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In radiotherapy, the respiratory motion of the patient in treatment position is determined from gated cone-beam CT images. This method consists in selecting projections according to a respiratory signal for the reconstruction of a CT image of each respiratory state. This selection can be based on the amplitude or the phase of the signal. The number of selected projections also depends on the width of the gating window. The present study compares different reconstructions using a dynamic digital phantom of the thorax and a known respiratory signal. We applied both regular and irregular motions to this phantom and reconstructed the exhale state using different widths. We evaluated these reconstructions with the signal-to-noise ratio, the contrast-to-noise ratio and a blur criterion. In the case of a regular motion, there was no difference between the amplitude and the phase. The signal quality was high, even for the smallest width, and the blur increased with width. In the case of an irregular motion, the difference was noticeable. Amplitude-based reconstructions suffered from severe artifacts with the smallest width because there were respiratory cycles for which no projection was selected. This drawback is overcome by increasing the width of the gating window. Phase-based reconstructions also allowed to avoid artifacts, whatever the width. But the blur was higher, even for the smallest width applied. These results suggest that the gating process must be adjusted in order to select at least one projection per respiratory cycle. Phase gating is a robust way to achieve this goal when respiration is irregular. Amplitude gating may be more effective in terms of blur, but the width must be carefully chosen to avoid severe artifacts. Finally, we observed the potential of dynamic reconstruction by using a motion model to deform different gated CT images toward a common reference and compute the weighted mean. The resulting CT image suffered less from artifacts than each gated CT image separately even if artifacts were still visible.

INTRODUCTION

In the past few years, there has been an increasing interest of the radiation oncology community in cone-beam computed tomography (CT) scanners mounted on the gantry of medical linear accelerators. [START_REF] Jaffray | Cone-beam computed tomography with a flat-panel imager: initial performance characterization[END_REF][START_REF] Jaffray | Flat-panel cone-beam computed tomography for image-guided radiation therapy[END_REF] This imaging device allows to acquire CT images of the patient in treatment position. Unfortunately, like for other CT scanners, the motion of the patient during acquisition causes artifacts such as blur, streaks and bands. [START_REF] Ritchie | Minimum scan speeds for suppression of motion artifacts in CT[END_REF] The methods available to correct these artifacts can be categorized in 3 classes, depending if they use (1) no motion information, [START_REF] Dhanantwari | Correcting organ motion artifacts in X-ray CT medical imaging systems by adaptive processing. I. Theory[END_REF][START_REF] Helenon | Artifacts on lung CT scans: removal with Fourier filtration[END_REF][START_REF] Spies | Characterization and correction of temporal artifacts in CT[END_REF] (2) only simplified motion information like a respiratory signal, in which case the method is called respiratory-correlated or gated imaging, [START_REF] Dietrich | Linac-integrated 4D cone beam CT: first experimental results[END_REF][START_REF] Kriminski | Respiratory correlated cone-beam computed tomography on an isocentric C-arm[END_REF][START_REF] Li | Four-dimensional cone-beam computed tomography using an on-board imager[END_REF][START_REF] Sillanpaa | Developments in megavoltage cone beam CT with an amorphous silicon EPID: reduction of exposure and synchronization with respiratory gating[END_REF][START_REF] Sonke | Respiratory correlated cone beam CT[END_REF] or (3) precise motion information like a dense vector field or a B-spline model, in which case the method is called dynamic imaging. [START_REF] Blondel | Reconstruction of coronary arteries from a single rotational X-ray projection sequence[END_REF][START_REF] Bonnet | Dynamic X-ray computed tomography[END_REF][START_REF] Grangeat | Theoretical framework for a dynamic cone-beam reconstruction algorithm based on a dynamic particle model[END_REF][START_REF] Li | Motion correction for improved target localization with on-board cone-beam computed tomography[END_REF] Gated cone-beam CT images of the thorax are obtained by using a respiratory signal to sort cone-beam projections depending on their position in the periodic respiratory cycle. [START_REF] Dietrich | Linac-integrated 4D cone beam CT: first experimental results[END_REF][START_REF] Kriminski | Respiratory correlated cone-beam computed tomography on an isocentric C-arm[END_REF][START_REF] Li | Four-dimensional cone-beam computed tomography using an on-board imager[END_REF][START_REF] Sonke | Respiratory correlated cone beam CT[END_REF] This signal can be obtained in different ways, either using an external device [START_REF] Dietrich | Linac-integrated 4D cone beam CT: first experimental results[END_REF][START_REF] Kriminski | Respiratory correlated cone-beam computed tomography on an isocentric C-arm[END_REF][START_REF] Sillanpaa | Developments in megavoltage cone beam CT with an amorphous silicon EPID: reduction of exposure and synchronization with respiratory gating[END_REF] or by image processing. [START_REF] Li | Four-dimensional cone-beam computed tomography using an on-board imager[END_REF][START_REF] Sonke | Respiratory correlated cone beam CT[END_REF][START_REF] Rit | Respiratory signal extraction for 4D CT imaging of the thorax from conebeam CT projections[END_REF][START_REF] Zijp | Extraction of the respiratory signal from sequential thorax conebeam X-ray images[END_REF] The question of the respiratory signal has been addressed in several works [START_REF] Li | Technical and dosimetric aspects of respiratory gating using a pressure-sensor motion monitoring system[END_REF][START_REF] Koch | Evaluation of internal lung motion for respiratory-gated radiotherapy using MRI: part I-correlating internal lung motion with skin fiducial motion[END_REF][START_REF] Simon | Lung volume assessment for a cross-comparison of two breathing-adapted techniques in radiotherapy[END_REF] but the motion is too complex to be simplified by a 1D signal [START_REF] Blackall | MRI-based measurements of respiratory motion variability and assessment of imaging strategies for radiotherapy planning[END_REF] and no definitive conclusion has been drawn. However, even if the respiratory signal is perfect, i.e. if two identical values correspond to two identical positions of the thorax and conversely, it can be used in different ways. The first choice is between the use of Further author information: Simon Rit: E-mail: Simon.Rit@gmail.com, Telephone: (+33) (0)4 78 78 51 50 the amplitude of the signal versus the use of the phase of the signal. Phase is linear between processed positions such as end-exhale and end-inhale. [START_REF] Kleshneva | An algorithm for automatic determination of the respiratory phases in four-dimensional computed tomography[END_REF][START_REF] Lu | A comparison between amplitude sorting and phase-angle sorting using external respiratory measurement for 4D CT[END_REF][START_REF] Wink | Phase versus amplitude sorting of 4D-CT data[END_REF] The second choice concerns the width of the gating window. To our knowledge, no study using digital data has addressed these points.

This study aimed to study the reconstruction of a CT image from a subset of the cone-beam projections selected using a respiratory signal known a priori. We proposed to use a dynamic digital phantom and simulated a set of cone-beam projections using regular and irregular signals. We then analyzed the reconstructions obtained by varying the width of the gating window, based on the amplitude or the phase of the signals. Finally, we studied the potential of dynamic reconstruction by a weighted mean of all gated CT images along the respiratory cycle and subjected to appropriate transformation.

METHOD

Digital phantom

The digital thorax phantom at the exhale state was a simplified version of the Forbild phantom * (figure 1). A spherical tumor having a diameter of 3 cm was positioned in the lower part of the right lung. An analytical transformation was applied to this phantom to obtain the inhale state. This transformation was composed of translations and changes of volume of the different geometric parts of the phantom. Intermediate states between inhale and exhale were deduced linearly with a respiratory signal between 0 and 1.

A dense vector field representing the deformation between end-inhale and end-exhale was computed using the demons algorithm with a Gaussian regularization [START_REF] Boldea | Comparison of 3D dense deformable registration methods for breathhold reproducibility study in radiotherapy[END_REF][START_REF] Sarrut | Non-rigid registration method to assess reproducibility of breath-holding with ABC in lung cancer[END_REF] (figure 1). [START_REF] Lujan | A method for incorporating organ motion due to breathing into 3D dose calculations[END_REF][START_REF] Seppenwoolde | Precise and real-time measurement of 3D tumor motion in lung due to breathing and heartbeat, measured during radiotherapy[END_REF] The second irregular signal was computed using a stochastic adaptation of the model with n = 2, τ = 4 ± 0.5 s, z 0 = 0 ± 0.07, b = 1 ± 0.07. The distribution was normal for z 0 and log normal for b and τ . [START_REF] George | The application of the sinusoidal model to lung cancer patient respiratory motion[END_REF] After computation, it was normalized between 0 (exhale) and 1 (inhale). The sampling period was set to 0.18 seconds. For each motion type, 640 analytical projections were computed regularly along a circular source trajectory using the open-source software Take † . The parameters were chosen to simulate acquisition by an Elekta Synergy system(Elekta Oncology Systems Ltd., Crawley, West Sussex, United Kingdom). 1

Reconstruction

Static 3D reconstruction We implemented the method proposed by Feldkamp et al [START_REF] Feldkamp | Practical cone-beam algorithm[END_REF] for cone-beam reconstruction (figure 3). The limited size of the detector provided truncated cone-beam projections and the resulting artifact was partially corrected using the heuristical method described by Ohnesorge et al. (
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Gated reconstruction

The gating window determines which projections are used in the reconstruction process according to the respiratory signal. We used a gating window centered on the end-exhale position with a varying width w. We studied two different inputs: the amplitude of the respiratory signal directly, and the phase, obtained by processing the respiratory signal. [START_REF] Kleshneva | An algorithm for automatic determination of the respiratory phases in four-dimensional computed tomography[END_REF][START_REF] Wink | Phase versus amplitude sorting of 4D-CT data[END_REF] End-exhale phase was set to 0%. The phase between two consecutive end-exhale phases is set linearly between 0% and 100% (figure 2).

Dynamic reconstruction

We observed the potential of the use of a more complex motion than just a 1D signal in the reconstruction. Several studies [START_REF] Grangeat | Theoretical framework for a dynamic cone-beam reconstruction algorithm based on a dynamic particle model[END_REF][START_REF] Li | Motion correction for improved target localization with on-board cone-beam computed tomography[END_REF][START_REF] Ritchie | Correction of computed tomography motion artifacts using pixel-specific back-projection[END_REF] have proposed to deform each backprojection of the filtered projection using a motion model. If the motion is discretized into several positions, this is equivalent to computing the weighted mean of the different gated CT images along the respiratory cycle deformed toward a common reference. The weights correspond to the number of projections used to reconstruct each CT image. We know that all the points of the phantom move in phase along a straight line, so the vector field used to deform each image is the one computed in 2.1 weighted by the mean value of the respiratory signal of the selected projections.

Criteria

For a quantitative analysis of the reconstructions, we used three criteria previously defined in the literature. These criteria were applied to a region of interest (ROI) containing the tumor in all positions of the thorax (figure 4).

The signal-to-noise ratio: SNR(dB) = 20 log 10 A signal A noise where A I = 1 P P i=1 x 2 i is the root mean square of the intensity of P pixels in image I, the signal is our reference, i.e. the computed end-exhale digital phantom, and the noise is the difference between the reconstruction to be evaluated and the signal. The blur criterion (BC) proposed by Kriminski et al. 8 This method aims to quantify the blur independently from the noise by using an appropriate energy for a binary segmentation robust to noise. The optimal energy is computed with a graph-cut and used as a blur criterion. More details can be found in the article by Kriminski et al. [START_REF] Kriminski | Respiratory correlated cone-beam computed tomography on an isocentric C-arm[END_REF] 

RESULTS

We reconstructed the exhale state using different widths w of the gating window, in the presence of a regular or an irregular motion, and based on the amplitude or the phase of the respiratory signals (figure 4). The number N of projections selected by the gating window depends on both the signal and the width.

Regular motion

Results were similar whether using the amplitude or the phase: the SNR, the CNR and the BC gave identical curves (figure 5). The only difference was that amplitude selected more projections than phase for small widths (figure 4) because more time was spent at the extreme states of the respiratory cycle. Signal quality, measured by the SNR and the CNR, slightly increased until 200-250 projections were selected and decreased afterwards. The blur was minimal for the smallest width.

Irregular motion

Results were different whether using amplitude or phase. When using amplitude and the smallest width w = 0.05, no projections were selected from some respiratory cycles. This caused severe visual artifacts (figure 6), confirmed numerically by the lowest values of SNR and CNR and a disturbed BC (figure 5). Results were improved when increasing the width to w = 0.1, a value for which the blur was comparable to the one obtained with a regular motion. No such artifact was found when using the phase, whatever the width, but the minimal blur was higher than the one obtained using amplitude. 2) phase of the respiratory signal. Gray areas at the bottom of the curves correspond to the gating windows and show the position of the selected projections. Severe artifacts are seen in the amplitude-based reconstruction because no projections were selected for some respiratory cycles, i.e. angular portions, which was not the case in the phase-based reconstruction.

Dynamic reconstruction from gated reconstructions

We reconstructed 10 gated CT images obtained with the same window width w = 0.1 and different window centers c in order to select all the projections once, and only once, in all gated reconstructions. This window was applied to the amplitude of the signal to minimize the blur. Table 1 summarizes the number of projections selected for the different motions and the different reconstructions. Figure 7 compares the resulting images with other reconstructions. Figure 8 1. Number of projections selected for a gating window width w = 0.1 and different window centers c, depending on the motion type. The sum of each line is equal to the total number of projections (640), because gating windows are strictly adjacent between 0 and 1.

Dynamic reconstruction significantly improves the quality of the image. SNR and CNR values are close to the reference, i.e. reconstruction with the same number of projections (640) but without motion (figure 8). The blur remains minimal, as in gated CT reconstruction. However, visually, the streak artifacts are not fully eliminated but only attenuated (figure 7).

DISCUSSION

This study of a numerical and dynamic phantom with controllable respiratory signal allows to observe the reconstruction obtained with different widths of the gating window, and variations between the amplitude or the phase of the respiratory signal.

In the presence of a regular motion, amplitude and phase give similar results (figure 5). Minimal width applied to amplitude is a good compromise between the signal quality of the reconstruction and the blur due to the motion. We conclude like Dietrich et al 7 that increasing the width does not significantly increase the signal quality because the additional projections selected are angularly adjacent to the others and, as a consequence, do not fill regularly the angular gaps along the source trajectory. Things are slightly more complicated when the phantom is subjected to irregular motion. The use of minimal width applied to the amplitude of the respiratory signal causes severe artifacts (figure 6). There are two strategies to overcome this problem. The first one is intuitive and consists in increasing the width of the gating window until reaching a good compromise between signal quality and blur due to the motion. But this can be difficult to achieve when using real data. The second strategy is to use the phase of the respiratory signal which equates to deducing a regular signal from the irregular one. This is efficient in terms of signal quality of the reconstructed image because projections are more regularly selected along the source trajectory (figure 5). But, because of the irregular nature of the motion, the reconstruction is based on projections corresponding to different positions of the thorax, which causes blur (figure 5).

The quantitative comparison of the reconstructions obtained with regular and irregular motions is not possible in this case. The observation of the respiratory signals (figure 2) and the number of projections selected for a given width of the gating window (figure 4) and for different motion patterns demonstrate that a lot more projections are available near the exhale position in the case of a regular signal than in the case of an irregular signal. It remains desirable, in radiotherapy, to be able to reconstruct the extreme position occupied by the tumor in both cases, even if this is less likely achieved with an irregular signal than a regular signal. A similar study conducted on an intermediate position in the respiratory cycle would provide interesting complementary results.

If the motion is fully known, one can deform the different gated reconstructions toward a same reference image, calculate the weighted mean and thus obtain clearly better results (figures 7 and 8). Streak artifacts are nevertheless still visible. Dynamic reconstruction assumes that the deformation of each backprojection should conduct to the same result as the reconstruction without motion. This heuristic is false because the analytic formulation of the reconstruction assumes that the integral along the ray follows a straight line. There is yet no analytic reconstruction formula for any complex deformation. Moreover, we simplified the motion model of the respiration by discretizing it in only ten different positions.

CONCLUSION

Figure 1 .

 1 Figure 1. (a) Sagittal, (b) coronal and (c) transverse slices of the digital phantom at the inhale state with computed motion vector field.

2. 2 .

 2 Respiratory signals Two simulated acquisitions of the dynamic phantom were obtained with two different respiratory signals (figure 2). The first regular signal was based on the asymmetric sinusoidal model z = z 0 + b cos 2n (πt/τ ) with n = 2, τ = 4 s, z 0 = 0 and b = 1.

31

 31 

Figure 2 .

 2 Figure 2. The first 20 seconds of the (a) regular and (b) irregular respiratory signals with their computed phase (dashed lines). Each point plotted on the curves corresponds to the acquisition of a cone-beam projection.

Figure 3 .

 3 Figure 3. (a) Sagittal, (b) coronal and (c) transverse slices, of the reconstruction using the 640 projections of (1) the static phantom at end-exhale, and of the dynamic phantom with (2) a regular signal and (3) an irregular signal. The artifacts in (2) and (3) are due to the motion of the phantom between cone-beam projections.

  The contrast-to-noise ratio: CNR = | µ foreground -µ background | σ background where µ R and σ R are the mean and the standard deviation of the pixel values in region R. The foreground in our ROI corresponds to the position of the tumor at end-exhale.

Figure 4 .

 4 Figure 4. Coronal slices of amplitude-based and phase-based reconstructed images in the region of interest using different gating window widths w, resulting in the selection of a number N of projections, in the presence of a regular or an irregular motion.

Figure 5 .

 5 Figure5. Signal-to-noise ratio (SNR), Contrast-to-noise ratio (CNR) and normalized blur criterion of the gated reconstruction in the region of interest (figure4) for regular (light green and blue) and irregular (dark black and red) motions based on the amplitude (full lines) or the phase (dashed lines) of the respiratory signal.

Figure 6 .

 6 Figure 6. (a) Sagittal, (b) coronal and (c) transverse slices of (1) amplitude-based and (2) phase-based reconstructions of the phantom using an irregular motion and a gating window width w = 0.05. Curves (d) represent the (1) amplitude and (2) phase of the respiratory signal. Gray areas at the bottom of the curves correspond to the gating windows and show the position of the selected projections. Severe artifacts are seen in the amplitude-based reconstruction because no projections were selected for some respiratory cycles, i.e. angular portions, which was not the case in the phase-based reconstruction.

Figure 7 .

 7 Figure 7. (a) Sagittal, (b) coronal and (c) transverse slices of the reconstructed images with static reconstruction, gated reconstruction or dynamic reconstruction, without motion or in the presence of regular motion or irregular motion.

Figure 8 .

 8 Figure 8. Quantitative criterion applied to the reconstructions displayed in figure 7.

Table

  is a quantitative comparison of the different reconstructions.

	c	0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
	Regular motion	248	52	45	32	31	32	32	31	45	92
	Irregular motion 104	143	77	54	51	50	48	59	39	15

This study points out the pros and cons of amplitude-based and phase-based reconstructions for gated cone-beam imaging of the thorax. It shows the difficulty of finding a compromise between signal quality and blur. Dynamic reconstruction is potentially very powerful but the achievement of the motion model is still an issue. Future works should address the optimization of acquisition parameters for gated imaging, such as gantry speed, the study of other reconstruction algorithms, particularly for dynamic reconstruction, and a similar comparative study using real data.
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