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Abstract-Respiratory motion is a major limiting factor in computed tomography (CT) and positron emission tomography (PET), especially in the thorax and in the abdomen. While fourdimensional computed tomography (4DCT) acquisitions may yield some degree of motion-awareness, it is at the cost of increased radiation dose delivered to the patient. In this paper, we are interested in synthesizing realistic phase-gated 4DCT data from single-helical CT images that could serve as surrogates for real 4DCT acquisitions. More precisely, we study the feasability of respiratory motion synthesis using deep conditional generative adversarial learning networks trained on real 4DCT data. The proposed network architecture is an ensemble of parallel imageto-image translation networks, each synthesizing one respiratory phase-gated frame of the 4DCT acquisition. We show that realistic breathing dynamics can be obtained from a small set of training 4DCT data. Although not clinically meaningful, these results constitute a first step among ongoing developments in our laboratory towards the synthesis of patient-specific pseudo-4DCT acquisitions from 3DCT images, where external breathing tracking system would further condition motion synthesis.

I. INTRODUCTION

R ESPIRATORY motion is a major limiting factor in computed tomography (CT) and positron emission tomography (PET), especially in the thorax and in the abdomen. In combined PET/CT imaging, breathing motion artifacts may bias attenuation correction and alter tracer uptake quantification [START_REF] Nehmeh | Respiratory motion in positron emission tomography/computed tomography: a review[END_REF]. Motion blur may also yield unacceptable uncertainty levels for target volume definition in radiation therapy [START_REF] De Koste | Tumor location cannot predict the mobility of lung tumors: a 3D analysis of data generated from multiple CT scans[END_REF]. To obtain motion-aware volumetric images, four-dimensional CT (4DCT) acquisitions can be performed and phase-gated with the help of external respiratory tracking systems. However, the prolonged acquisition times of 4DCT lead to increased radiation dose delivered to the patient, with factors of up to six times a conventional single-helical (3DCT) acquisition [START_REF]Renal mobility during uncoached quiet respiration: An analysis of 4DCT scans[END_REF].

A desirable objective is to predict patient-specific respiratory motion dynamics at the voxel level using shorter acquisition times, i.e. comparable to 3DCT [START_REF] Fayad | Generation of 4-dimensional CT images based on 4-dimensional PETderived motion fields[END_REF]. In this context, we are interested in synthesizing realistic phase-gated 4DCT images using only a single 3DCT acquisition and external breathing motion tracking data, a very ill-posed problem as static images by definition do not convey motion information.

The field of image synthesis in computer vision has seen major achievements over the last two years obtained by deep learning-based methods. More specifically, weakly supervised learning methods based on conditional generative adversarial networks (cGAN) [START_REF] Goodfellow | Generative adversarial nets[END_REF] have enabled highly realistic imageto-image translation frameworks for non-medical applications like style transfer [START_REF] Isola | Image-to-image translation with conditional adversarial networks[END_REF], [START_REF] Zhu | Unpaired image-to-image translation using cycle-consistent adversarial networks[END_REF]. These methods are now being V. Jaouen and D. Visvikis are with LaTIM, UMR1101, Inserm, Université de Bretagne Occidentale, Brest, France e-mail: (vjaouen@gmail.com). adapted with success to medical imaging, with applications such as PET attenuation correction, data augmentation or image segmentation [START_REF] Frangi | Simulation and synthesis in medical imaging[END_REF]. To our knowledge, no study has yet been performed regarding the potential value of cGANS for respiratory motion synthesis, which is the aim of the present paper.

With the final objective of generating 4DCT images from single-helical acquisitions, we show here that realistic breathing dynamics can be learned and synthesized by an imageto-image translation cGAN trained on gated 4DCT data. We learn to generate independently each respiratory phase that we ultimately combine to generate pseudo-4DCT acquisitions. We present promising preliminary synthesis results on real clinical data.

II. METHOD

Let I(x) be a reference breath-hold single helical CT image, where x ∈ R 3 is the image domain. Our objective is to synthesize a vector-valued phase-gated 4DCT acquisition J * : R 3 × R → R, where J * (x, g) is the image value at location x and gate g ∈ {1, 2, ..., N g }. Rephrased in terms of machine learning, we want to learn a series of implicit mappings ϕ g (x) conditioned on an input image I such that a generated image I • ϕ g (x) = J * (x, g) shares similar dynamics with a real phase-gated 4DCT acquisition J (x, g).

To this end, we train N g -1 independent cGANs using a pix2pix image-to-image translation learning architecture [START_REF] Isola | Image-to-image translation with conditional adversarial networks[END_REF], where one of the breath-hold phase g ∈ {1, 2, ..., N g} is arbitrary taken as a reference image I. Each generator network G g is given the same input I and trained to synthesize a target image J * (x, g), while each discriminator networks D g is trained to distinguish real 4DCT images J (x, g) from J * (x, g).

The resulting ensemble of networks learns an one-to-many mappping conditioned on the input image, i.e. produces a vector-valued image from a scalar-valued input (Fig. 1). 

III. EXPERIMENTS AND RESULTS

Our training dataset consists of ten CT acquisitions that were performed on a GE Lighspeed multislice CT MSCT scanner with cine CT scan capability. These images were retrospectively binned into 4DCT images using the real-time position management system (RPM, Varian Medical Systems) by dividing them into ten breathing phases (0%-to-90% inspiration by steps of 10%). Phase 0% was used as the source domain I(x) while the remaining phases constituted the individual target domains. Our validation dataset consists of four additional 4DCT patients acquired according to the same setup. Fine tuning of the deep learning architecture was out of the scope of the present feasability study and we used the network parameters of the vanilla implementation of pix2pix by Isola et al. [START_REF] Isola | Image-to-image translation with conditional adversarial networks[END_REF]. Fig. 2 shows example synthesis results for phase 50% and 80% in two patient of the testing set in close-up views around the diaphragm. The expected lowering of the diaphragm is visible in both real and synthesized images (second and third column, respectively). Across all the remaining frames (not shown here), a motion consistent with the patients' respiratory pattern is achieved. To support this observation quantitatively, we studied the evolution of lung volume with increasing inspiration phase. Lung volumes were automatically delineated from each frame using an in-house image processing algorithm based on Hounsfield unit thresholding and simple mathematical morphology operations such as hole filling and morphological filtering. To avoid potential systematic bias in the segmentation process, we studied the volume increase along the inspiration relative to phase 0%. 80%, the corresponding volumes were increased on average by 9.2 ± 2.5% (resp. 8.0 ± 1.4%).

IV. CONCLUSION

In this work, we showed that realistic breathing motion dynamics can be synthesized from static 3DCT images using conditional generative adversarial networks on relatively little training 4DCT data. These preliminary results are a first step among ongoing development in our laboratory towards a full machine learning framework for realistic motion synthesis from 3DCT images using cGANs.

In future works, we will condition the network generator on the actual patient's breathing motion using the phase and amplitude of respiratory signal provided by any external respiratory tracking system. Such additional conditioning combined with temporal regularization has recently proven to be very effective at human motion synthesis in computer vision [START_REF] Chan | Everybody dance now[END_REF]. This should allow us to more accurately reproduce the patient respiratory motion in the synthetised 4D images and consequently to reduce the differences observed in terms of respiratory volumes between the real and synthesized image datasets.
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 1 Fig.1. The proposed breathing motion synthesis method relies on several pix2pix architectures run in parallel, each of them learning one phase J (x, g) of the respiratory cycle from a static 3DCT image I(x).
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 2 Fig. 2. Example motion synthesis result for two patients of the testing set. Coronal CT slices are shown. Top: inspiration phase 50% of first patient near the right diaphragm. Bottom: phase 80% of the second patient near the left diaphragm. A purple line placed identically in each patient is shown to ease comparison.

  Fig 3 shows the evolution of lung volume for the four patients of the testing set. An increase of lung volumes along the inspiration was obtained in both real and synthesized images consistently with expected breathing dynamics. At inspiration phase 30%, lung volumes were increased by 4.1 ± 1.2% (resp. 3.6 ± 1.2%) on average on the true (resp. synthesized) 4DCT image. At phase
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 3 Fig. 3. Evolution of lung volume relative to phase 0% for both real and synthesized images of the testing set. Curves show mean±standard deviation.