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Multiple sclerosis (MS) is a demyenalinating inflammatory neurological disease. In vivo biomarkers of myelin content are of major importance for patient care and clinical trials. Positron Emission Tomography (PET) with Pittsburgh Compound B (PiB) provides a specific myelin marker. However, it is not available in clinical routine. In this paper, we propose a method to generate myelin maps by synthesizing PiB PET from clinical routine MRI sequences (T1-weighted and FLAIR). To that purpose, we introduce a new curriculum learning strategy for training generative adversarial networks (GAN). Specifically, we design a curricular approach for training the discriminator: training starts with only lesion patches and random patches (from anywhere in the white matter) are progressively introduced. We relied on two distinct cohorts of MS patients acquired each on a different scanner and in a different country. One cohort was used for training/validation and the other one for testing. We found that the synthetic PiB PET was strongly correlated to the ground-truth both at the lesion level (r = 0.70, p < 10 -5 ) and the patient level (r = 0.74, p < 10 -5 ). Moreover, the correlations were stronger when using the curricular learning strategy compared to starting the discriminator training from random patches. Our results demonstrate the interest of this new curriculum learning strategy for PET image synthesis. Even though further evaluations are needed, our approach has the potential to provide a useful biomarker for clinical routine follow-up of patients with MS.

INTRODUCTION

Multiple Sclerosis (MS) is the leading cause of disability among young adults in North America and Europe; it's a chronic demyelinating inflammatory disease of the central nervous system, characterized by lesions visible on Magnetic Resonance Imaging (MRI). [START_REF] Filippi | Assessment of lesions on magnetic resonance imaging in multiple sclerosis: practical guidelines[END_REF] While MRI in a clinical setting provides an accessible non invasive tool for patient's routine follow-up, it doesn't give access to specific information about the biological mechanisms underlying the disease such as the myelin content.

Positron Emission Tomography (PET) with Pittsburgh Compound B (PiB) provides a specific myelin marker. [START_REF] Bodini | Dynamic imaging of individual remyelination profiles in multiple sclerosis[END_REF] However, it is expensive, invasive, irradiating and not easily accessible for patients. There is still a great need for an accessible and non-invasive MRI approach able to specifically quantify myelin content. Aiming to reach this goal, previous works [START_REF] Wei | Predicting PET-derived demyelination from multimodal MRI using sketcher-refiner adversarial training for multiple sclerosis[END_REF][START_REF] Wei | Predicting PET-derived myelin content from multisequence MRI for individual longitudinal analysis in multiple sclerosis[END_REF] used conditional generative adversarial networks (cGANs) for MRI-to-PET image synthesis. However, these works rely on MRI sequences (magnetization transfer ratio, diffusion tensor imaging) which are mainly used for research purposes and are not performed as part of clinical routine. Therefore, it would be of considerable usefulness to synthesize the myelin information contained in PIB-PET from sequences available in clinical routine.

In this paper, we propose, to the best of our knowledge for the first time, a new approach for PiB-PET synthesis to obtain myelin cartography from clinical routine MRI sequences, namely T1-weighted (T1w) and FLuid Attenuated Inversion Recovery (FLAIR). The method is based on cGANs. The originality of our approach is to introduce a new curriculum learning strategy for the discriminator which drives the learning to focus on pathological features of the disease by the use of a progressive anatomical sampling of the discriminator patches.

MATERIALS 2.1 Datasets

We used two independent cohorts: one for training/validation and one for testing. The two datasets were acquired on different scanners and in different countries (France and Brazil). In both cohorts, the patients underwent T1w and FLAIR MRI and [ 11 C] PiB PET quantified by Distribution Volume Ratios (DVR). The study was approved by the respective Institutional Ethical Committees and patients gave written informed consent.

Training/validation cohort (France) The training/validation cohort comprised 17 MS patients. MRI was acquired on a Siemens 3T machine and PET on a Siemens High Resolution Research Tomograph (HRRT). Subjects characteristics and PET quantification procedures have been described in a previous paper. [START_REF] Bodini | Dynamic imaging of individual remyelination profiles in multiple sclerosis[END_REF] Two patients had only one usable visit: they constituted our validation set. For the 15 remaining patients, we used their two visits for the training set which was thus constituted of 30 visits.

Testing cohort (Brazil) The independent test set was composed of 44 MS patients who underwent MRI and PET scans on a General Electric PET-MR system. Subjects characteristics, acquisition details and PET quantification have been described in a previous publication. [START_REF] Sales Pitombeira | Innate immune cells and myelin profile in multiple sclerosis: a multi-tracer PET/MR study[END_REF] 

Preprocessing

MS lesions were manually segmented on MRI by trained raters on T2 sequences. White matter (WM) segmentation and brain mask extraction was done using Freesurfer after lesion filling. Normal appearing white matter (NAWM) was defined as the white matter mask after removing MS lesions. T1w and FLAIR images were linearly coregistered onto the PET space for each patient using Advanced Normalization Tools (ANTS) * . [START_REF] Avants | Advanced normalization tools (ants)[END_REF] All images were cropped to focus on the signal within the brain, and re-sized to a final dimension of 128 × 128 × 128 voxels. Each subject was processed in its own PET space. T1w and FLAIR images were rescaled between [-1, 1] excluding the 5% of extreme values in their native intensities histograms. PiB-DVR values were not altered nor adjusted in any way.

METHODS

Proposed approach

Our approach is based on the introduction of a new curricular strategy for discriminator training in a cGAN. [START_REF] Isola | Image-to-image translation with conditional adversarial networks[END_REF] Fig. 1 summarizes our approach. We use a 3D UNet 8 for the generator, and a patch-based convolutional neural network (CNN) classifier for the discriminator. The discriminator uses patches of size 16 × 16 × 16. A patch can be either centered on the center of gravity of a randomly chosen lesion (what we call lesion patch) or centered on a random point within the WM mask (that could be lesional or not, what we call random patch). We propose a curricular strategy for training the discriminator: at the first epoch only lesion patches are considered for training, and the proportion of random patches linearly increases throughout epochs until it reaches 100% at epoch 150. We compared this approach to an anticurricular training strategy, which is the exact opposite, starting with random patches and progressively giving only lesion patches. The generator loss is the sum of the pixel loss (L1) and the adversarial loss (Mean Squared Error (MSE) between the prediction of the discriminator for generated patches and the true label). 

Implementation

The generator architecture is the following (resulting in 16,471,077 trainable parameters): The discriminator architecture is the following (resulting in 4,653,441 trainable parameters):

B ′ (64) → B ′ (128) → B ′ (256) → B ′ (512) → L(1) with B ′ (n) := {3D Convolution(n), striding = 3 → Batch N ormalization → LeakyReLU } and L(n) := {F latten, Linear(n), Sigmoid}
In the above, n represents the number of filters for convolutive blocks (B Block and B ′ ) or the number of output neurons for Linear blocks (L), E and D for Encoder and Decoder block respectively, ↓ indicates max pooling, ↑ indicates trilinear upsampling.

To facilitate training, we smoothed labels with a Gaussian filter with a mean of 0.8 (for labels equal to 1) or 0.2 (otherwise) and standard deviation of 0.3. The batch size was 1 (the whole volume) for the generator and 48 patches for the discriminator. We trained for 150 epochs with Adam optimizer. We used a variable learning rate in order to prevent situations where either the generator or the discriminator loss becomes uninformative.

EXPERIMENTS AND RESULTS

We computed Pearson correlations between synthetic and true PiB signals at two levels: lesion level and patient level. At the lesion level, we pooled all lesions of all subjects of the testing cohort (suppressing those with size below 50mm 3 to maintain the integrity of PET resolution, resulting in 528 lesions above 50mm 3 ). At the patient level, we averaged the mean difference between actual and synthetic PiB DVR signal of all lesions for a given patient, weighted by lesion's volume. At the lesion level, results of the curricular training showed a higher correlation (r = 0.70, p < 10 -5 ) between the mean true PiB DVR and the mean synthetic PiB DVR compared to the anti-curricular training (r = 0.62, p < 10 -5 ). At the patient level, we also found a stronger correlation (r = 0.74, p < 10 -5 ) for curricular training than for anticurricular training (r = 0.61, p < 10 -5 ). An example of result in an individual patient from the testing set is shown on Fig. 2. 

DISCUSSION

In this paper, we proposed a new approach based on curricular training of the discriminator in a conditional GAN to synthetize PET-derived myelin content, from clinical routine MRI sequences (T1w and FLAIR). On our independent external testing cohort, curricular training improved myelin content synthesis, with a strong correlation between synthetic and true lesional PiB DVR both at lesional level and at patient level. To the best of our knowledge, this is the first method that can synthesize myelin content from clinical routine MRI sequences.

A way to understand the superiority of curricular training is that lesions display more variability in their signal, so that to fool the discriminator, the generator has to start by providing credible outputs to the discriminator in the most variable regions. On the contrary, starting from randomly sampled patches in the WM (anti-curricular training) pushes the generator towards learning mainly the general anatomical relationship between T1w/FLAIR images and PiB DVR at the expense of pathological regions of interest like the demyelinated lesions.

Curriculum learning 9 has already been used in medical imaging, e.g. for classification of bone fractures 10 and mammograms, [START_REF] Lotter | A multi-scale CNN and curriculum learning strategy for mammogram classification[END_REF] or segmentation of cardiac MRI. [START_REF] Liu | Style curriculum learning for robust medical image segmentation[END_REF] As for image synthesis, curriculum learning has been introduced in GANs 13, 14 on 2D non medical images. Our results highlight, in a clinical context of 3D medical images, the interest of the curricular training process for focusing on relevant lesional areas in image synthesis.

Although our evaluation remains preliminary, our method has the potential to ultimately provide a clinically useful biomarker. A strength of our study is that the independent testing set was acquired on a different machine and in a different country, which is promising for generalizability. Moreover, the strong correlation in lesional myelin content at the patient level opens the perspective to apply our method to large-scale clinical MS cohorts (in which PET is not available, unlike T1w and FLAIR MRI) to study the correlation between the synthetic PiB DVR and clinical data such as disability scores. If such clinical correlations were to be demonstrated, it would increase the potential of our method as a disease biomarker usable for the routine follow-up of patients routine.

Our work has the following limitations. First, we did not assess here the impact of fixed oversampling strategies between lesion patches and white matter patches. Also, we have not yet performed a comparison between our approach and other strategies to focus the synthesis such as attention maps. [START_REF] Wei | Predicting PET-derived myelin content from multisequence MRI for individual longitudinal analysis in multiple sclerosis[END_REF] This will be done in future work.
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 1 Figure 1. Summary of the proposed approach.
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  E (32) ↓→ B E (64) ↓→ B E (128) ↓→ B E (256) ↓→ B E (512) →↑ B D (256) →↑ B D (128) →↑ B D (64) →↑ B D (32) → 3D Convolution(1) with B Block (n) := 2 × {3D Convolution(n) → Group N ormalization → ReLU } and skip connections between Encoder blocks B E (n) and Decoder blocks B D (n).

Figure 2 .

 2 Figure 2. On the same testing patient, A: T1w, B: FLAIR, C: True PiB DVR, D: different Regions of Interest (brain mask in green, white matter in white, lesions in different colors), E: synthetic PiB DVR from curricular training, F: synthetic PiB DVR from anti-curricular training.

* http://stnava.github.io/ANTs/
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