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Abstract. Radiotherapy treatment plan may be replanned due the changes of tumors and organs at risk (OARs) during the
treatment. Deformable image registration (DIR) based Computed Tomography (CT) contour propagation in the routine
clinical setting is expected to reduce time needed for necessary manual tumors and OARs delineations and increase the
efficiency of replanning. In this study, a DIR method was developed for CT contour propagation. Prior structure delineations
were incorporated into Demons DIR, which was represented by adding an intensity matching term of the delineated tissues
pairs to the energy function of Demons. The performance of our DIR was evaluated with five clinical head-and-neck and five
lung cancer cases. The experimental results verified the improved accuracy of the proposed registration method compared
with conventional registration and Demons DIR.
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1. Introduction

Radiation Therapy (RT) is one of the main cancer treatment modality, and is applied in more than
50% of all cancer cases. It aims to more precisely target tumors while protecting the surrounding
critical normal tissue. Imaging has become the primary source of information in the treatment
processing of RT. For example, the use of imaging to accurately delineate tumors and OARs,
particularly the use of CT has led to improved precision in target localization. However, the precision
of targeting is affected by great changes in the location, shape and size of tumors and OARs during RT
treatment due to respiratory movement, weight loss, and tumor shrinkage. It is then necessary to re-
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contour tumors and OARs, which requires a significant amount of time for radiation oncologists to
manually delineate tumors and OARs for each CT image. Deformable image registration (DIR) is a
process to precisely map the data collected at different times or with different image modalities into a
single coordinate system, typically that of planning CT. Moreover, deformation vector field (DVF),
which is the result of registration, can be utilized to automatically delineate tumors and OARs with
CT-to-CT images contour propagation.

Many DIR methods have been proposed, such as the optical flow method, Finite Elements Methods
(FEM), B-spline method and the Demons method. Among these, Demons has been proved to be an
efficient and robust DIR method. For example, SmartAdapt (v11, Varian Medical System) utilizes an
accelerated Demons-based DIR method, and Pinnacle Syntegra (v9.710, Philips Healthcare) uses a B-
spline-and Demons-based DIR method. However, Demons is not suitable for images with large
deformations and multi-modality images. Demons invariants have been proposed; for example, M.
Modat, et al. [1] proposed a diffeomorphic Demons method using normalized mutual information. An
intensity-based Demons image registration method is suitable for CT images in radiotherapy
applications due to the image intensity consistency of CT. Furthermore, prior structure delineations are
incorporated into Demons DIR, which is a variant of the Demons method with a similar objective
function modified by an additional regularization term of the contours of tumors and OARs. The
clinical workflow chart for contour propagation from delineated contours on planning CT (pCT) to
treatment CT (tCT) using DIR method is displayed in Figure 1.

2. Methods
2.1. The basis of Demons

The Demons algorithm regards registration as a diffusion process from the floating image to the
reference image. First, a displacement vector d is calculated at all voxel points. The result is then
convolved by 3D Gaussian Kernel function to smooth the deformation field. Next, the incremental
vector Ad is added to the existing deformation field d(x) and the floating image is updated. Many types
of Demons variants were developed with the calculation of DVF as the primary improvement. We
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Fig. 1. Workflow diagram for CT-to-CT contour propagation.
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investigated four ITK based Demons variant algorithms and found that the performance of the
symmetric Demons implemented by Vercautern [2] was advantageous over the original Demons and
the other two Demons variants. The symmetric Demons defines the displacement field as follows:

A (x) = 2(m!(x)—f () (Vm! (x)+Vf (x)) (1)
' [7miGo+7£ G| *+(mi G- £ (x))2/K?

where mi(x) and f (x) respectively represent the moving image after the ith iteration and the fixed
image; Vm'(x) and Vf (x) denote the gradient image; and K? is the mean-squared value of the image
voxel size.

2.2. Prior delineation of CT based DIR method

Demons is a process of optimizing the displacement of every pixel in the floating image to
accurately construct point-to-point correspondence of the registered images, which can be
mathematically represented by two terms of a similarity measurement and regularization of DVF:
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where M o u transforms the points of the moving image into the coordinate of the fixed image by the
spatial transformation u; o accounts for the noise on the image intensity; and 6% controls the amount
of necessary regularization. An image similarity term measures the similarity of the two registered
images. The mean square error (MSE) metric, which is suitable for mono-modality image registration,
was utilized in our work; the deformation field was regularized to obtain the only DVF.

In RT processing, temporal variations are the predominant source of treatment uncertainty, because
shape and position of the patient or organs could vary during the fraction treatment. In the DIR for RT,
pCT was used as the fixed image acquired before the treatment, and tCT was the moving image
collected after 3-4 weeks of treatment. The geometrical information provided by the delineated
contours of pCT images and the edited contour of tCT images were integrated into Demons. Given a
collection of N pairs of pCT-tCT contours of tumors and OARs, a deformation field could be
computed that maps the pCT contours to the tCT contours by optimizing the energy function:
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where R; and F; individually represent contoured images with the ith delineation pair set on pCT and
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tCT based on R and F; and QfCTand QLT denote a closed region enclosed by the ith contour pair on
pCT and tCT. K;(x) and L;(x) are equal to zero if the pixel is not in the ROI; the values are positive if
the intensity inside the closed region is higher than its surrounding, and negative when lower.

A middle variable was introduced in the registration process to translate the Demons algorithm into
a minimization of a well-posed criterion [3], which deemed the regularization term as prior knowledge
to smooth the transformations. Some errors were allowed in the non-parametric spatial transformation
c. The global energy function can be represented as follows:
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where g2 specifies a spatial uncertainty on the correspondence of the spatial transformation ¢ and u.
1

The optimization process consists of two steps. First, with a given u, E;(c) = pr Rl N IIF; — M;o
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Second, ¢ was deemed to be a given parameter, minimizing the energy function E which is equal to

optimized E, (u) = % llu—cll? + % |IVu||? . The Gaussian smoothing kernel was adopted to
X T

convolve the deformation field u to optimize the regularization term. The moving image term was

approximately expressed by Taylor expansion with a small deformationdu, M; o (u + du) ~ M, +

VM, - du, where, M, = M; o u are deformed floating images with given deformation u. Then,
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In Eq. (6), the incremental vector can be rewritten as du = v - n, where v is the amplitude of the
incremental vector and n is the moving direction of du. Assuming that the displacement du was

. Vit
projected onto n = A
v = arg min(E; (v)).

Eq. (6) can be simplified from du = arg min(E;(du)) to
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The first-order optimality condition was applied to obtain the optimal solution of Eq. (7).
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If the local estimation of the image noise was set as 67 = |F — M o u|?, the expression would be

identical to the Demons forces proposed by Thirion [4]. Note that the maximum step length is relative
2

. . : d .
to the choice of image noise 02, 02 = 5 (r2 + T'}z,); d is the step length; and 75 and 1, are the
resolution of the x and y axial directions, respectively.

3. Experiments and results

Ten clinical cases were evaluated to test the effect of DIR, including five head-and-neck cancer
cases and five lung cancer cases. The pCT and tCT images were acquired before and during treatment
with dimensions of 512x512x160 and a resolution of 1.97x1.97x2.5 mm’. There were generally great
differences in the anatomy of the images after 3-4weeks of treatment. The couch and masks had been
removed from pCT and tCT images, and images had been down-sampled to 256x256x80 to balance
the computational time and memory capability. Figure 2 shows segmented brain and lung images.

It is difficult to evaluate the accuracy of DVF for the clinical image registration due to a lack of
ground-truth. Fortunately, some information such as contour and structure could be obtained by image
processing methods. For example, the computed DVF according to DIR was applied to transform the
floating images including ROIs, or to propagate the contours of the reference images to the floating
images. Next, the DVF accuracy was quantitatively analyzed by calculating the overlap rate of the
transformed and target ROlIs.

In this study, the Dice Similarity Coefficient quantitative criterion was used to validate the

ZXV(V13V2) where V] is a deformed ROI and V, is
1 2

the corresponding target ROI. In our work, V| was a propagated structure region from pCT and

performance of the DIR methods, defined as Dice =

(®)
Fig. 2. Segmented images of (a) lung and (b) brain.
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(b)

Fig. 3. Example contour propagations using different methods: (a) eyes and spinal cord
(b) parotid glands and spinal cord (c) eyes, spinal cord and PTV.

V, represented physicians’ manually delineated regions on tCT. The more the suggested regions
overlapped, the better the registration accuracy. If the ROIs were completely identical, Dice was equal
to 1; if there was no overlap, Dice was equal to 0.

The second evaluation method was comparing contours of GTV and ROI, which propagated from
pCT to tCT using the calculated DVF. In this paper, two example contour propagation cases were
presented using the rigid registration method, manual contour method, Demons method and our DIR
method, which were respectively represented with a red line, blue line, yellow line and green line. For
brain cases, contours of only the spinal cord, eyes, parotid glands and GTV were shown; the spinal
cord and GTV were included in lung cases for improved visibility. A head-and-neck case is shown in
Figure 3. From the figures, we determined that there was great discrepancy between manual delineated
contours on tCT as identified by physicians and the contour propagation to pCT by rigid registration.
The differences between the contours mapped on pCT by Demons DIR and the ground-truth was
obviously reduced. Further, mapping pCT contours by our method and manually drawn contours were
overlaid on tCT images. The average Dice value was approximately 0.74 for parotid glands by
applying rigid registration to map contours on tCT, compared to approximately 0.92 achieved by
Demons deformed ROIs; the value increased to approximately 0.99 when deforming ROIs with our

Table 1
Dice coefticients for the brain case 2 with different registration methods
Rigid registration  Symmetric Demons  Proposed method
2 EyeR 0.5372 0.9120 0.9976
3 Spinal cord 0.6478 0.9205 0.9915
4 parotid glands  0.7931 0.9210 0.9938
5 GTVs 0.8016 0.9021 0.9930
Table 2

Overall meantstandard deviation Dice coefficients for five brain cases with different registration methods

Rigid registration Symmetric Demons  Proposed method
1 EyeL 0.512140.0353 0.900440.0200 0.9899+0.0100
2 EyeR 0.536240.0160 0.913040.0127 0.993740.0053
3 Spinal cord 0.74874£0.0135 0.920540.0133 0.99021+0.0043
4 Parotid glands 0.7875+0.0121 0.922740.0084 0.9912+0.0043
5 GTVs 0.8090+0.0107 0.901840.0033 0.992610.0064
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method as listed in Tables 1 and 2.

Further evaluation was conducted on five lung cases. As noted in Figure 4, contour misalignments
were evident with rigid registrations. However, the differences were mitigated after Demons DIR, and
CT-to-CT propagated contours based on the proposed method were most consistent with physician
delineated tCT contours. Tables 3 and 4 list the Dice values, which quantitatively verified the
agreement of the contours. As listed in Table 4, the mean Dice for GTV was approximately 0.36 by
rigid registration to map contours. The values of Dice increased to approximately 0.70 by Demons
deformed ROIs, and values of Dice further increased to approximately 0.98 when transforming ROIs
with the proposed method.

4. Conclusions

A DIR method based on prior structure delineation was developed for CT-to-CT contour
propagation in radiotherapy and validated by clinical cases. Contours were incorporated into Demons
DIR to deform the moving images, and the propagated contours were the most consistent with
physician manually delineated contours compared to other registration methods, such as rigid
registration and Demons DIR. The average computational time of the proposed method was
approximately 35 minutes (the size of CT was down-sampled to 128x128x40) with CPU. Next, we
will attempt to speed up the proposed method and aim to apply our ARTS-IGRT system [4-13] to
clinical practice. In addition to the processing time, automatic contour propagation could be applied
not only to mono-modality images (such as CT-to-CT), but also to multi-modality images (such as
CT-to-MR). The respiratory motion is one of the largest factors of uncertainty in RT, which should
also be considered in radiotherapy treatment planning.

Fig. 4. Example contour propagations using different methods: (a) spinal cord (b) PTV.

Table 3

Dice coefficients between physicians’ manually delineated parotids/GTV and mapped volumes for lung cases

Rigid registration Symmetric Demons Proposed method

1 Spinal cord 0.3387 0.6605 0.9942
2  GTVs 0.4016 0.7251 0.9805
Table 4

Overall meantstandard deviation Dice coefficients for five lung patients using different registration methods

Rigid registration Symmetric Demons  Proposed method
1 Spinalcord 0.3696+0.0338 0.680510.0633 0.982240.0173
2 GTVs 0.377610.0349 0.705340.0249 0.981040.0152
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