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Abstract

This paper presents MRPyrNet, a new convolutional neural network (CNN) architecture
that improves the capabilities of CNN-based pipelines for knee injury detection via magnetic
resonance imaging (MRI). Existing works showed that anomalies are localized in small-sized
knee regions that appear in particular areas of MRI scans. Based on such facts, MRPyrNet
exploits a Feature Pyramid Network to enhance small appearing features and Pyramidal
Detail Pooling to capture such relevant information in a robust way. Experimental results
on two publicly available datasets demonstrate that MRPyrNet improves the ACL tear and
meniscal tear diagnosis capabilities of two state-of-the-art methodologies. Code is available
at https://git.io/JtMPH.
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1. Introduction

Due to its complex and delicate anatomy, the knee is one of the body regions most suscepti-
ble to severe injuries. To evaluate and diagnose such disorders, magnetic resonance imaging
(MRI) is currently the standard clinical modality. This is because of the high accuracy this
sensory system gives for the diagnosis of pathologies such as the anterior cruciate ligament
(ACL) tear and meniscus tear (Rangger et al., 1996; Mackenzie et al., 1996; Cheung et al.,
1997; Oei et al., 2003). Indeed, the efficacy of MRI makes the knee the body structure
where musculoskeletal (MSK) examinations are performed more. However, an accurate in-
terpretation of knee MRIs requires a significant effort because of the volume and detail of
information contained in MRI exams. As shown by Kim et al. (2008), such a manual process
can lead to improper outcomes even when performed by board-certified MSK radiologists.
To mitigate these problems, Bien et al. (2018) recently proposed MRNet, a fully automated
system for knee MRI interpretation based on convolutional neural networks (CNNs). The
solution presents a pipeline in which an AlexNet-based CNN architecture (Krizhevsky et al.,
2012) is trained to predict the presence or absence of ACL tear, meniscal tear, or generic
abnormalities, given axial, coronal, and sagittal views of an MRI exam. For the same tasks,
Tsai et al. (2020) later proposed ELNet as an improved CNN architecture based on residual
connections, normalization layers, and blur pooling. Azcona et al. (2020) instead studied
the impact of transfer learning and data augmentation techniques on deep residual models.

Despite the promising results, the aforementioned deep learning solutions neglected the
particular anatomy of knee disorders. Indeed, the currently available methods learn an
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<latexit sha1_base64="qUXF4qMcE7M3M37ONlfvzxUkzro=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCBymJFNRb0YvHCtYW2hA22027dLMJu5tCCfknXjwo4tV/4s1/46bNQVsHFoaZ93izEyScKe0431ZlbX1jc6u6XdvZ3ds/sA+PnlScSkI7JOax7AVYUc4E7WimOe0lkuIo4LQbTO4KvzulUrFYPOpZQr0IjwQLGcHaSL5tDyKsx0GYJbmfsQs39+2603DmQKvELUkdSrR9+2swjEkaUaEJx0r1XSfRXoalZoTTvDZIFU0wmeAR7RsqcESVl82T5+jMKEMUxtI8odFc/b2R4UipWRSYySKnWvYK8T+vn+rw2suYSFJNBVkcClOOdIyKGtCQSUo0nxmCiWQmKyJjLDHRpqyaKcFd/vIqebpsuM3GzUOz3rot66jCCZzCObhwBS24hzZ0gMAUnuEV3qzMerHerY/FaMUqd47hD6zPH521k6o=</latexit>

Figure 1: Processing procedure of MRPyrNet. Each MRI slice si passes through a backbone
CNN (represented by the gray shapes). The feature maps produced are exploited in an FPN
strategy (represented by the green shapes), and in turn analyzed by the PDP modules (light
red shapes). These build the vectors {pi,l}Ll=1 which consist of representations containing
MRI information at multiple levels of detail.

MRI image representation that ultimately compresses, by a global pooling operation, the
2D spatial information of CNN feature maps into a vector of single scalar values. We argue
that such a process harms the detection of the relevant features of anomalies and that
it ultimately leads to wrong diagnosis predictions in more difficult and ambiguous cases.
Several works (Hash, 2013; Nguyen et al., 2014; Štajduhar et al., 2017; Lecouvet et al.,
2018; Bien et al., 2018) have shown that particular features associated with the diagnoses
are localized in specific regions of the knee, that appear very small and often localized
around the center of the MRI images. This is especially true for the ACL tear (Hash, 2013)
and meniscal tear (Nguyen et al., 2014; Lecouvet et al., 2018).

Following such an intuition, we present MRPyrNet, a novel CNN architecture capable
of capturing the relevant information of knee disorders in such image areas. Since feature
pyramids (Adelson et al., 1984) showed to be effective for the better detection of pathologies
(Liu et al., 2019b; Xiao et al., 2019; Hao et al., 2020), our solution comprises a Feature
Pyramid Network (FPN) (Lin et al., 2017) to better detect small-sized features, and a
Pyramidal Detail Pooling (PDP) module to analyze features at multiple levels of detail.
Our plug-and-play strategy can be applied to any existing backbone CNN. We show how
to apply it to the pipelines of MRNet (Bien et al., 2018) and ELNet (Tsai et al., 2020)
for the detection of the ACL and meniscal tears. Our experiments indicate that including
priors on the disorders is important to improve the diagnostic capabilities of state-of-the-art
methodologies.

2. Methodology

In this section, we describe the processing procedure of MRPyrNet and of its components,
which are shown as a whole in Figure 1. We assume an MRI exam consisting of a sequence
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<latexit sha1_base64="c5UKwaufGCTWdUOMTYCxRdplAyg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgQkoiBXVXFMRlBfuANoTJdNIOnUzCzKRQQv7EjQtF3Pon7vwbp20W2npg4HDOvdwzJ0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjO9mfmdCpWKxeNLThHoRHgoWMoK1kXzb7kdYj4Iwu8/9jF3w3LerTs2ZA60StyBVKND07a/+ICZpRIUmHCvVc51EexmWmhFO80o/VTTBZIyHtGeowBFVXjZPnqMzowxQGEvzhEZz9fdGhiOlplFgJmc51bI3E//zeqkOr72MiSTVVJDFoTDlSMdoVgMaMEmJ5lNDMJHMZEVkhCUm2pRVMSW4y19eJe3Lmluv3TzWq43boo4ynMApnIMLV9CAB2hCCwhM4Ble4c3KrBfr3fpYjJasYucY/sD6/AG2jpO7</latexit>

Wl

<latexit sha1_base64="qFS/5jkTJy4qQPbqpb1tVmUFiTA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzSRBP6JDyUPOqLHSQ7sv+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuql6ten1fq9Rv8jiKcAKncA4eXEId7qABTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QM2to3G</latexit>

Hl

<latexit sha1_base64="GyruA/tDkHMOwVRFRqIFVmkrecg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLz1WtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzSRBP6JDyUPOqLHSQ70v+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqt5l9eb+slK7zeMowgmcwjl4cAU1qEMDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcf3I23</latexit>

C l

<latexit sha1_base64="gLh95iDcfFgIguFMmzN9q/fUzCc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG/FXjxWtB/QhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+sxvP6HSPJaPZpKgH9Gh5CFn1Fjpod4X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+yenN/Wand5nEU4QRO4Rw8uIIa3EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcYPo2y</latexit>

d = 2

<latexit sha1_base64="TiQ290SbodVwxKBorJHgvQXPf/k=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuwvQR2i6EohuXFUxbaEOZTCbt0MkkzEyEEvoNblwo4tYPcuffOGkrqOiBC4dz7uXee/yEM6UR+rDW1jc2t7YLO8Xdvf2Dw9LRcVfFqSTUJTGPZd/HinImqKuZ5rSfSIojn9OeP73O/d49lYrF4k7PEupFeCxYyAjWRnIDeAmro1IZ2dVWreE4ENktp4WaOUHVes1BsGKjBcpghc6o9D4MYpJGVGjCsVKDCkq0l2GpGeF0XhymiiaYTPGYDgwVOKLKyxbHzuG5UQIYxtKU0HChfp/IcKTULPJNZ4T1RP32cvEvb5DqsOllTCSppoIsF4UphzqG+ecwYJISzWeGYCKZuRWSCZaYaJNP0YTw9Sn8n3SrdqVut27r5fbVKo4COAVn4AJUQAO0wQ3oABcQwMADeALPlrAerRfrddm6Zq1mTsAPWG+f4R+OHA==</latexit>

d = 0

<latexit sha1_base64="w4ZUlsLem9NP3GmK4VADpzgOew8=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFSam9rEQim5cVjBtoQ1lMpm0g5NJmJkIpfQb3LhQxK0f5M6/cZpWUNEDFw7n3Mu99wQpZ0oj9GEVVlbX1jeKm6Wt7Z3dvfL+QUclmSTUIwlPZC/AinImqKeZ5rSXSorjgNNucHc197v3VCqWiFs9Sakf45FgESNYG8kL4QVEw3IF2U23VnebENnIdc9dNydOrdaAjo1yVMAS7WH5fRAmJIup0IRjpfoOSrU/xVIzwumsNMgUTTG5wyPaN1TgmCp/mh87gydGCWGUSFNCw1z9PjHFsVKTODCdMdZj9dubi395/UxHDX/KRJppKshiUZRxqBM4/xyGTFKi+cQQTCQzt0IyxhITbfIpmRC+PoX/k86Z7VTt5k210rpcxlEER+AYnAIH1EELXIM28AABDDyAJ/BsCevRerFeF60FazlzCH7AevsE2XWOFw==</latexit>

d = 1

<latexit sha1_base64="2HXGUuuOTAr1D6raBb6upmQuK+Y=">AAAB7HicdVBNS8NAEJ34WetX1aOXxSJ4Ckmb0vYgFL14rGDaQhvKZrttl242YXcjlNDf4MWDIl79Qd78N24/BBV9MPB4b4aZeWHCmdKO82GtrW9sbm3ndvK7e/sHh4Wj45aKU0moT2Iey06IFeVMUF8zzWknkRRHIaftcHI999v3VCoWizs9TWgQ4ZFgQ0awNpI/QJfI7ReKju2Wy17ZRY5dcUq1kmdIvV71KlXk2s4CRVih2S+89wYxSSMqNOFYqa7rJDrIsNSMcDrL91JFE0wmeES7hgocURVki2Nn6NwoAzSMpSmh0UL9PpHhSKlpFJrOCOux+u3Nxb+8bqqHtSBjIkk1FWS5aJhypGM0/xwNmKRE86khmEhmbkVkjCUm2uSTNyF8fYr+J62S7Xp2/dYrNq5WceTgFM7gAlyoQgNuoAk+EGDwAE/wbAnr0XqxXpeta9Zq5gR+wHr7BNhUjhc=</latexit>
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…

…

…
P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

P(·)

<latexit sha1_base64="18CU24QbKVxk2+Qmu8FK/1Dzr0g=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHqpiRSUHdFNy4r2Ac0oUwmk3boZCbMTMQS8ituXCji1h9x5984abPQ1gMDh3Pu5Z45QcKo0o7zba2tb2xubVd2qrt7+weH9lGtp0QqMeliwYQcBEgRRjnpaqoZGSSSoDhgpB9Mbwu//0ikooI/6FlC/BiNOY0oRtpII7vmxUhPMGJZJ294OBT6fGTXnaYzB1wlbknqoERnZH95ocBpTLjGDCk1dJ1E+xmSmmJG8qqXKpIgPEVjMjSUo5goP5tnz+GZUUIYCWke13Cu/t7IUKzULA7MZJFULXuF+J83THV05WeUJ6kmHC8ORSmDWsCiCBhSSbBmM0MQltRkhXiCJMLa1FU1JbjLX14lvYum22pe37fq7Zuyjgo4AaegAVxwCdrgDnRAF2DwBJ7BK3izcuvFerc+FqNrVrlzDP7A+vwBuFyUQA==</latexit>

…
Concat

pi,l

<latexit sha1_base64="2hCkdkiY43YvNC3v1Fed0Lgisbs=">AAAB+XicbVBNS8NAFHypX7V+RT16WSyCBymJFNRb0YvHCtYW2hA22027dLMJu5tCCfknXjwo4tV/4s1/46bNQVsHFoaZ93izEyScKe0431ZlbX1jc6u6XdvZ3ds/sA+PnlScSkI7JOax7AVYUc4E7WimOe0lkuIo4LQbTO4KvzulUrFYPOpZQr0IjwQLGcHaSL5tDyKsx0GYJbmfsQue+3bdaThzoFXilqQOJdq+/TUYxiSNqNCEY6X6rpNoL8NSM8JpXhukiiaYTPCI9g0VOKLKy+bJc3RmlCEKY2me0Giu/t7IcKTULArMZJFTLXuF+J/XT3V47WVMJKmmgiwOhSlHOkZFDWjIJCWazwzBRDKTFZExlphoU1bNlOAuf3mVPF023Gbj5qFZb92WdVThBE7hHFy4ghbcQxs6QGAKz/AKb1ZmvVjv1sditGKVO8fwB9bnD/dck+U=</latexit>

Hl,2

<latexit sha1_base64="cjifep3/M++DerHJhiJ3W79e5yQ=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCFTazuzK7rpsoJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPTAhcM593LvPUHCmdIIfVi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLmZ+517KhWLxZ2eJtSP8EiwkBGsjdRpDDJ+UZ4NiiVkX6Irt1yFyPY8t+LVDEHlquMi6NhogRJYoTkovveHMUkjKjThWKmegxLtZ1hqRjidFfqpogkmEzyiPUMFjqjys8W5M3hmlCEMY2lKaLhQv09kOFJqGgWmM8J6rH57c/Evr5fq0PUzJpJUU0GWi8KUQx3D+e9wyCQlmk8NwUQycyskYywx0Sahggnh61P4P2mXbadie7eVUv16FUcenIBTcA4cUAN10ABN0AIETMADeALPVmI9Wi/W67I1Z61mjsEPWG+fPoCPjA==</latexit>

Wl,2

<latexit sha1_base64="r3I9rbEt7CSIdZWX6cfHMbXxRX8=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAguJExqbZNd0Y3LCrYptKFMppN26GQSZiZCCf0INy4Ucev3uPNvnD4EFT1w4XDOvdx7T5hypjRCH9bK6tr6xmZhq7i9s7u3Xzo4bKskk4S2SMIT2QmxopwJ2tJMc9pJJcVxyKkfjq9nvn9PpWKJuNOTlAYxHgoWMYK1kXy/n/PzyrRfKiP7Al26lRpEtue5Va9uCKrUHBdBx0ZzlMESzX7pvTdISBZToQnHSnUdlOogx1Izwum02MsUTTEZ4yHtGipwTFWQz8+dwlOjDGCUSFNCw7n6fSLHsVKTODSdMdYj9dubiX953UxHbpAzkWaaCrJYFGUc6gTOfocDJinRfGIIJpKZWyEZYYmJNgkVTQhfn8L/SbtiO1Xbu62WG1fLOArgGJyAM+CAOmiAG9AELUDAGDyAJ/Bspdaj9WK9LlpXrOXMEfgB6+0TVZaPmw==</latexit>

Wl,1

<latexit sha1_base64="Jdn7bcPtg+6o1eYrPAniQ/UqznQ=">AAAB7nicdVBNS8NAEJ34WetX1aOXxSJ4kJC0KW1vRS8eK9im0Iay2W7bpZtN2N0IJfRHePGgiFd/jzf/jdsPQUUfDDzem2FmXphwprTjfFhr6xubW9u5nfzu3v7BYeHouK3iVBLaIjGPZSfEinImaEszzWknkRRHIad+OLme+/49lYrF4k5PExpEeCTYkBGsjeT7/YxfurN+oejYbrnslV3k2BWnVCt5htTrVa9SRa7tLFCEFZr9wntvEJM0okITjpXquk6igwxLzQins3wvVTTBZIJHtGuowBFVQbY4d4bOjTJAw1iaEhot1O8TGY6Umkah6YywHqvf3lz8y+umelgLMiaSVFNBlouGKUc6RvPf0YBJSjSfGoKJZOZWRMZYYqJNQnkTwten6H/SLtmuZ9dvvWLjahVHDk7hDC7AhSo04Aaa0AICE3iAJ3i2EuvRerFel61r1mrmBH7AevsERIOPkA==</latexit>

Hl,1

<latexit sha1_base64="2zSsmC7Rp6b+OcD5xFllnXzq+TU=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgQZbdZEOSW9BLjhHMA5IlzE4myZDZ2WVmVghLPsKLB0W8+j3e/BsnD0FFCxqKqm66u4KYM6Ud58PKbGxube9kd3N7+weHR/njk7aKEkloi0Q8kt0AK8qZoC3NNKfdWFIcBpx2gunNwu/cU6lYJO70LKZ+iMeCjRjB2kidxiDlV+58kC84tlsqeSUXOXbZKVaLniG1WsUrV5BrO0sUYI3mIP/eH0YkCanQhGOleq4Taz/FUjPC6TzXTxSNMZniMe0ZKnBIlZ8uz52jC6MM0SiSpoRGS/X7RIpDpWZhYDpDrCfqt7cQ//J6iR5V/ZSJONFUkNWiUcKRjtDidzRkkhLNZ4ZgIpm5FZEJlphok1DOhPD1KfqftIu269m1W69Qv17HkYUzOIdLcKECdWhAE1pAYAoP8ATPVmw9Wi/W66o1Y61nTuEHrLdPLW2PgQ==</latexit>

Wl,0

<latexit sha1_base64="8MFdDi3kW63jN2wKJyOhmsN73EM=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAguJExM7WNXdOOygm0KbSiT6aQdOpmEmYlQQj/CjQtF3Po97vwbp2kFFT1w4XDOvdx7T5BwpjRCH9bK6tr6xmZhq7i9s7u3Xzo47Kg4lYS2Scxj2Q2wopwJ2tZMc9pNJMVRwKkXTK7nvndPpWKxuNPThPoRHgkWMoK1kTxvkPFzNBuUyshuuNWa24DIRq576bo5carVOnRslKMMlmgNSu/9YUzSiApNOFaq56BE+xmWmhFOZ8V+qmiCyQSPaM9QgSOq/Cw/dwZPjTKEYSxNCQ1z9ftEhiOlplFgOiOsx+q3Nxf/8nqpDut+xkSSairIYlGYcqhjOP8dDpmkRPOpIZhIZm6FZIwlJtokVDQhfH0K/yedC9up2I3bSrl5tYyjAI7BCTgDDqiBJrgBLdAGBEzAA3gCz1ZiPVov1uuidcVazhyBH7DePgFFo4+Q</latexit>

Hl,0

<latexit sha1_base64="rQyHawN3/Oqc2C/2/ULJuMeBixw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCHj1D52RTddVrAPaIeSSTNtaCYzJBmhDP0INy4Ucev3uPNvTKcVVPTAhcM593LvPX7MmdIIfVi5tfWNza38dmFnd2//oHh41FFRIgltk4hHsudjRTkTtK2Z5rQXS4pDn9OuP71Z+N17KhWLxJ2exdQL8ViwgBGsjdRtDlN+gebDYgnZdbdSdesQ2ch1r1w3I06lUoOOjTKUwAqtYfF9MIpIElKhCcdK9R0Uay/FUjPC6bwwSBSNMZniMe0bKnBIlZdm587hmVFGMIikKaFhpn6fSHGo1Cz0TWeI9UT99hbiX14/0UHNS5mIE00FWS4KEg51BBe/wxGTlGg+MwQTycytkEywxESbhAomhK9P4f+kc2k7Zbt+Wy41rldx5MEJOAXnwAFV0ABN0AJtQMAUPIAn8GzF1qP1Yr0uW3PWauYY/ID19gkujY+B</latexit>

PDP inputs
| {z }<latexit sha1_base64="cEj7dvgQkJg+AVorW91MC1gILrs=">AAACLniclVDLSgNBEOyNrxhfqx69DIrgKex60WNQBL1FMA9IQpid7SRDZmfXmVkhLPkdL178FT0IKuLVz3DyOGjixYJuiqpuZrqCRHBtPO/VyS0sLi2v5FcLa+sbm1vu9k5Vx6liWGGxiFU9oBoFl1gx3AisJwppFAisBf3zkV+7Q6V5LG/MIMFWRLuSdzijxkpt96KZyhBVoCjDrHmb0pD8sw/b2bDtHnhFbwwyT/wpOShd3SMBgHLbfW6GMUsjlIYJqnXD9xLTyqgynAkcFpqpxoSyPu1iw1JJI9StbHzukBxaJSSdWNmShozVnxsZjbQeRIGdjKjp6VlvJP7lNVLTOW1lXCapQckmD3VSQUxMRtmRkCtkRgwsoUxx+1fCetRGZ2zCBRuCP3vyPKkeF32v6F/bNM5ggjzswT4cgQ8nUIJLKEMFGDzAE7zBu/PovDgfzudkNOdMd3bhF5yvb8TUqxI=</latexit><latexit sha1_base64="r5eB95bbBu3JmDNQk7XJp+hfNtY=">AAACLniclVDLSgMxFM34rPU16tKFwSK4KjNudCVFEXRXwT6gHUomc6cNzWTGJCOUoR/gjwjixl/RhaAibv0M08dCWzceuJfDOfeS3OMnnCntOK/WzOzc/MJibim/vLK6tm5vbFZVnEoKFRrzWNZ9ooAzARXNNId6IoFEPoea3z0d+LUbkIrF4kr3EvAi0hYsZJRoI7Xss2YqApC+JBSy5nVKAvzP3m9l/ZZdcIrOEHiauGNSKF3cwc7x7X25ZT83g5imEQhNOVGq4TqJ9jIiNaMc+vlmqiAhtEva0DBUkAiUlw3P7eM9owQ4jKUpofFQ/bmRkUipXuSbyYjojpr0BuJfXiPV4ZGXMZGkGgQdPRSmHOsYD7LDAZNANe8ZQqhk5q+YdoiJTpuE8yYEd/LkaVI9KLpO0b00aZygEXJoG+2ifeSiQ1RC56iMKoiiB/SE3tC79Wi9WB/W52h0xhrvbKFfsL6+Aa7PrIE=</latexit><latexit sha1_base64="r5eB95bbBu3JmDNQk7XJp+hfNtY=">AAACLniclVDLSgMxFM34rPU16tKFwSK4KjNudCVFEXRXwT6gHUomc6cNzWTGJCOUoR/gjwjixl/RhaAibv0M08dCWzceuJfDOfeS3OMnnCntOK/WzOzc/MJibim/vLK6tm5vbFZVnEoKFRrzWNZ9ooAzARXNNId6IoFEPoea3z0d+LUbkIrF4kr3EvAi0hYsZJRoI7Xss2YqApC+JBSy5nVKAvzP3m9l/ZZdcIrOEHiauGNSKF3cwc7x7X25ZT83g5imEQhNOVGq4TqJ9jIiNaMc+vlmqiAhtEva0DBUkAiUlw3P7eM9owQ4jKUpofFQ/bmRkUipXuSbyYjojpr0BuJfXiPV4ZGXMZGkGgQdPRSmHOsYD7LDAZNANe8ZQqhk5q+YdoiJTpuE8yYEd/LkaVI9KLpO0b00aZygEXJoG+2ifeSiQ1RC56iMKoiiB/SE3tC79Wi9WB/W52h0xhrvbKFfsL6+Aa7PrIE=</latexit><latexit sha1_base64="wTs0kpx/ce2DGfljUDXKfY2j1L8=">AAACLniclVDLSsNAFJ34rPUVdelmsAiuSuJGl0URXFawD2hKmExu2qGTSZyZCCXki9z4K7oQVMStn+G0zUJbNx64l8M59zJzT5ByprTjvFpLyyura+uVjerm1vbOrr2331ZJJim0aMIT2Q2IAs4EtDTTHLqpBBIHHDrB6HLid+5BKpaIWz1OoR+TgWARo0QbybevvEyEIANJKOTeXUZC/M9e+Hnh2zWn7kyBF4lbkhoq0fTtZy9MaBaD0JQTpXquk+p+TqRmlENR9TIFKaEjMoCeoYLEoPr59NwCHxslxFEiTQmNp+rPjZzESo3jwEzGRA/VvDcR//J6mY7O+zkTaaZB0NlDUcaxTvAkOxwyCVTzsSGESmb+iumQmOi0SbhqQnDnT14k7dO669TdG6fWuCjjqKBDdIROkIvOUANdoyZqIYoe0BN6Q+/Wo/VifVifs9Elq9w5QL9gfX0Dd0qpXg==</latexit> | {z }<latexit sha1_base64="cEj7dvgQkJg+AVorW91MC1gILrs=">AAACLniclVDLSgNBEOyNrxhfqx69DIrgKex60WNQBL1FMA9IQpid7SRDZmfXmVkhLPkdL178FT0IKuLVz3DyOGjixYJuiqpuZrqCRHBtPO/VyS0sLi2v5FcLa+sbm1vu9k5Vx6liWGGxiFU9oBoFl1gx3AisJwppFAisBf3zkV+7Q6V5LG/MIMFWRLuSdzijxkpt96KZyhBVoCjDrHmb0pD8sw/b2bDtHnhFbwwyT/wpOShd3SMBgHLbfW6GMUsjlIYJqnXD9xLTyqgynAkcFpqpxoSyPu1iw1JJI9StbHzukBxaJSSdWNmShozVnxsZjbQeRIGdjKjp6VlvJP7lNVLTOW1lXCapQckmD3VSQUxMRtmRkCtkRgwsoUxx+1fCetRGZ2zCBRuCP3vyPKkeF32v6F/bNM5ggjzswT4cgQ8nUIJLKEMFGDzAE7zBu/PovDgfzudkNOdMd3bhF5yvb8TUqxI=</latexit><latexit sha1_base64="r5eB95bbBu3JmDNQk7XJp+hfNtY=">AAACLniclVDLSgMxFM34rPU16tKFwSK4KjNudCVFEXRXwT6gHUomc6cNzWTGJCOUoR/gjwjixl/RhaAibv0M08dCWzceuJfDOfeS3OMnnCntOK/WzOzc/MJibim/vLK6tm5vbFZVnEoKFRrzWNZ9ooAzARXNNId6IoFEPoea3z0d+LUbkIrF4kr3EvAi0hYsZJRoI7Xss2YqApC+JBSy5nVKAvzP3m9l/ZZdcIrOEHiauGNSKF3cwc7x7X25ZT83g5imEQhNOVGq4TqJ9jIiNaMc+vlmqiAhtEva0DBUkAiUlw3P7eM9owQ4jKUpofFQ/bmRkUipXuSbyYjojpr0BuJfXiPV4ZGXMZGkGgQdPRSmHOsYD7LDAZNANe8ZQqhk5q+YdoiJTpuE8yYEd/LkaVI9KLpO0b00aZygEXJoG+2ifeSiQ1RC56iMKoiiB/SE3tC79Wi9WB/W52h0xhrvbKFfsL6+Aa7PrIE=</latexit><latexit sha1_base64="r5eB95bbBu3JmDNQk7XJp+hfNtY=">AAACLniclVDLSgMxFM34rPU16tKFwSK4KjNudCVFEXRXwT6gHUomc6cNzWTGJCOUoR/gjwjixl/RhaAibv0M08dCWzceuJfDOfeS3OMnnCntOK/WzOzc/MJibim/vLK6tm5vbFZVnEoKFRrzWNZ9ooAzARXNNId6IoFEPoea3z0d+LUbkIrF4kr3EvAi0hYsZJRoI7Xss2YqApC+JBSy5nVKAvzP3m9l/ZZdcIrOEHiauGNSKF3cwc7x7X25ZT83g5imEQhNOVGq4TqJ9jIiNaMc+vlmqiAhtEva0DBUkAiUlw3P7eM9owQ4jKUpofFQ/bmRkUipXuSbyYjojpr0BuJfXiPV4ZGXMZGkGgQdPRSmHOsYD7LDAZNANe8ZQqhk5q+YdoiJTpuE8yYEd/LkaVI9KLpO0b00aZygEXJoG+2ifeSiQ1RC56iMKoiiB/SE3tC79Wi9WB/W52h0xhrvbKFfsL6+Aa7PrIE=</latexit><latexit sha1_base64="wTs0kpx/ce2DGfljUDXKfY2j1L8=">AAACLniclVDLSsNAFJ34rPUVdelmsAiuSuJGl0URXFawD2hKmExu2qGTSZyZCCXki9z4K7oQVMStn+G0zUJbNx64l8M59zJzT5ByprTjvFpLyyura+uVjerm1vbOrr2331ZJJim0aMIT2Q2IAs4EtDTTHLqpBBIHHDrB6HLid+5BKpaIWz1OoR+TgWARo0QbybevvEyEIANJKOTeXUZC/M9e+Hnh2zWn7kyBF4lbkhoq0fTtZy9MaBaD0JQTpXquk+p+TqRmlENR9TIFKaEjMoCeoYLEoPr59NwCHxslxFEiTQmNp+rPjZzESo3jwEzGRA/VvDcR//J6mY7O+zkTaaZB0NlDUcaxTvAkOxwyCVTzsSGESmb+iumQmOi0SbhqQnDnT14k7dO669TdG6fWuCjjqKBDdIROkIvOUANdoyZqIYoe0BN6Q+/Wo/VifVifs9Elq9w5QL9gfX0Dd0qpXg==</latexit>

PDP processingSlice-level
sub-regions

Wl,0

<latexit sha1_base64="8MFdDi3kW63jN2wKJyOhmsN73EM=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAguJExM7WNXdOOygm0KbSiT6aQdOpmEmYlQQj/CjQtF3Po97vwbp2kFFT1w4XDOvdx7T5BwpjRCH9bK6tr6xmZhq7i9s7u3Xzo47Kg4lYS2Scxj2Q2wopwJ2tZMc9pNJMVRwKkXTK7nvndPpWKxuNPThPoRHgkWMoK1kTxvkPFzNBuUyshuuNWa24DIRq576bo5carVOnRslKMMlmgNSu/9YUzSiApNOFaq56BE+xmWmhFOZ8V+qmiCyQSPaM9QgSOq/Cw/dwZPjTKEYSxNCQ1z9ftEhiOlplFgOiOsx+q3Nxf/8nqpDut+xkSSairIYlGYcqhjOP8dDpmkRPOpIZhIZm6FZIwlJtokVDQhfH0K/yedC9up2I3bSrl5tYyjAI7BCTgDDqiBJrgBLdAGBEzAA3gCz1ZiPVov1uuidcVazhyBH7DePgFFo4+Q</latexit>

Hl,0

<latexit sha1_base64="rQyHawN3/Oqc2C/2/ULJuMeBixw=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCHj1D52RTddVrAPaIeSSTNtaCYzJBmhDP0INy4Ucev3uPNvTKcVVPTAhcM593LvPX7MmdIIfVi5tfWNza38dmFnd2//oHh41FFRIgltk4hHsudjRTkTtK2Z5rQXS4pDn9OuP71Z+N17KhWLxJ2exdQL8ViwgBGsjdRtDlN+gebDYgnZdbdSdesQ2ch1r1w3I06lUoOOjTKUwAqtYfF9MIpIElKhCcdK9R0Uay/FUjPC6bwwSBSNMZniMe0bKnBIlZdm587hmVFGMIikKaFhpn6fSHGo1Cz0TWeI9UT99hbiX14/0UHNS5mIE00FWS4KEg51BBe/wxGTlGg+MwQTycytkEywxESbhAomhK9P4f+kc2k7Zbt+Wy41rldx5MEJOAXnwAFV0ABN0AJtQMAUPIAn8GzF1qP1Yr0uW3PWauYY/ID19gkujY+B</latexit>

Wl,1

<latexit sha1_base64="Jdn7bcPtg+6o1eYrPAniQ/UqznQ=">AAAB7nicdVBNS8NAEJ34WetX1aOXxSJ4kJC0KW1vRS8eK9im0Iay2W7bpZtN2N0IJfRHePGgiFd/jzf/jdsPQUUfDDzem2FmXphwprTjfFhr6xubW9u5nfzu3v7BYeHouK3iVBLaIjGPZSfEinImaEszzWknkRRHIad+OLme+/49lYrF4k5PExpEeCTYkBGsjeT7/YxfurN+oejYbrnslV3k2BWnVCt5htTrVa9SRa7tLFCEFZr9wntvEJM0okITjpXquk6igwxLzQins3wvVTTBZIJHtGuowBFVQbY4d4bOjTJAw1iaEhot1O8TGY6Umkah6YywHqvf3lz8y+umelgLMiaSVFNBlouGKUc6RvPf0YBJSjSfGoKJZOZWRMZYYqJNQnkTwten6H/SLtmuZ9dvvWLjahVHDk7hDC7AhSo04Aaa0AICE3iAJ3i2EuvRerFel61r1mrmBH7AevsERIOPkA==</latexit>

Hl,1

<latexit sha1_base64="2zSsmC7Rp6b+OcD5xFllnXzq+TU=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgQZbdZEOSW9BLjhHMA5IlzE4myZDZ2WVmVghLPsKLB0W8+j3e/BsnD0FFCxqKqm66u4KYM6Ud58PKbGxube9kd3N7+weHR/njk7aKEkloi0Q8kt0AK8qZoC3NNKfdWFIcBpx2gunNwu/cU6lYJO70LKZ+iMeCjRjB2kidxiDlV+58kC84tlsqeSUXOXbZKVaLniG1WsUrV5BrO0sUYI3mIP/eH0YkCanQhGOleq4Taz/FUjPC6TzXTxSNMZniMe0ZKnBIlZ8uz52jC6MM0SiSpoRGS/X7RIpDpWZhYDpDrCfqt7cQ//J6iR5V/ZSJONFUkNWiUcKRjtDidzRkkhLNZ4ZgIpm5FZEJlphok1DOhPD1KfqftIu269m1W69Qv17HkYUzOIdLcKECdWhAE1pAYAoP8ATPVmw9Wi/W66o1Y61nTuEHrLdPLW2PgQ==</latexit>

Hl,2

<latexit sha1_base64="cjifep3/M++DerHJhiJ3W79e5yQ=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCFTazuzK7rpsoJ9QDuUTJppQzOZIckIZehHuHGhiFu/x51/Y/oQVPTAhcM593LvPUHCmdIIfVi5tfWNza38dmFnd2//oHh41FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOMLmZ+517KhWLxZ2eJtSP8EiwkBGsjdRpDDJ+UZ4NiiVkX6Irt1yFyPY8t+LVDEHlquMi6NhogRJYoTkovveHMUkjKjThWKmegxLtZ1hqRjidFfqpogkmEzyiPUMFjqjys8W5M3hmlCEMY2lKaLhQv09kOFJqGgWmM8J6rH57c/Evr5fq0PUzJpJUU0GWi8KUQx3D+e9wyCQlmk8NwUQycyskYywx0Sahggnh61P4P2mXbadie7eVUv16FUcenIBTcA4cUAN10ABN0AIETMADeALPVmI9Wi/W67I1Z61mjsEPWG+fPoCPjA==</latexit>

Wl,2

<latexit sha1_base64="r3I9rbEt7CSIdZWX6cfHMbXxRX8=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAguJExqbZNd0Y3LCrYptKFMppN26GQSZiZCCf0INy4Ucev3uPNvnD4EFT1w4XDOvdx7T5hypjRCH9bK6tr6xmZhq7i9s7u3Xzo4bKskk4S2SMIT2QmxopwJ2tJMc9pJJcVxyKkfjq9nvn9PpWKJuNOTlAYxHgoWMYK1kXy/n/PzyrRfKiP7Al26lRpEtue5Va9uCKrUHBdBx0ZzlMESzX7pvTdISBZToQnHSnUdlOogx1Izwum02MsUTTEZ4yHtGipwTFWQz8+dwlOjDGCUSFNCw7n6fSLHsVKTODSdMdYj9dubiX953UxHbpAzkWaaCrJYFGUc6gTOfocDJinRfGIIJpKZWyEZYYmJNgkVTQhfn8L/SbtiO1Xbu62WG1fLOArgGJyAM+CAOmiAG9AELUDAGDyAJ/Bspdaj9WK9LlpXrOXMEfgB6+0TVZaPmw==</latexit>

W0,0

<latexit sha1_base64="+IXkiCGQbowTmFMobJhNd0+zFOc=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAguJExM7WNXdOOygm0KbSiT6aQdOpmEmYlQQj/CjQtF3Po97vwbp2kFFT1w4XDOvdx7T5BwpjRCH9bK6tr6xmZhq7i9s7u3Xzo47Kg4lYS2Scxj2Q2wopwJ2tZMc9pNJMVRwKkXTK7nvndPpWKxuNPThPoRHgkWMoK1kTxvkKFzNBuUyshuuNWa24DIRq576bo5carVOnRslKMMlmgNSu/9YUzSiApNOFaq56BE+xmWmhFOZ8V+qmiCyQSPaM9QgSOq/Cw/dwZPjTKEYSxNCQ1z9ftEhiOlplFgOiOsx+q3Nxf/8nqpDut+xkSSairIYlGYcqhjOP8dDpmkRPOpIZhIZm6FZIwlJtokVDQhfH0K/yedC9up2I3bSrl5tYyjAI7BCTgDDqiBJrgBLdAGBEzAA3gCz1ZiPVov1uuidcVazhyBH7DePgHp8I9U</latexit>

H0,0

<latexit sha1_base64="GkdHUUIzMr2JRdzo/fwGxq/+meM=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4kCHj1D52RTddVrAPaIeSSTNtaCYzJBmhDP0INy4Ucev3uPNvTKcVVPTAhcM593LvPX7MmdIIfVi5tfWNza38dmFnd2//oHh41FFRIgltk4hHsudjRTkTtK2Z5rQXS4pDn9OuP71Z+N17KhWLxJ2exdQL8ViwgBGsjdRtDlN0gebDYgnZdbdSdesQ2ch1r1w3I06lUoOOjTKUwAqtYfF9MIpIElKhCcdK9R0Uay/FUjPC6bwwSBSNMZniMe0bKnBIlZdm587hmVFGMIikKaFhpn6fSHGo1Cz0TWeI9UT99hbiX14/0UHNS5mIE00FWS4KEg51BBe/wxGTlGg+MwQTycytkEywxESbhAomhK9P4f+kc2k7Zbt+Wy41rldx5MEJOAXnwAFV0ABN0AJtQMAUPIAn8GzF1qP1Yr0uW3PWauYY/ID19gnS2o9F</latexit>
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Figure 2: Visual representation of the operation performed by the PDP module with D = 3.
PDP gets in input the FPN feature maps Fi,l, and a set of D sub-regions, located in Fi,l

center, with sizes (Wl,d, Hl,d) that are obtained after the dimensions (W0,d, H0,d) generated
at slice level. For each detail level d, Fi,l is pooled channel-wise by means of the function
P(·) in the area defined by each size (Wl,d, Hl,d). This operation generates D vectors that
are then concatenated together into pi,l which is the output of the proposed module.

of S×W ×H×C slices, where C is the number of image channels used to represent a slice,
is given in input to a standard CNN-based pipeline (Bien et al., 2018; Tsai et al., 2020).

Backbone. Each slice si, i ∈ {0, · · · , S − 1} of an MRI exam is first processed by a
backbone CNN (e.g. MRNet’s AlexNet) that produces feature map representations carrying
semantically different information. This is achieved by considering the output feature maps
of the backbone CNN’s intermediate layers. More formally, we consider Bi,l ∈ RWl×Hl×Cl

as the output of the l-th layer of a backbone CNN as given by the function fl(si) which is
inputted with si. In our setting, we consider l ∈ {1, · · · , L}, L = 5, thereby exploiting 5
semantically-different CNN outputs. The execution of the backbone thus generates the set
of feature maps {Bi,1,Bi,2,Bi,3,Bi,4,Bi,5}.
Feature Pyramid Network. Since it has been shown that knee anomalies occupy small
regions in the MRI slices (Hash, 2013; Nguyen et al., 2014; Lecouvet et al., 2018), we ex-
ploit an FPN architecture (Lin et al., 2017) which demonstrated to be particularly effective
for the detection of small objects. Following Lin et al. (2017), we exploit the outputs
{Bi,l}Ll=1 of the backbone by combining the semantically-stronger features of higher layers
with the more accurately localized features of lower layers. In particular, at each level l, the
higher-level feature maps Fi,l+1 are up-sampled by bilinear interpolation and transformed
by a convolutional layer and ReLU activation, to match the spatial and channel dimensions
of Bi,l. Then, these features are used to enhance, by element-wise sum, Bi,l which are
previously transformed by a 1× 1 convolution with ReLU activation (so-called lateral con-
nection). The two steps generate the FPN features Fi,l. The whole procedure is executed
from the highest layer to the lowest (top-down pathway), resulting in the set of feature
maps {Fi,l}Ll=1. At the highest level (i.e. l = 5) Fi,5 = Bi,5 is set.

Pyramidal Detail Pooling. The FPN strategy enhances the quality of features for
tasks that require precise spatial information, giving the freedom of designing arbitrary
methods to exploit such information. We introduce PDP, a pyramidal feature pooling
module capable of capturing the relevant information of the knee disorder (Hash, 2013;
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Nguyen et al., 2014; Lecouvet et al., 2018). PDP analyzes the FPN representations at
multiple levels of detail by focusing on increasingly smaller sub-regions localized in the
slice center. The module takes as input a feature map tensor and a series of sub-regions
dimensions, and produces a vectorized representation combining the information contained
in each sub-region. In more details, PDP (depicted in Figure 2) is fed with Fi,l and with
a list of D ∈ N sub-regions of size (Wl,d, Hl,d) where d ∈ {0, · · · , D − 1}. For each d, the
module crops channel-wise the sub-tensor of size (Wl,d, Hl,d) localized at the feature maps

center having coordinates x =
⌊
Wl
2

⌉
, y =

⌊
Hl
2

⌉
. Such sub-tensor is processed by a global

pooling function P(·) which reduces each feature map into a single value, thus obtaining
a vector pi,l,d of length Cl. Finally, the D obtained vectors are concatenated together
to obtain a single vector representation pi,l of length D · Cl, which corresponds to the
output of the proposed module. The dimensions (Wl,d, Hl,d) are obtained by mapping the
slice-level dimensions (W0,d, H0,d), d ∈ {0, · · · , D−1} following the 2D dimension reduction
definitions induced by the sub-sampling operations (i.e. convolutional/pooling operations
with relative kernel/stride/padding sizes) of the backbone layers. Just sub-regions resulting
in Wl,d > 0, Hl,d > 0 are retained. If multiple slice-level sub-regions map to the same
representation-level sub-region, just a single one is considered. Based on experiments, we
propose a simple but effective strategy to compute sub-regions candidates in containing the
knee anomaly. We generate (W0,d, H0,d) by considering

X0,d = X · (1− d

D
), X ∈ {W,H}, d ∈ {0, · · · , D − 1}. (1)

In simple words, at each d we consider a sub-region which focuses on an increasingly smaller
part of the MRI slice, thus increasing the level of detail for that part of the slice. Defining
sub-regions at the slice level simplifies the design of detailing strategies and makes the
process independent from the backbone architecture. Moreover, this strategy requires the
description of a single hyper-parameter D to control both the number of detail levels and
their size. The overall PDP strategy is designed to be robust. Indeed, if knee anomaly’s
features are out of the scope of an inner sub-region it can be captured by the outer sub-
region of a previous detail level. At the lowest level (i.e. d = 0) the sub-region matches
the dimensions of the backbone’s feature maps, thus guaranteeing a lower-bound feature
exploitation at least as good as the backbone’s.

Feature Combination and Output Prediction. To obtain a single representation for
the whole MRI exam, we follow a similar strategy to Bien et al. (2018); Tsai et al. (2020).
At each backbone level l, a max-pooling operation is applied series-wise (therefore across
slices) to pi,l. These operations result in the set of single vector representations {pl}Ll=1

that summarize the information contained in the MRI sequence at multiple center-focused
levels of detail. Each of these vectors is finally given to a separate fully connected layer that
predicts the probability ŷl of presence/absence of a knee disorder. Based on experiments, we
found the maximum of these probabilities to be the best estimate of knee anomaly presence.

Model Learning. For the optimization of the whole MRPyrNet pipeline, each MRI exam
belonging to the training set is considered as a training sample. The probability estimates
{ŷl}Ll=1 of pathology presence/absence are obtained via the procedure described in the
previous sections. Each prediction is compared to the ground-truth label y via the loss
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function L(ŷl, y) which depends on the considered backbone (details follow). The overall
optimization goal is set to be

∑L
l=1 L(ŷl, y).

3. Experimental Settings

3.1. Applications

We applied the MRPyrNet architecture into the pipelines of the state-of-the-art MRNet
(Bien et al., 2018) and ELNet (Tsai et al., 2020) methods. For both, we kept the original
pipeline configurations and hyper-parameters settings, in training and inference.

For MRNet, we considered the features {Bi,l}Ll=1 as the output of AlexNet’s max-pool1,
max-pool2, conv3, conv4, conv5 layers respectively. Each lateral connection has been imple-
mented by a 1x1 convolutional layer with ReLU activation, and the convolutional module
after the up-sampling layer has been implemented by a convolutional layer with kernel
size equal to 3, and ReLU activation.1 Each {pl}Ll=1 is given to an independent fully con-
nected layer which has a single output node and sigmoid activation. Values for D have
been configured for different MRI views after the results shown in Figure 4. The sample-
distribution-weighted binary cross entropy loss has been used for L(ŷl, y).

For ELNet, {Bi,l}Ll=1 have been considered as, respectively, the output of the first,
second, third, fourth, blur-pool layers, and the output of the convolutional layer before the
last blur-pooling layer. Each lateral connection has a 1x1 convolutional layer with ReLU
activation, while we implemented the convolutional module after the up-sampling layer as
a convolutional layer with kernel size equal to 3, ReLU activation, and the original ELNet’s
normalization layer.1 Based on experiments, D has been set to 6 and 7 for the ACL and
meniscus tear tasks, respectively. Each output {pl}Ll=1 is given as input to a fully connected
layer with two output nodes and a softmax activation. We used the standard cross entropy
loss for L(ŷl, y) as done by ELNet.

3.2. Datasets

MRNet Dataset. The MRNet dataset (Bien et al., 2018) (which we refer to as MRNet-
Data) is the largest public knee MRI dataset currently available. It consists of 1370 knee
MRI manually curated examinations performed at the Stanford University Medical Center
in a 12-year period. Each case contains axial (proton density-weighted series), coronal (T1-
weighted series), and sagittal (T2-weighted series) MRI scans obtained with GE machines.
Each exam was assigned a label according to the presence/absence of ACL tear, meniscal
tear, or general abnormalities that are not the before mentioned (we considered just the
first two in this work). The exams were randomly split by the authors into 1130 training
exams (1088 patients), 120 validation exams (111 patients), and other 120 test exams (113
patients), by making sure that each split contained at least 50 cases for each pathology.
Each MRI slice is of size 256×256 pixels and their number in the sequences ranges between
17-61 (mean 31 and standard deviation 7.97).

kneeMRI Dataset. The kneeMRI dataset was acquired by Štajduhar et al. (2017) at
the Clinical Hospital Centre Rijeka, Croatia, from 2007 until 2014. It contains 917 sagittal

1. Further details are given in the Appendix B.1.
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Table 1: [MRNetData Dataset] Results of baseline methodologies without and with MR-
PyrNet on different diagnosis tasks. Best setups, per task and per method, are highlighted
in bold.

Diagnosis Task Metric
Architecture

MRNet with MRPyrNet ELNet with MRPyrNet

ACL tear

ROC-AUC 0.955 ±0.005 0.976 ±0.003 0.940 ±0.001 0.960 ±0.015

Accuracy 0.847 ±0.005 0.886 ±0.010 0.808 ±0.000 0.881 ±0.034

Sensitivity 0.722 ±0.000 0.815 ±0.019 0.648 ±0.019 0.827 ±0.039

Specificity 0.950 ±0.009 0.944 ±0.009 0.939 ±0.015 0.924 ±0.030

Meniscus tear

ROC-AUC 0.843 ±0.016 0.889 ±0.006 0.869 ±0.031 0.895 ±0.008

Accuracy 0.778 ±0.027 0.808 ±0.008 0.775 ±0.044 0.761 ±0.042

Sensitivity 0.750 ±0.067 0.853 ±0.048 0.814 ±0.109 0.872 ±0.106

Specificity 0.799 ±0.009 0.775 ±0.052 0.745 ±0.075 0.676 ±0.149

Table 2: [kneeMRI Dataset] Performance of baseline methodologies without and with MR-
PyrNet. Best setup, per method, is highlighted in bold.

Diagnosis Task Metric
Architecture

MRNet with MRPyrNet ELNet with MRPyrNet

ACL tear

ROC-AUC 0.902 ±0.005 0.914 ±0.004 0.873 ±0.020 0.900 ±0.016

Accuracy 0.847 ±0.002 0.834 ±0.009 0.836 ±0.025 0.851 ±0.028

Sensitivity 0.692 ±0.047 0.806 ±0.008 0.582 ±0.099 0.679 ±0.089

Specificity 0.898 ±0.015 0.843 ±0.013 0.919 ±0.065 0.908 ±0.065

proton density-weighted exams obtained with a Siemens Avanto 1.5-T scanner. The authors,
following radiologist reports, assigned each exam a label according to the level of ACL
disorder: non-injured (690 exams), partially injured (172 exams), and completely ruptured
(55 exams). Each MRI slice is of size 320×320 or 290×300 pixels, and the number of images
in each series ranges in 21-45 (mean 31 and standard deviation 2.27). For this dataset, as
done by Bien et al. (2018), we considered the classification task of discriminating between
non-injured ACLs and injured ACLs.

3.3. Performance Evaluation and Measures

The performance evaluation on MRNetData dataset has been executed on the validation
set (since the test set is sequestered) after optimizing the model on the training set. For the
kneeMRI dataset, performance was assessed through a 5-fold cross-validation procedure by
considering, in each fold, 80% of the exams for training and the remaining 20% for valida-
tion. As quantitative measures, we used the area-under-the-curve of the receiver operating
characteristics (ROC-AUC), the accuracy, and the sensitivity and specificity obtained after
thresholding the probability predictions at 0.5. Each experiment has been run three times
with the different random seeds (the same three values for each experiment). We report on
the mean and standard deviation for each metric.

3.4. Implementation Details

Code2 was implemented in Python with the PyTorch (Steiner et al., 2019) and scikit-
learn (Pedregosa et al., 2011) machine learning frameworks. MRNet and ELNet have been
implemented using the code published by the authors and by following the details of the
respective papers. A machine with an Intel Xeon E5-2690 v4 @ 2.60GHz CPU, 320 GB of
RAM, and an NVIDIA TITAN V GPU has been employed to run the experiments.

2. https://git.io/JtMPH
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Figure 3: ROC curves showing the perfor-
mance of the baseline methods with and
without MRPyrNet.
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Figure 4: PDP’s performance under different
D settings for each of the MRI views. Dashed
lines show the original MRNet’s results.

Table 3: ROC-AUC performance of MRPyr-
Net in comparison with baselines that ex-
tract information of the disorder’s anatomy
from different sources. Best method, per
task, is highlighted in bold.

Baseline
Diagnosis Task

ACL tear Meniscus tear
slice-level pyramid 0.969 ±0.002 0.865 ±0.005

PDP on last layer 0.971 ±0.007 0.859 ±0.009

MRPyrNet 0.972 ±0.006 0.879 ±0.010

Table 4: ROC-AUC performance achieved
by MRPyrNet by removing its key modules.
Best setting result, per task, is highlighted in
bold.

Components Diagnosis Task
FPN PDP ACL tear Meniscus tear

0.943 ±0.006 0.828 ±0.013

X 0.960 ±0.005 0.859 ±0.002

X 0.971 ±0.007 0.855 ±0.009

X X 0.972 ±0.006 0.879 ±0.010

4. Results

General Remarks. Table 1 and Figure 3 report on the MRNetData dataset performance
using MRPyrNet on the top of MRNet and ELNet pipelines.3 Our proposed strategy im-
proves the ACL tear and meniscus tear detection of the baselines, showing that focusing on
specific features of the disorder’s anatomy is of paramount importance to improve the diag-
nosis capabilities. Specifically, for the ACL tear, the ROC-AUC improvement of MRPyrNet
over the MRNet baseline is 2.2%, and 2.1% over the ELNet baseline. For meniscal tear,
using MRPyrNet improves the score by 5.5% and 2.9% respectively. More importantly,
the proposed solution enhances the sensitivity of the methods, thus their ability to detect
disorders when these are present. Indeed, we observe an improvement of 12.9% and 28%
over MRNet and ELNet respectively in the ACL tear detection, and of 13.9% and 7.1% in
the diagnosis of the meniscus tear. The specificity decreases by a small margin in general,
but it is consistent with the aim of MRPyrNet which is to extract relevant information of
the disorder’s anatomy when this exists. Similar conclusions can be reached for the results
presented in Table 2, which show that the capabilities introduced by MRPyrNet generalize
well to similar tasks but with different data distributions.

Analysis. In this section, we provide a study on the sensibility of MRPyrNet to different
configuration settings. The results presented in this paper have been obtained on the
MRNetData dataset using the MRPyrNet-enhanced MRNet with D = 5.

Table 3 reports the performance of our proposed strategy against MRNet which is
executed on multiple sub-regions extracted at slice-level, and against MRNet with PDP

3. See the Appendix C for statistical tests.
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Table 5: ROC-AUC scores of MRPyrNet
with different output selection strategies.
Best strategy, per task, is highlighted in bold.

Exit Combination
Diagnosis Task

ACL tear Meniscus tear
fully connected layer 0.971 ±0.010 0.851 ±0.012

avg 0.970 ±0.003 0.872 ±0.011

max 0.972 ±0.006 0.879 ±0.010

Table 6: ROC-AUC results of MRPyrNet
with different pooling functions P(·) for
PDP. Best results, per task, are highlighted
in bold.

P(·) Diagnosis Task
ACL tear Meniscus tear

max 0.972 ±0.005 0.849 ±0.011

avg 0.972 ±0.006 0.879 ±0.010

applied to its last layer’s feature maps. 4 MRPyrNet’s performance is higher, but the
two results confirm that extracting particularly localized features of the knee disorder is
relevant, as both strategies improve MRNet.

Figure 4 shows the performance of MRPyrNet on different MRI views and for different
values of D. For the ACL tear, our solution improves MRNet for all d mainly on the
coronal and sagittal views. For the detection of meniscal tears, results on axial and coronal
views are always improved. The performance on the sagittal axis increase by using larger D
values. In general, these results suggest that, to achieve better accuracy, the D values must
be selected for the sub-regions sizes they generate rather than for the increased number.

In Table 4 we present an ablation study over MRPyrNet’s components. As a baseline
(first row), we consider MRPyrNet whose {Bi,l}Ll=1 are reduced by a global average pool-
ing before performing the series-wise max pooling. Employing just the FPN architecture
improves the baseline, showing that it enables the exploitation of small-appearing features.
Introducing just the PDP module also improves the baseline performance, demonstrating
that the capabilities of MRPyrNet are not just due to the increased expressive power given
by the FPN’s weights. The strongest strategy is achieved when both the two components
are exploited. Table 5 shows that taking the max of the output probabilities given by MR-
PyrNet results better than computing their average or combining them via a fully connected
layer. Table 6 reveals that implementing P(·) as an avg rather than a max operation is a
better choice for the detection of meniscal tear, whereas there is no particular difference
for the detection of ACL tears. This is consistent with the MRI appearance of such tears.
Indeed, ACL tears cause higher signal (Kam et al., 2010) that can captured also with max
operations, while meniscus tears present more balanced signals (Nguyen et al., 2014) that
can be better summarized with avg operations.

5. Conclusions

In this paper, we present MRPyrNet, a CNN architecture to extract more relevant features
of knee injuries imaged with MRI. Different works in the literature showed that particular
disorders are localized in small-sized knee regions that appear around the center of MRI
scans. Through an FPN and a PDP module, MRPyrNet is capable of capturing the infor-
mation in such areas more effectively. The proposed solution is general and, in this paper, it
has been applied to the state-of-the-art diagnosis pipelines of MRNet and ELNet. Extensive
experiments performed on two publicly available datasets demonstrate the effectiveness of
the strategy in providing better diagnoses of ACL tear and meniscus tear.

4. For the details on the compared baselines please see the Appendix D.

8



MRPyrNet

References

Edward H. Adelson, Peter J. Burt, Charles H. Anderson, Joan M. Ogden, and James R.
Bergen. Pyramid Methods In Image Processing. RCA engineer, 29(6):33–41, 1984. ISSN
00486574. URL http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.56.

8646.

M. Antico, F. Sasazawa, M. Dunnhofer, S. M. Camps, A. T. Jaiprakash, A. K. Pandey,
R. Crawford, G. Carneiro, and D. Fontanarosa. Deep Learning-Based Femoral Car-
tilage Automatic Segmentation in Ultrasound Imaging for Guidance in Robotic Knee
Arthroscopy. Ultrasound in Medicine and Biology, 46(2):422–435, feb 2020. ISSN
1879291X. doi: 10.1016/j.ultrasmedbio.2019.10.015.

David Azcona, Kevin McGuinness, and Alan F. Smeaton. A comparative study of existing
and new deep learning methods for detecting knee injuries using the mrnet dataset, 2020.

Jimmy Lei Ba, Jamie Ryan Kiros, and Geoffrey E. Hinton. Layer Normalization. jul 2016.
URL http://arxiv.org/abs/1607.06450.

Nicholas Bien, Pranav Rajpurkar, Robyn L. Ball, Jeremy Irvin, Allison Park, Erik Jones,
Michael Bereket, Bhavik N. Patel, Kristen W. Yeom, Katie Shpanskaya, Safwan Halabi,
Evan Zucker, Gary Fanton, Derek F. Amanatullah, Christopher F. Beaulieu, Geoffrey M.
Riley, Russell J. Stewart, Francis G. Blankenberg, David B. Larson, Ricky H. Jones,
Curtis P. Langlotz, Andrew Y. Ng, and Matthew P. Lungren. Deep-learning-assisted
diagnosis for knee magnetic resonance imaging: Development and retrospective validation
of MRNet. PLoS Medicine, 15(11):e1002699, nov 2018. ISSN 15491676. doi: 10.1371/
journal.pmed.1002699. URL https://dx.plos.org/10.1371/journal.pmed.1002699.

Akshay S. Chaudhari, Zhongnan Fang, Feliks Kogan, Jeff Wood, Kathryn J. Stevens, Eric K.
Gibbons, Jin Hyung Lee, Garry E. Gold, and Brian A. Hargreaves. Super-resolution
musculoskeletal MRI using deep learning. Magnetic Resonance in Medicine, 80(5):2139–
2154, nov 2018. ISSN 15222594. doi: 10.1002/mrm.27178. URL https://pubmed.ncbi.

nlm.nih.gov/29582464/.

Yilun Chen, Zhicheng Wang, Yuxiang Peng, Zhiqiang Zhang, Gang Yu, and Jian Sun.
Cascaded Pyramid Network for Multi-person Pose Estimation. In Proceedings of the
IEEE Computer Society Conference on Computer Vision and Pattern Recognition, pages
7103–7112, 2018. ISBN 9781538664209. doi: 10.1109/CVPR.2018.00742. URL https:

//github.com/allenchen9512/tf-cpn.

Luke P. Cheung, King C.P. Li, Michael D. Hollett, A. Gabrielle Bergman, and Robert J.
Herfkens. Meniscal tears of the knee: Accuracy of detection with fast spin-echo MR
imaging and arthroscopic correlation in 293 patients. Radiology, 203(2):508–512, 1997.
ISSN 00338419. doi: 10.1148/radiology.203.2.9114113. URL https://pubmed.ncbi.nlm.

nih.gov/9114113/.

Matteo Dunnhofer, Maria Antico, Fumio Sasazawa, Yu Takeda, Saskia Camps, Niki Mar-
tinel, Christian Micheloni, Gustavo Carneiro, and Davide Fontanarosa. Siam-U-Net:

9

http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.56.8646
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.56.8646
http://arxiv.org/abs/1607.06450
https://dx.plos.org/10.1371/journal.pmed.1002699
https://pubmed.ncbi.nlm.nih.gov/29582464/
https://pubmed.ncbi.nlm.nih.gov/29582464/
https://github.com/allenchen9512/tf-cpn
https://github.com/allenchen9512/tf-cpn
https://pubmed.ncbi.nlm.nih.gov/9114113/
https://pubmed.ncbi.nlm.nih.gov/9114113/


MRPyrNet

encoder-decoder siamese network for knee cartilage tracking in ultrasound images. Medical
Image Analysis, 60:101631, feb 2020. ISSN 13618423. doi: 10.1016/j.media.2019.101631.

Pengyi Hao, Kun You, Haozhe Feng, Xinnan Xu, Fan Zhang, Fuli Wu, Peng Zhang, and
Wei Chen. Lung adenocarcinoma diagnosis in one stage. Neurocomputing, 392:245–252,
jun 2020. ISSN 18728286. doi: 10.1016/j.neucom.2018.11.110.

Thomas W. Hash. Magnetic Resonance Imaging of the Knee. Sports Health, 5
(1):78–107, jan 2013. ISSN 19417381. doi: 10.1177/1941738112468416. URL
/pmc/articles/PMC3548666/?report=abstracthttps://www.ncbi.nlm.nih.gov/

pmc/articles/PMC3548666/.

C.K. Kam, Daniel W.Y. Chee, and Wilfred C.G. Peh. Magnetic resonance imaging of
cruciate ligament injuries of the knee. Canadian Association of Radiologists Journal, 61
(2):80–89, 2010. ISSN 0846-5371. doi: https://doi.org/10.1016/j.carj.2009.11.003.

Allis Kim, Lisa Khoury, Mark Schweitzer, Laith Jazrawi, Charbel Ishak, Robert Meislin,
Fred Kummer, and Orrin H. Sherman. Effect of specialty and experience on the inter-
pretation of knee MRI scans. Bulletin of the NYU Hospital for Joint Diseases, 66(4):
272–275, 2008. ISSN 19369719. URL https://pubmed.ncbi.nlm.nih.gov/19093902/.

Diederik P Kingma and Jimmy Ba. Adam: {A} Method for Stochastic Optimization.
CoRR, abs/1412.6, 2014. URL http://arxiv.org/abs/1412.6980.

Alexander Kirillov, Ross Girshick, Kaiming He, and Piotr Dollar. Panoptic feature pyra-
mid networks. In Proceedings of the IEEE Computer Society Conference on Com-
puter Vision and Pattern Recognition, volume 2019-June, pages 6392–6401, 2019. ISBN
9781728132938. doi: 10.1109/CVPR.2019.00656. URL http://cocodataset.

Alex Krizhevsky, Ilya Sutskever, and Geoffrey E Hinton. ImageNet Classification with
Deep Convolutional Neural Networks. In F Pereira, C J C Burges, L Bottou, and
K Q Weinberger, editors, Advances in Neural Information Processing Systems 25,
pages 1097–1105. Curran Associates, Inc., 2012. URL http://papers.nips.cc/paper/

4824-imagenet-classification-with-deep-convolutional-neural-networks.pdf.

F. Lecouvet, T. Van Haver, S. Acid, V. Perlepe, T. Kirchgesner, B. Vande Berg, P. Trique-
neaux, M. L. Denis, E. Thienpont, and J. Malghem. Magnetic resonance imaging (MRI) of
the knee: Identification of difficult-to-diagnose meniscal lesions, feb 2018. ISSN 22115684.

Sangyun Lee and Euntai Kim. Multiple object tracking via feature pyramid siamese net-
works. IEEE Access, 7:8181–8194, 2019. ISSN 21693536. doi: 10.1109/ACCESS.2018.
2889442.

Tsung Yi Lin, Piotr Dollár, Ross Girshick, Kaiming He, Bharath Hariharan, and Serge
Belongie. Feature pyramid networks for object detection. In Proceedings - 30th IEEE
Conference on Computer Vision and Pattern Recognition, CVPR 2017, volume 2017-
Janua, pages 936–944, 2017. ISBN 9781538604571. doi: 10.1109/CVPR.2017.106.

10

/pmc/articles/PMC3548666/?report=abstract https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3548666/
/pmc/articles/PMC3548666/?report=abstract https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3548666/
https://pubmed.ncbi.nlm.nih.gov/19093902/
http://arxiv.org/abs/1412.6980
http://cocodataset.
http://papers.nips.cc/paper/4824-imagenet-classification-with-deep-convolutional-neural-networks.pdf
http://papers.nips.cc/paper/4824-imagenet-classification-with-deep-convolutional-neural-networks.pdf


MRPyrNet

Fang Liu, Zhaoye Zhou, Alexey Samsonov, Donna Blankenbaker, Will Larison, Andrew
Kanarek, Kevin Lian, Shivkumar Kambhampati, and Richard Kijowski. Deep learning
approach for evaluating knee MR images: Achieving high diagnostic performance for
cartilage lesion detection. Radiology, 289(1):160–169, oct 2018. ISSN 15271315. doi:
10.1148/radiol.2018172986. URL https://pubmed.ncbi.nlm.nih.gov/30063195/.

Fang Liu, Bochen Guan, Zhaoye Zhou, Alexey Samsonov, Humberto Rosas, Kevin Lian,
Ruchi Sharma, Andrew Kanarek, John Kim, Ali Guermazi, and Richard Kijowski. Fully
automated diagnosis of anterior cruciate ligament tears on knee mr images by using
deep learning. Radiology: Artificial Intelligence, 1(3):180091, 2019a. doi: 10.1148/ryai.
2019180091. URL https://doi.org/10.1148/ryai.2019180091.

Jingya Liu, Liangliang Cao, Oguz Akin, and Yingli Tian. 3DFPN-HS 2: 3D Feature Pyra-
mid Network Based High Sensitivity and Specificity Pulmonary Nodule Detection. In
Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial In-
telligence and Lecture Notes in Bioinformatics), volume 11769 LNCS, pages 513–521.
Springer, jun 2019b. ISBN 9783030322250. doi: 10.1007/978-3-030-32226-7 57. URL
http://arxiv.org/abs/1906.03467.

R. Mackenzie, C. R. Palmer, D. J. Lomas, and A. K. Dixon. Magnetic resonance imaging of
the knee: Diagnostic performance statistics. Brain and Language, 51(4):251–257, 1996.
ISSN 0093934X. doi: 10.1016/s0009-9260(96)80341-2. URL https://pubmed.ncbi.nlm.

nih.gov/8617036/.

Niki Martinel, Gian Luca Foresti, and Christian Micheloni. Aggregating deep pyramidal
representations for person re-identification. In IEEE Computer Society Conference on
Computer Vision and Pattern Recognition Workshops, volume 2019-June, pages 1544–
1554, 2019. ISBN 9781728125060. doi: 10.1109/CVPRW.2019.00196.

Quinn McNemar. Note on the sampling error of the difference between correlated propor-
tions or percentages. Psychometrika, 12(2):153–157, June 1947. doi: 10.1007/bf02295996.
URL https://doi.org/10.1007/bf02295996.

Jie C. Nguyen, Arthur A. De Smet, Ben K. Graf, and Humberto G. Rosas. MR imaging-
based diagnosis and classification of meniscal tears. Radiographics, 34(4):981–999, jul
2014. ISSN 15271323. doi: 10.1148/rg.344125202. URL www.rsna.org/rsnarights.

Edwin H.G. Oei, Jeroen J. Nikken, Antonia C.M. Verstijnen, Abida Z. Ginai, and
M. G.Myriam Hunink. MR imaging of the menisci and cruciate ligaments: A system-
atic review. Radiology, 226(3):837–848, mar 2003. ISSN 00338419. doi: 10.1148/radiol.
2263011892. URL https://pubmed.ncbi.nlm.nih.gov/12601211/.

Fabian Pedregosa, Olivier Grisel, Ron Weiss, Alexandre Passos, Matthieu Brucher, Gael
Varoquax, Alexandre Gramfort, Vincent Michel, Bertrand Thirion, Olivier Grisel, Math-
ieu Blondel, Peter Prettenhofer, Ron Weiss, Vincent Dubourg, and Matthieu Brucher.
Scikit-learn: Machine Learning in Python. Journal of Machine Learning Research, 12
(85):2825–2830, 2011. ISSN 1533-7928. URL http://scikit-learn.sourceforge.net.

11

https://pubmed.ncbi.nlm.nih.gov/30063195/
https://doi.org/10.1148/ryai.2019180091
http://arxiv.org/abs/1906.03467
https://pubmed.ncbi.nlm.nih.gov/8617036/
https://pubmed.ncbi.nlm.nih.gov/8617036/
https://doi.org/10.1007/bf02295996
www.rsna.org/rsnarights.
https://pubmed.ncbi.nlm.nih.gov/12601211/
http://scikit-learn.sourceforge.net.


MRPyrNet

Christoph Rangger, Thomas Klestil, Anton Kathrein, Adi Inderster, and Laith Hamid. In-
fluence of magnetic resonance imaging on indications for arthroscopy of the knee. Clinical
Orthopaedics and Related Research, (330):133–142, 1996. ISSN 15281132. doi: 10.1097/
00003086-199609000-00016. URL https://pubmed.ncbi.nlm.nih.gov/8804283/.

Olaf Ronneberger, Philipp Fischer, and Thomas Brox. U-net: Convolutional networks for
biomedical image segmentation. In International Conference on Medical image computing
and computer-assisted intervention, pages 234–241. Springer, 2015.

Selim Seferbekov, Vladimir Iglovikov, Alexander Buslaev, and Alexey Shvets. Feature pyra-
mid network for multi-class land segmentation. In IEEE Computer Society Conference on
Computer Vision and Pattern Recognition Workshops, volume 2018-June, pages 272–275,
2018. ISBN 9781538661000. doi: 10.1109/CVPRW.2018.00051.
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Appendix A. Related Work

Deep Learning in the Knee. Deep learning methodologies have been exploited for
different medical tasks on the knee. Classification-based and segmentation-based CNNs
were used to assess lesions of the knee cartilage on MRI images (Liu et al., 2018). On
the same knee structure but imaged with ultrasound, U-Net (Ronneberger et al., 2015)
based solutions have been used for knee femoral cartilage segmentation (Antico et al., 2020)
and tracking (Dunnhofer et al., 2020) during minimally invasive surgeries. 3D CNNs were
proposed to increase the resolution of knee MRI images (Chaudhari et al., 2018), while deep
siamese CNNs were shown to score effectively the severity of knee osteoarthritis (Tiulpin
et al., 2018). Liu et al. (2019a) employed a cascade of CNNs to diagnose ACL tears, while
Bien et al. (2018), Tsai et al. (2020), and Azcona et al. (2020) showed that single CNNs
for image classification are general enough to detect disparate abnormalities of the knee
including ACL and meniscal tears. Our proposed MRPyrNet solution addresses the same
problem tackled by the latter methods, but introduces a new CNN architecture that takes
into account the anatomy of knee disorders to better capture its appearance features.

Feature Pyramids. Feature pyramids have been extensively used in computer vision to
tackle different problems related to object detection. In the setting of natural images, feature
pyramid networks were exploited to learn more efficient image representations (Lin et al.,
2017; Kirillov et al., 2019). Towards more application-specific solutions, feature pyramids
have been used for shadow detection (Zhu et al., 2018), pavement crack detection (Yang
et al., 2020), land segmentation (Seferbekov et al., 2018), person re-identification (Martinel
et al., 2019), person pose estimation (Chen et al., 2018), and multi-object tracking (Lee and
Kim, 2019). In the context of medical image analysis, feature pyramids have been studied
for the detection of pulmonary pathologies (Xiao et al., 2019) and pulmonary nodules (Liu
et al., 2019b), or for the diagnosis of cervical cancer (Xu et al., 2015) and lung carcinoma
(Hao et al., 2020). Currently, no method is present to tackle the problem of knee pathology
detection through the adoption of feature pyramids.

Appendix B. Details on the Experiments

B.1. Architectural Details of the FPN

Table 7 presents the architectural details employed in the proposed FPN for each of the
experimented baseline pipeline.

B.2. Details on the Application of MRPyrNet

In this section, we give more details on how we applied the proposed MRPyrNet strategy to
the baselines MRNet (Bien et al., 2018) and ELNet (Tsai et al., 2020). Following the details
of MRNet’s original paper for the MRNetData dataset, we first trained a single-view model
(i.e. for each of the axial, coronal, and sagittal views) with MRPyrNet applied for each
diagnostic task. Then, the probability predictions of the three models have been combined
with a logistic regressor to obtain a single probability estimate of presence/absence of the
knee disorder for each of the training exams. The optimization of the models has been
performed using the original settings. The Adam optimizer (Kingma and Ba, 2014) has
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Table 7: Architectural details of the FPN architecture employed by MRPyrNet for different
backbones. For each baseline pipeline (MRNet, ELNet), we report: the size Wl×Hl×Cl of
the feature maps at each backbone level l; the layer configuration of the lateral connection
(kernel size and number of channels of the convolutional layers, and activation function); the
layer configuration of the up-sampling module (kernel size and number of channels of the
convolutional layers, activation functions, and eventual normalization layers - “bil interp”
stands for the bilinear interpolation operation).

Backbone Module
Backbone Level

l = 1 l = 2 l = 3 l = 4 l = 5

MRNet

Output Size 31 × 31 × 64 15 × 15 × 192 15 × 15 × 384 15 × 15 × 256 7 × 7 × 256

Lateral Connection
Conv 1x1 64 - 64 Conv 1x1 192 - 192 Conv 1x1 384 - 384 Conv 1x1 256 - 256 -

ReLU ReLU ReLU ReLU -

Up-sampling

- bil interp bil interp bil interp bil interp
- Conv 1x1 192 - 64 Conv 1x1 384 - 192 Conv 1x1 256 - 384 Conv 1x1 256 - 256
- ReLU ReLU ReLU ReLU
- Conv 3x3 64 - 64 Conv 3x3 192 - 192 Conv 3x3 384 - 384 Conv 3x3 256 - 256
- ReLU ReLU ReLU ReLU

ELNet

Output Size 62 × 62 × 16 29 × 29 × 32 13 × 13 × 64 5 × 5 × 64 5 × 5 × 64

Lateral Connection
Conv 1x1 16 - 16 Conv 1x1 32 - 32 Conv 1x1 64 - 64 Conv 1x1 64 - 64 -

ReLU ReLU ReLU ReLU -

Up-sampling

- bil interp bil interp bil interp bil interp
- Conv 1x1 32 - 16 Conv 1x1 64 - 32 Conv 1x1 64 - 64 Conv 1x1 64 - 64
- ReLU ReLU ReLU ReLU
- Conv 3x3 16 - 16 Conv 3x3 32 - 32 Conv 3x3 64 - 64 Conv 3x3 64 - 64
- Norm Norm Norm Norm
- ReLU ReLU ReLU ReLU

been employed with a learning rate of 10−5 that was decreased by 0.3 in the presence
of plateaux of the validation performance while executing 50 epochs. The original data
augmentation strategy that applies random shift up to 25 pixels, random rotation up to
25 degrees, and random horizontal flip of an MRI exam, has been implemented. Similar
optimization settings have been employed for the experiments on the KneeMRI dataset. In
this case, we trained just an instance of MRNet with MRPyrNet since this dataset offers
just sagittal MRI scans. A weight decay with 10−2 factor was added to the optimization
objective. All the MRI slices have been resized to 256 × 256 pixels. Data augmentations
included random scale with a random factor in [0.9, 1.1], random shift up to 40 pixels, and
random rotation up to 25 degrees.

For the application of MRPyrNet to ELNet’s backbone, we trained an instance on the
axial view for the ACL tear, and another on the coronal view for the meniscus tear tasks
based on the MRNetData dataset. The optimization of the models has been performed using
the original settings. The Adam optimizer (Kingma and Ba, 2014) has been employed with
a learning rate of 2−5 for the ACL tear task, and of 1.5−5 for the meniscal tear task. The
training was run for 200 epochs. Layer normalization (Ba et al., 2016) has been set for the
ACL tear, and contrast normalization (Ulyanov et al., 2016) for the detection of meniscus
tear, both with the factor value K equal to 4. The original data augmentation strategy has
been applied, including random shift up to 25 pixels, random scaling with a random factor
chosen in the range [0.9, 1.1], random rotation up to 10 degrees, random horizontal flip,
random rotation by a multiple of 90 degrees. For the experiments on the KneeMRI dataset,
the SGD optimizer with a momentum of 0.9 has been employed with a learning rate of 5−5.
Dropout layers have been added with a 0.5 factor as for the original ELNet. All the MRI
slices have been resized to 256× 256 pixels. The implemented data augmentation strategy
included random scale with a random factor in [0.9, 1.1], random shift up to 25 pixels, and
random rotation up to 10 degrees.
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Appendix C. Statistical Tests

We performed a McNemar’s test (McNemar, 1947) to assess the significance of the proposed
methodology’s performance. The p-value obtained from the sensitivity comparison between
MRNet and MRNet with MRPyrNet results in 0.0003 and 0.0005 for the ACL tear and
meniscus tear respectively. The p-value for the sensitivity comparison between ELNet and
ELNet with MRPyrNet results in 0.0003 and 0.016 for the ACL tear and meniscus tear
respectively.

Appendix D. Details on compared Baselines that use Disorder’s
Information.

We compare our MRPyrNet to other baseline strategies that aim to extract information
of the knee disorder anatomy. The first baseline (first row of Table 3) generates a list of
sub-region sizes (Wd, Hd), D = 5, at slice-level. These are used to crop each slice si at its
center coordinates. Each cropped slice is resized to 256× 256 pixels and given to MRNet’s
AlexNet which produces D feature vectors (one for each cropped slice). These vectors
are concatenated together before the application of the series-wise max-pooling operation.
After that, a fully connected layer predicts the probability of disorder presence/absence.
The second baseline (second row of Table 3) just applies the proposed PDP to the feature-
maps Bi,5 given by MRNet’s AlexNet before the series-wise max-pooling.

Appendix E. Additional Results

Since MRPyrNet exploits features localized in particular areas of the MRI slices, we per-
formed an experiment to assess its robustness to vertical and horizontal shifts of the slices,
since these events could change the spatial localization of such features and consequently
influence MRPyrNet’s capabilities. Specifically, we applied random vertical and horizontal
translations up to the 20% of the slice sizes (around 50 pixels) on the MRI scans belonging
to the MRNetData validation set. In such a setting, MRPyrNet applied to the baseline
MRNet achieves a ROC-AUC and sensitivity of 0.967 ± 0.009 and 0.765 ± 0.021 for the
ACL tear detection, and a ROC-AUC and sensitivity of 0.879 ± 0.005 and 0.840 ± 0.044
for the meniscal tear. These results are a little lower than the ones presented in Table
1, but remain higher than the ones of the baseline MRNet. We also performed the same
experiment over the original MRNet. Such a baseline achieves a ROC-AUC and sensitivity
of 0.951± 0.001 and 0.685± 0.032 for the ACL tear detection, and a ROC-AUC and sensi-
tivity of 0.839± 0.015 and 0.718± 0.044 for the meniscal tear detection. Even these results
are lower than the original baseline whose results are also available in Table 1. Overall,
these outcomes show that part of the error committed by MRPyrNet is inherited from the
baseline architecture. Nevertheless, given the limited performance drop, we can state that
MRPyrNet is rather robust to the spatial location change of abnormalities.

Appendix F. Limitations

Tables 1 and 2 show that the application of MRPyrNet reduces the specificity in general.
We think that this is due to MRPyrNet’s architecture which sets an inductive bias on better
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representing features related to abnormalities. For example, the employment of the FPN sets
a bias over the exploitation of small appearing features. In this sense, MRPyrNet is designed
to exploit the information about the abnormalities only when these are actually present.
Future work will be devoted to reduce the gap in the specificity. Moreover, we would like
to remark that our proposed PDP strategy should be considered as a generic baseline to
implement a prior over the knee disorders’ anatomy. Indeed, based on the observation that
abnormalities appear in particular areas of the MRI slices, we demonstrated that our PDP
module captures relevant information that leads to the improvement of the diagnoses. We
think that more sophisticated strategies exploiting additional cues on the knee’s anatomy
could additionally enhance the results presented in this paper.
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