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Liste des abréviations

OMS : Organisation Mondiale de la Santé

PADUA : Pre-operative Aspects and Dimensions Used for an Anatomical classification
IA : Intelligence Artificielle

ML : Machine Learning

RCC : Renal Cell Carcinoma

CT : Computed Tomography

Al : Artificial Intelligence

DL : Deep Learning

CTA : CT-angiography

ASA : American Society of Anesthesiologists

PACS : Picture Archiving and Communication Systems
eGFR: estimated Glomerular Filtration Rate
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I. Contexte

Le carcinome rénal représente en France la onzieme cause de mortalit¢ par cancer selon 'OMS.
A un stade localis¢, son traitement est chirurgical (1). Selon les recommandations
mternationales, la néphrectomie partielle est a privilégier deés que cela est possible (1-3). Il a été
démontré¢ qu’elle apportait une prise en charge carcinologique efficace tout en préservant le
capital néphronique, améliorant ainsi la fonction rénale a long terme en comparaison a une
néphrectomie totale (4). Pour sa réalisation, Iapproche mini-invasive et notamment robot
assistée s’est développée ces dernieres décennies. Elle a prouvé son efficacité avec une
am¢lioration des résultats péri-opératoires en termes de pertes sanguines, de douleurs et de
durée d’hospitalisation (5-7). La néphrectomie partielle reste cependant un acte chirurgical
complexe qui est dépendant des caractéristiques anatomiques du patient, de la tumeur ainsi que
de I'expérience de l'opérateur (8, 9). Bien que les recommandations concernant la prise en
charge des carcinomes rénaux localisés tendent a favoriser la néphrectomie partielle, le choix
entre chirurgie conservatrice et néphrectomie totale reste non standardis¢ et a la discrétion de
I'opérateur (10).

Pour I'aider dans sa décision, de nombreux scores morphométriques basés principalement sur
I’angio-scanner ont ét¢ développés. Leur but est d’évaluer la complexit¢ de réalisation d’une
néphrectomie partielle (11-13) afin d’anticiper et de limiter les complications péri et post-
opératoires (14). Parmi ces scores, le RENAL et le PADUA sont les plus utilisés (11, 15). Ils
prennent en compte la taille de la tumeur, sa localisation par rapport aux vaisseaux et la voie
excrétrice ainsi que sa profondeur au sein du parenchyme rénal.

Cependant, le calcul de ces scores a partir des angioscanners est fastidieux, chronophage et
nécessite une certaine expérience de l'opérateur, exposant a un risque de variation inter-
operateur.

Le développement de techniques dérivées de I'Intelligence Artificielle (IA) a apporté de
nouvelles perspectives en imagerie médicale en offrant la possibilit¢ d’automatiser certaines
taches et d’améliorer la reproductibilit¢ des analyses (16). L’IA correspond a la facult¢ d’une
machine ou d’un programme informatique a réaliser des tiches communément associées a
I'intelligence humaine telles que I'apprentissage, le raisonnement, I'adaptation, l'identification
ou la reconnaissance (17, 18). Le Machine Learning (ML) est une technique appartenant au
champ de I'lA dans laquelle des algorithmes sont utilisés pour donner a une machine ou a un
programme la facult¢ d'apprentissage (18, 19). Cette technique permet d’identifier des

associations et des caractéristiques communes a partir d’un grand volume de données.
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Le ML permet d’identifier une signature, d’établir des classifications ou de développer des
modeles prédictifs (20). Les applications de I'A sont multiples et sont présentes dans de
nombreux domaines de la vie quotidienne, que ce soit la télécommunication, I'informatique
mais aussi I'éducation, les transports, les médias, la finance ou I'industrie. Il existe un intérét
grandissant sur les applications de I'lA en Médecine (21). Différentes études ont démontré
I'mtérét potentiel de 'IA en Urologie, que ce soit dans le domaine de la simulation robotique
(22), la prise en charge de la maladie lithiasique (23) ou 'oncologie (24).

Le développement de techniques dérivées de 'lA comme la création de logiciels automatisés
représente une avancée médicale pouvant bénéficier a la fois au patient et au chirurgien dans la
planification des interventions. L’automatisation de I’analyse d’images pourrait permettre a la
fois un gain de temps, mais également d’améliorer la standardisation et la reproductibilité des
analyses.

Aussi, nous avons développé un logiciel d’imagerie capable d’analyser automatiquement un
angio-scanner abdomino-pelvien dans le but de détecter, segmenter et reconstruire de fagon tri-
dimensionnelle le remn, les vaisseaux et la tumeur.

Nous avons réalis¢ une étude pilote dont objectif était d’évaluer la faisabilité d’utilisation de
ce logiciel pour calculer les scores RENAL et PADUA chez des patients présentant un

carcinome rénal opéré par néphrectomie robot assistée.
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1- Abstract

Purpose: Image-based morphometric scoring systems such as the RENAL and PADUA scores
are useful to evaluate the complexity of partial nephrectomy for renal cell carcnoma (RCC).
The aim was to develop an imaging software to enable an automatic detection and a 3D-
visualization of RCC from CT scans to evaluate the parameters included in the RENAL and the
PADUA scores.

Methods: A training dataset of 210 patients CTA-scans manually segmented for kidney and
renal tumor was used to train a deep learning algorithm to develop the automatic 3D-
visualization of RCC. The testing dataset consisted of41 CTA from patients with RCC. RENAL
and PADUA scores were assessed by a trained operator on a semi-automatic commercialized

software and concordance of the staging were compared with the automatic software.

Results: The median PADUA score was 9 (7- 11) and the RENAL score was 8 (5.5- 9). The
automatic software enabled to automatically detect the tumoral kidney and provided a 3D-
visualization i all cases, with a computational time less than 20 seconds. Concordances for
staging the anatomical features of the RENAL scores were respectively: 87.8% for radius,
85.4% for exophytic rate, 82.9% for location to the polar lines and 92.7% for the antero-
posterior location. Forthe PADUA scores, concordances were 90.2% for tumor size, 85.4% for

exophytic rate, 87.8% for polar location and 100% for renal rim.

Conclusion: By enabling an automatic 3D-visualization of tumoral kidney, this software could

help to calculate morphometric scores, save time and improve reproducibility for clinicians.
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2- Introduction

Renal cell carcinoma (RCC) accounts for 5% of all tumors in men and 3% in women !-2. The
curative treatment relies mamly on surgical approach. While radical nephrectomy was
considered as the standard treatment of RCC over the past decades, partial nephrectomy has
become the standard of care for patients with localized small renal masses 3-. It has
demonstrated to provide eflicient cancer control and offers the advantage to better preserve
renal function, shorten in-hospital length and limit intra-operative bleeding '. Minimally
invasive approaches for partial nephrectomy including robot-assisted procedures have been
developed over the past few years and have proven their efficiency to improve peri-operative
outcomes . Nevertheless, the robot-assisted partial nephrectomy can be complex depending
on the characteristics of the tumor as well as the patient’s anatomy °. Several image-based
morphometric scoring systems have been developed to evaluate the potential complexity of
partial nephrectomy !0-12, These scores are mostly based on computed tomography (CT)
images '3. Among them, the RENAL nephrometry score is based on five anatomical features
and allows to quantitate the tumor size, its location and its depth !°. The PADUA score (pre-
operative aspects and dimensions used for an anatomical classification) is another method to
classify renal masses according to their size and anatomical features '4.

Artificial intelligence (AI) has brought new insights in urology and more specifically in
oncology 316, Ttoffers the opportunity to perform complex tasks and to develop pattern
recognition algorithms to facilitate imaging analysis !7. Imaging software that allow an
automatic assessment of morphometric scores would help clinicians to improve robustness,
reduce inter-operator variation, alleviate the burden and improve clinical workflow.

We aimed to develop a new imaging software to enable an automatic detection and a 3D
visualization of RCC from CT scans. This pilot study addressed the feasibility to use it to
evaluate the parameters included in the RENAL and the PADUA scores.
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3- Methods

Training dataset

A first dataset was used to train a deep learning (DL) algorithm to develop the automatic
software for automatic detection of RCC. The training of the DL algorithm was performed
from the OpenSource dataset from C4KC-KiTS 3.1t consisted of 210 patients CTA-scans
manually segmented for kidney and tumor in the cortico-medullary phase. This dataset is fully

independent from the testing dataset described above.

Testing dataset

The testing dataset included patients with RCC who underwent robot-assisted nephrectomy at
the University Hospital of Nice between January 2015 and December 2018. Diagnosis of
RCC was based on CT-angiography (CTA) and confirmed by post-operative histopathological
examination. Only patients who had pre-operative CTA images available were included.
Clinical pre-operative characteristics were collected including comorbidities and clinical risk
scores (Charlson Comorbidity Index, estimated 10-year survival, ASA score). Pre-operative
biological tests were recorded. Clinical and biological parameters were collected using

manual and electronic medical records (Clinicom®). Imaging data were recorded and
extracted from the software Picture Archiving and Communication Systems (PACS).
Radiological characteristics including TNM stage and tumor size were evaluated by a trained
operator using a commercialized semi-automatic software (Aquarius, TeraRecon). RENAL

and PADUA scores were assessed according to previously published classifications 014,

Training of the DL algorithm

A DL algorithm is used to segment the kidneys and the tumors in the CTA-scans. The DL
algorithm used is a fully Convolutional Neural Network with a U-Net architecture !°. The U-
Net architecture used in this paper is composed of 18 hidden layers in a characteristic
symmetric architecture. The total number of tramable parameters is 31,031,685 for the binary
neural network.

The U-Net architecture is used on 2-dimensional images taken along the axial plane. Each
expected mput image is an array of size 512x512 pixels. The goal of the binary U-Net is to
transform each independent mnput image in a probability map of the same size, with pixel
values between 0 and 1. The pixel value represents the probability of belonging to the region
of mterest. To obtain a binary segmentation mask, we apply a thresholding to the resulting
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probability map: pixel values lower than 0.5 are set to 0, while the other values are set to 1.
The size of the output map is 512x512x1. The Python libraries Keras and TensorFlow are
used to construct the model. The training of the DL algorithm was performed from the
OpenSource dataset from C4KC-KiTS using 210 CTA manually segmented for kidney and
tumor 18, The same architecture is trained on binary masks of the tumors and of the kidneys,
to obtain two segmentation models.

The training is achieved using the Adam optimizer with a learning rate of 107> 20, The
terminating criterion chosen is a stagnation of the dice for 3 iterations ata 1073 precision. In
order to limit the risk of overlearning and increase the robustness, a data augmentation was
performed on the learning dataset using the image data generator class from the Keras library.
The following parameters were used: the rotation range is set to 0.2; the height shift, width

shift, shear and zoom ranges are set to 0.05; and we allow horizontal flips.

Method for automatic detection and 3D-visualization of the tumoral kidney

The pipeline to enable an automatic detection and 3D-visualization of the tumoral kidney is
described in Figure 1. From the input CTA images, a 2 binary U-Net classifier is used to
segment the kidneys and the tumour. Based on the segmentations of kidneys and tumors in a
CTA-scan and the pixels spacing in the 3 dimensions, several metrics can be extracted: the
volumes of the right and left kidneys (mm?) and the localization of the tumor. The extraction
of the metrics is fully automatic. A 2D and a 3D visualizations are provided in the automatic
software to visualize the regions of mterest. The measurement of the parameters of the
PADUA and RENAL scores is made by a tramed operator in the software visualization. The
measurement of the size of the tumour is achieved thanks to scales (in cm) arranged by the

software on bounding boxes of the organs.

Endpoint

This pilot study tested the feasibility to use the automatic software for an easy and automatic
3D-visualization of the tumoral kidney. Anatomic parameters of the RENAL and the PADUA
scores were evaluated blindly by a trained operator. They were compared to the ground truth
provided by the assessment of the RENAL and PADUA scores using a commercialized semi-
automatic software (Aquarius, TeraRecon). Concordance between the two methods for the

staging of anatomical features was evaluated. Computational time was recorded.
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4- Results

Performance of the training of the DL algorithm

Training was performed from 210 CTA from patients with tumoral kidney. The convergence
of the CNN models for kidney segmentation was very fast at the beginning of the traning and
monotonous (Figure 2A). After 50 epochs, the training phase has been stopped and the loss
based on the dice coefficient has reached 98 % (Figure2A). For the tumor, the convergence
was slower at the beginning, but it also stopped after 50 epochs, and the loss based on the dice
coeflicient has reached 94 % (Figure 2B).

Feature extraction and 3D-visualization using the automatic software

The automatic method was tested using a dataset of 41 CTA from patients with RCC (Table
1). The median age of the patients was 66 years (57- 70) and 33 of them (80.5%) were men.
The Charlson comorbidity index was 5 (4- 6) and the estimated 10-year survival was 21 years
(2 —53). Most of the patients had localized CCR, with 17 patients (41.5%) Tla stage and 21
(51.2%) Tl1b stage. Only 1 patient (2.4%) had lymph node (N1 stage) and 1 (2.4%) had
localized metastasis (M1). The median size of the tumor was 4.4 cm (3.0- 5.8). The
distribution of RENAL and PADUA scores within patients is showed in Figure 3. The
proportion of patients with respectively low, intermediate and high PADUA scores were
26.8%, 31.7% and 41.5%. The proportion of patients with low, intermediate and high RENAL
scores were 31.7%, 46.3% and 22%.

The automatic method enabled to automatically detect the tumoral kidney and provide a 3D-
visualization in all cases, with a computational time less than 30 seconds. Representative
images of user interface and 3D-visualization are provided in Figure 4. The measurement of
the size of the tumor was achieved thanks to scales (in cm) arranged by the software on

bounding boxes of the organs.

Concordance to stage the anatomical parameters of the RENAL and the PADUA scores
Compared to the ground truth given by the commercialized semi-automatic software,
concordances for staging the anatomical features of the RENAL scores were respectively:
87.8% for radius, 85.4% for exophytic rate, 82.9% for location to the polar lines and 92.7%
for the antero-posterior location (Table 2). For the PADUA scores, concordances were 90.2%

for tumor size, 85.4% for exophytic rate, 87.8% for polar location and 100% for renal rim.
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5- Discussion

In this study, we developed an automatic software that enabled a fast and robust 3D-
visualization of the tumoral kidney. The software demonstrated a good concordance with
commercialized software to assess the parameters of the RENAL and the PADUA scores.
Minimally invasive partial nephrectomy has become a worldwide established alternative to
open surgery in the treatment of RCC. A detailed understanding of the anatomy of the renal
mass and its vasculature is necessary to optimize pre-operative planning, maximize the
oncologic outcomes and limit post-operative complications 2'. Abdominal CTA is the
reference standard for staging the tumor and planning the surgery. The cortico-medullary
phase is usually used to assess the arterial system and the urographic phase to evaluate the
proximity to the renal collecting system 22. Anatomy-based nephrometry scores have been
developed to help clinicians to characterize the renal mass and its relationship to adjacent
structures 23. Among them, the RENAL score and the PADUA classification are widely used
and they are highly correlated 24. Several studies have demonstrated their interest to predict
the risk of complications including blood loss, length of hospital stay, ischemia time and post-
operative renal function 22427, They are efficient tools for the decision-making of the surgical
approach to the renal mass '8,

Although the field is in its infancy, Al may bring new insights in renal oncology 2°->°and
offers perspectives to enhance imaging analysis. Several authors investigated the interest of
radiomics to develop new methods for renal mass characterization 3!-3# Radiomics allows to
extract and analyze a large amount of quantitative data from imaging, which can then be used
to identify patterns and develop classifications based on Machine Learning (ML) approach 3°-
32, Studies developed so far have demonstrated the potential interest to use ML to enhance the
diagnosis of renal cancer by enabling classification of RCC from benign neoplasms among
solid renal masses 4. Other investigators also highlighted the potential interest of radiomics to
better assess the tumor response to treatment 33. Nevertheless, all these developed Al-
algorithms would require further external validation i larger cohorts before using them from
research to clinical practice.

Only a few studies have addressed so far the use of Al-derived methods to facilitate the pre-
operative planning and the assessment of nephrometry scores. Several authors described the
use of 3D modeling and 3D printing to visualize the renal tumor and its relationships within
the organ 33. This method may potentially help the surgical team to evaluate the anatomical

complexity and could also be used as a tool for education and patients counseling 33-37.
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3D virtual models (VM) have also been proposed to evaluate the PADUA and the RENAL
scores and they demonstrated their interest to better assess the tumour depth and its
relationships with intrarenal structures 33.

In this study, we demonstrated the feasibility to use a DL algorithm to segment the kidneys and
the renal mass and to perform a fast and automatic 3D visualization. The method demonstrated
a good concordance with currently commercialized software for grading the RENAL and the
PADUA scores by a human operator. Based on the pipeline, several improvements can be
proposed. By implementing additional algorithms tramed on a larger labeled dataset, we aim to
fully automatize the evaluation of the anatomic parameters included in the RENAL and the
PADUA scores. This kind of application would be of interest in clinical practice to facilitate
and standardize the pre-operative planning. In addition, other nephrometry scores such as the
centrality index (C- index) or the contact surface area have demonstrated their interest to predict
complexity and outcomes of the surgical treatment '22!263 Further studies would be of interest

to evaluate the feasibility to use the automatic software to assess these scores.

6- Conclusion

Based on DL algorithm, the new imaging software enabled an automatic detection and a 3D
visualization of RCC from CTA scans. This pilot study demonstrated the feasibility to use it to
evaluate the parameters included in the RENAL and the PADUA scores. Although further
studies on larger cohorts are required, this application could be useful to enhance the pre-
surgical planning by improving the standardization, the reproducibility and limiting the

computational time.
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8- Annexes

Characteristics (n=41) Data
General characteristics Age (years) 66 (57 —70)
Male sex 33 (80.5%)
Diabetes 12 (29.3%)

Arterial hypertension
Dyslipidemia

Smoking

Clinical risk scores Charlson comorbidity index
Estimated 10-year survival
ASA score=1

ASA score=2

ASA score=3

ASA score=4

Pre-operative biological Hemoglobin (g/dL)

tests
Creatinine (umol/L)
eGFR (mL/min/1.73m?)
Neutrophils (*10"9/L)
Lymphocytes (*10"9/L)
Platelets (*10"9/L)
Radiological TNM stage
characteristics
.Tla

.Tlb

. T2a

. T2b

. T3a

. T3b, T3c or T4

. NO

. N1

21 (51.2%)

16 (39%)
13 (31.7%)

5 (4- 6)

21 (2- 53)

2 (4.9%)
24 (58.5%)
14 (34.1%)

1 (2.4%)

14.6 (13.5- 15.8)
82 (69- 95.3)
80 (68.1- 96.5)
43 (34- 5.7)
2.0 (1.6- 2.3)

239 (194- 289)

17 (41.5%)
21 (51.2%)
1 (2.4%)
0 (0%)

2 (4.9%)
0 (0%)
40 (97.5%)

1 (2.4%)
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MO 40 (97.5%)

. M1 1 (2.4%)
Morphometric scores Tumor size (cm) 44 (3.0- 5.8)
assessed by semi-
automatic imaging PADUA score 9 (7- 11)
software
PADUA score low (=7) 11 (26.8%)
PADUA score intermediate (8-9) 13 (31.7%)
PADUA score high (= 10) 17 (41.5%)
8(5.5-9)

Renal score

13 3L.79
Renal score low (=6) (B1.7%)

19 (46.3%)
Renal score intermediate (7-9)

9 (22%)
Renal score high (= 10)

Table 1: Characteristics of patients who underwent nephrectomy for renal carcinoma.

Values are median (interquartile range) or n (%). % are expressed compared to the population
(41 patients). ASA score: American Society of Anaesthesiology

eGFR: estimated glomerular filration rate according to the CKD-EPI formula
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Morphometric parameters

Concordance

Renal score
. Radius
. Exophytic rate
. Location compared to the polar lines
. Antero-posterior location
PADUA score
. Tumor size
. Exophytic rate
. Polar location

. Renal rim

36/ 41 (87.8%)
35/ 41 (85.4%)
34/ 41 (82.9%)

38/ 41 (92.7%)

37/ 41 (90.2%)
35/ 41 (85.4%)
36/ 41 (87.8%)

41/ 41 (100%)

Table 2: Concordance of morphometric parameters evaluated in the RENAL and the PADUA

scores between the semi-automatic commercialized method and the fully automatic method

(MAAATIS)
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Figure 1: Pipeline to enable an automatic detection and 3D-visualization of the tumoral

Input image
CTA-scans

H T

bmem

Tumor and kidney segmentation
- Use of 2 binary U-Net classifiers

Automated metrics calculation

4

2D and 3D visualization of kidney and tumor,
measurements on the digital model

kidney. Based on nput CTA scans images, a 2 binary U-Net classifier is applied to segment

the kidney and the tumor. Metrics are automatically calculated and 3D-visualization of the

region of interest is generated.
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Figure 3: Distribution of the RENAL (a) and the PADUA (b) scores within the testing dataset

Figure 4: Representative images of user interface and 3D-visualization with the automatic
software. (a) CTA axial section with automatic detection of the kidneys (blue) and the tumor
(green). (b) 3D-visualization of the kidneys (blue) and the tumor (green). The measurement of
the size of the tumor is achieved thanks to scales arranged by the software on bounding boxes

of the organs.
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Résumé

Purpose: Image-based morphometric scoring systems such as the RENAL and PADUA scores
are useful to evaluate the complexity of partial nephrectomy for renal cell carcinoma (RCC).
The aim was to develop an imaging software to enable an automatic detection and a 3D-
visualization of RCC from CT scans to evaluate the parameters included in the RENAL and the
PADUA scores.

Methods: A training dataset of 210 patients CTA-scans manually segmented for kidney and
renal tumor was used to train a deep learning algorithm to develop the automatic 3D-
visualization of RCC. The testing dataset consisted of41 CTA from patients with RCC. RENAL
and PADUA scores were assessed by a trained operator on a semi-automatic commercialized

software and concordance of the staging were compared with the automatic software.

Results: The median PADUA score was 9 (7- 11) and the RENAL score was 8 (5.5- 9). The
automatic software enabled to automatically detect the tumoral kidney and provided a 3D-
visualization in all cases, with a computational time less than 20 seconds. Concordances for
staging the anatomical features of the RENAL scores were respectively: 87.8% for radius,
85.4% for exophytic rate, 82.9% for location to the polar lines and 92.7% for the antero-
posterior location. Forthe PADUA scores, concordances were 90.2% for tumor size, 85.4% for

exophytic rate, 87.8% for polar location and 100% for renal rim.

Conclusion: By enabling an automatic 3D-visualization of tumoral kidney, this software could

help to calculate morphometric scores, save time and improve reproducibility for clinicians.
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« 8i», Rudyard Kipling (1895)

Si tu peux voir détruit 'ouvrage de ta vie
Et sans dire un seul mot te mettre a rebatir,
Ou perdre en un seul coup le gain de cent parties
Sans un geste et sans un soupir ;

Si tu peux €tre amant sans étre fou d’amour,
Si tu peux étre fort sans cesser d’étre tendre,
Et, te sentant hai, sans hair a ton tour,
Pourtant lutter et te défendre ;

Si tu peux supporter d’entendre tes paroles
Travesties par des gueux pour exciter des sots,
Et d’entendre mentir sur toi leurs bouches folles
Sans mentir toi-méme d’un mot ;

Si tu peux rester digne en étant populaire,
Si tu peux rester peuple en conseillant les rois,
Et si tu peux aimer tous tes amis en frére,
Sans qu’aucun d’eux soit tout pour toi ;

Si tu sais méditer, observer et connaitre,
Sans jamais devenir sceptique ou destructeur,
Réver, mais sans laisser ton réve étre ton maitre,
Penser sans n’étre qu’un penseur ;

Si tu peux €tre dur sans jamais €tre en rage,
Si tu peux étre brave et jamais imprudent,
Si tu sais €tre bon, si tu sais étre sage,
Sans étre moral ni pédant ;

Si tu peux rencontrer Triomphe apres Défaite
Et recevoir ces deux menteurs d’un méme front,
Si tu peux conserver ton courage et ta téte
Quand tous les autres les perdront,

Alors les Rois, les Dieux, la Chance et la Victoire
Seront a tous jamais tes esclaves soumis,
Et, ce qui vaut mieux que les Rois et la Gloire
Tu seras un homme, mon fils.
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