure
to identify a high fraction of control points may lead to large error of deformable registration,
if few control points in each image are identified. The accuracy of the proposed method depends
on the number of paired control points. For most cases, 200 paired control points are enough
for accurate deformable registration. Commonly more than 3000 control points are auto-
identified in each image through parameter adjustment to satisfy the requirement of 200 paired
control points. More detailed discussions of the k-ratio can be found in Ref.13.

Classification of the SIFT-identified control points

The control points auto-identified by the SIFT method were sorted or “colored” according to
the organs they reside. It can be assumed that ROl segmentation has already been done on the
template phase. This divided the control points on the template phase into different groups.
Because the control points on the template and target phases had already been associated by
the SIFT, the points on the target phase were “colored” automatically once the sorting on the
template phase was done. In this way, the proposed approach eliminates the need for the ROI
delineation on the target phases.

A thin-plate spline (TPS) method was employed to establish voxel-to-voxel correspondence
of a ROI based on the paired control points. The detailed description of TPS can be found in
Refs. 14 and 15.

Performance evaluation

The performance of the proposed technique is demonstrated by using a digital phantom, three
lung and three liver cases.

A digital phantom was constructed by using an exhale phase of a patient’s 4D CT image set.
To mimic the lung sliding motion against the chest wall, we “stretched” the lungs to generate
a hypothetical inhale phase while keeping the chest wall intact. The sliding displacement inside
the lungs was equally increased by 0.5 mm per slice starting from the 17! slice from the upper
lung along superior/inferior (SI) direction. The original and deformed images are superimposed
and shown in Fig. 2a. The proposed and conventional TPS techniques were employed to
register the two phases. For fair comparison, the same set of control points identified by SIFT
was used in both methods. The conventional registration differs from the proposed one in that
the whole image was treated as an entity during the registration calculation.
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Six archived clinical cases were selected to further evaluate the performance of the proposed
technique. Each of the patients underwent 4D CT scan with a GE Discovery-ST CT scanner.
The collected data were sorted into ten phases.

In the first lung study, the inhale and exhale phases were registered using the two techniques
inasimilar manner as in the digital phantom study. The registration results and the lung motion
behavior were analyzed. For this patient, the phase 1 was also registered to phase 2, 3, ...and
10 using the two approaches. The lung contours on the template phase were then mapped to
these phases using the obtained deformation fields. The two sets of mapped contours were
compared quantitatively with that outlined by the same physician on the target phases. In the
second case, the motion behaviors of three representative points located in the upper, middle
and lower regions of the lung were investigated. These three points having distinct inherent
features were identified visually on all phases as internal fiducial points by an expert in lung
anatomy. The motion of the tumor of the third lung patient was studied using two approaches.
To quantify the results, the Dice similarity coefficient (DSC) between the mapped and manually
tumor outlined contours was calculated(16,17). The liver motions of the three remaining cases
were studied similarly.

Digital phantom experiment

Figure 2b shows the overlay of the template and target images after registration using the
proposed approach. For comparison, the resulted of conventional approach, is shown in Fig.
2c. To be quantitative, in Table 1, we list the displacements of 15 representative points obtained
using the proposed model together with the known “ground truth” and the results obtained
using conventional TPS. In the current implementation, it took about 3 minutes to complete a
TPS registration on a PC with a 3GHz CPU once the control points were identified. The
identification and association of SIFT points took about 30 seconds.

From Table 1 itis clear that the proposed technique models the shear motion of the lungs against
the chest wall more adequately and yield improved registration. On average, with the use of
the new method, the registration error and the standard deviation (SD) of the 15 points against
the known ground truth are reduced from 3.0 mm to 0.5 mm and from 1.5 mm to 0.2 mm,
respectively. Because of the segmented treatment of the involved structures, the commonly
seen problem of “bone warping” (red arrow in Fig. 2c) is effectively avoided.

Figure 3 shows the obtained sliding motion of the lungs of different slices using the proposed
method (Fig. 3b) and the conventional method Fig. 3c), together with the known displacement
(Fig. 3a). The average error between the “ground truth” and the calculated displacement using
our method is only 0.5(SD=0.3) mm, whereas it is as large as 1.6(SD=0.5) mm when the
conventional method is used.

Clinical lung cases

Figure 4 shows the displacements of points in the lungs for the first lung case. The vectors in
green and yellow represent the displacement field in the lungs and the chest wall, respectively.
Because the chest wall movement is extremely small, for display purpose, the yellow vectors
were scaled up by 2500 times. In the inferior regions, the discontinuous displacements on the
two sides of the lung surfaces are very pronounced. The sliding displacements of two lungs
and the chest wall are plotted in Fig. 5. When using the conventional method, unphysical bony
warping appeared in several places (red arrows in Fig. 6).

In Fig. 7 we show the mapped contours (red curves) in different phases obtained using the
registration matrix between the template phase (phase 1) and the corresponding target phases
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for the case discussed above. The cyan lines stand for the contours mapped using the
conventional method. For comparison, the lungs in the target phases were also manually
segmented as shown in Fig. 7 in green. Generally, the diaphragm position changes with the
breathing phase. To be quantitative, the SI displacement of the tip of the diaphragm at each
phase was computed based on two sets of contours generated by the two registration models.
A comparison of the obtained displacement against the value from manual segmentation for
the involved phases is summarized in Table 2. The average errors of all phases in our method
and the conventional method are 3.3(SD=1.9) mm and 12.1(SD=4.0) mm, respectively. The
latter is about 3 times larger than that of the proposed method, emphasizing the importance of
organ specific modeling in the thoracic region.

Generally, the TPS registration depends on the number and locations of the control points,
especially when the number of points is small. In our work, since a substantial number of
control points were involved (there were ~300 control points in the lungs and ~600 points in
the chest wall, and these points were distributed more or less uniformly), the results did not
change much as the points inside the lungs was reduced even by ~1/3 on a random basis. The
overwhelming number of control points in the chest wall region tends to “stretch” the lungs
toward superior direction, leading to large inaccuracy in the inferior regions. As we took ~95%
of the chest wall points out, the situation was improved and the diaphragm approached to the
segmented registration. In the extreme case when all chest wall points were taken out, as
expected, the result became identical to that obtained using the proposed approach.

For the 29 case, we tracked the movements of three representative points with distinct features
using different registration methods. It is important to note that these points represent only
three out of numerous points inside the lung and, while informative, obtaining the motion
trajectories of these three points may not be sufficient to get a full picture of the breathing
problem and to resolve the small difference of the internal lung tissue motion at different
locations. Figure 8 shows the locations of the three points at each phase resulted from each of
the registration methods, along with the “ground truth” (blue points). The template phase in
this study is phase 6. The red and green points stand for the results mapped from phase 6 using
the proposed and conventional methods, respectively. The coordinates of the points in different
phases are listed in Table 3. The average error of our method was 2.3(SD=1.6) mm, whereas
the average error of conventional approach was found to be 5.1(SD=3.5) mm.

Finally, the proposed technique was applied to study the movement of a lung tumor in the
3" clinical case (Fig. 9). The green lines represent the physician outlined contours on the target
phase. The red and cyan lines represent the mapped contours using the proposed and
conventional methods, respectively. The DSC to the physician’s delineations for the two
methods were 91.3% and 74.0%, respectively, indicating that our method is better than the
conventional method in dealing with the lung deformation.

Clinical liver cases

To further illustrate the application of the proposed method and its efficiency, the liver contours
on the exhale phase for three cases are shown in Figure 10. Each row displays the results for
one of the cases. The mapped contours from the inhale phase using the deformation field were
plotted in red, together with the manually outlined contours in green. For comparison, the
original contours on the inhale phase were also mapped rigidly to the exhale phase (cyan
curves). Itis seen from Fig. 10 that the proposed approach is capable of correctly propagating
the original contours from the inhale to the exhale phase in all three liver cases.
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DISCUSSIONS

Most, if not all, registration algorithms ignore the underlying tissue features but rely on the
similarity of image intensity. In a region where distinct image feature exists, we have shown
that the features contained in a small control volume encompassing a point can be used as a
signature of the point(18). The use of SIFT features(19-21) is an alternative and potentially
more advantageous way to partially associate the two input images before deformable
registration. The automation of the control point paring makes it ideally suitable for the
segmented deformable registration.

Another essential piece of prior knowledge that makes the segmented registration possible is
the manually delineated ROI contours. It is important to emphasize that, to “color” the control
point pairs, only the template phase needs to be segmented. Because delineation of ROl on the
template phase has to be done for treatment planning, this makes practical to carry out
deformable registration on an organ specific basis. Overall, the segmented method markedly
improves the registration of 4D CT images as compared with the conventional method.

There are three potential sources of inaccuracy in the proposed approach: (i) segmentation of
the template image; (ii) automated control-point matching; and (iii) the number and locations
of control points. Segmentation “sorts” the SIFT-identified control points into different groups
for different organs. Accurate segmentation is an essence for sensible registration. Inaccuracy
in segmentation may lead to wrong of the control points and thus erroneous registration.
Effectively reducing the errors from the other two sources mentioned above is also critically
important for robust registration.

Quantitative validation is a difficult task in deformable registration study because of the general
lack of ground truth in clinical situations. Most studies rely on the use of digital or physical
phantom(22), or the coincidence measure (such as the DSC) of deformable model-mapped
organ contours with the segmentation by an expert(16). In this work we have used both
approaches to validate the proposed technique. A virtue of the digital phantom-based approach
is that the “ground truth” solutions exist and the transformation matrices are known, thus
facilitating the quantitative evaluation of developed registration and contour propagation. On
the other hand, physical or digital phantoms have so far not been able to reproduce the full
range of imaging and anatomical characteristics. Brock et al have used “internal fiducials” for
model validation(23). In their work, the accuracy of the organ deformation was determined by
calculating the difference between the actual displacement of the vessel and bronchial
bifurcations identified on two images and the displacement predicted by the models. Of course,
the precision of selecting the same bifurcation location or other anatomic features on each CT
phase should be assessed before their use for validation of a deformable model.

A direct implication of the proposed technique is that it provides more adequate method for
describing the discontinuous motion of the involved organs at the boundary regions. The
registration of the internal lung regions is also improved through better modeling of the
peripheral regions. In general, the motions of the internal points are interrelated to that of the
boundary points and it is intuitively perceivable that the improved accuracy in the peripheral
zone will be “propagated” to the internal region and lead to better registration. This has been
shown in the digital phantom study, and, in part, the three-points study of the 2" lung patient.
A thorough study of the subject is clearly of practical import and should be pursued in the
future in the development of robust validation techniques as discussed above.

CONCLUSIONS

Accurate modeling of thoracic organ motions remains elusive because of the lack of an effective
mechanism to deal with the discontinuous movements of the involved anatomic structures. In
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this work, a tissue feature-based image registration strategy with explicit inclusion of the
differential motions of thoracic structures has been described. The chief advantages of the
technique are that: (i) it allows segmented registration without delineating the target phases;
and (ii) it increases the robustness and accuracy by incorporating inherent tissue features. Given
the increased interest in 4D thoracic radiation therapy, the deformable registration method
described here should find useful application in future clinical practice.
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Figure 1.
A sketch of orientation histogram in SIFT method.
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Figure 2.

Fusion images of the two phases of a digital phantom: before registration (a); after registration
using proposed method (b); and after registration using conventional TPS method (c).
Unphysical bony structure warping occurs in conventional TPS method as indicated by the
red.
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Figure 3.

Computed sliding motion of the lungs: the “ground truth” displacement introduced in the digital
phantom (a); sliding displacement using proposed method (b); and sliding displacement using
conventional method (c).
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Figure 4.

Displacement vectors in the peripheral zones of the lungs (a and b) and inside the lungs (c and
d). The arrows in these graphs point to the directions of their actual movement when going
from inhale to exhale phases. The displacement fields in the lungs and chest wall are
represented by green and yellow arrows, respectively.
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Figure 5.

Sliding displacements of the left lung (a), right lung (b), and the chest wall (c) using proposed
method, as well as the sliding displacements of the lungs and the chest wall using conventional
method (d).
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Figure 6.

Comparison between the proposed method (top row) and the conventional TPS method (bottom
row) for two different axial slices. Unphysical bony structure warping occurs in several regions
in conventional TPS registration as indicated by red arrows.
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(a) Phase 2 (b) Phase 3 (c) Phase 4

(d) Phase 5 (e) Phase 6 (f) Phase 7

(g) Phase 8 (h) Phase 9 (i) Phase 10

Figure 7.

Contours obtained using different methods on the target phases. The green lines represent the
manually segmented contours on the target phases. The red and cyan lines represent the mapped
contours derived using the proposed and conventional TPS methods, respectively. The template
phase in this figure is phase 1.
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(g) Phase 8 (h) Phase 9 (i) Phase 10

Figure 8.
Locations of three points with distinct features. The blue points are manually identified on each

of the target phases. The red and green points stand for the mapped results by the proposed and
conventional methods, respectively. The template phase in this figure is phase 6.
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Figure 9.

Mapping of a lung tumor using the proposed and conventional approaches. The green line
represents the manual delineation on the target phase, the red and cyan lines represent the
mapped contours from the template phase using the proposed and conventional methods,
respectively.
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(a) (b) (c)

(d) (e) (H

(2) (h) (i)

Figure 10.

Liver contours on the exhale phase for three liver cases. Each row represents the results for a
case. The mapped contours using the proposed model are plotted in red together with the
manually outlined contour on the exhale phase in green. The original contours mapped from
the inhale phase were also mapped rigidly and are shown in cyan.
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