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2 Overall objectives

2.1 Context

Clinicians routinely have to take decisions upon the diagnosis and treatment of complex patients for
which clinical guidelines do not provide clear recommendations or do not exist. This is particularly the
case for very heterogeneous diseases (e.g., rare diseases or cancer in which clinical manifestations or
response to treatment differ frequently from one individual to another) or when patients are seen for
a new emerging disease for which no recommendation has been established yet, as it was the case in
March, 2020 for the management of COVID-19 infections. Similar situations, leading to delicate decisions,
happened in the past but, unfortunately, this experience is hardly taken into account or rationalized
for clinicians. Indeed, data related to these past experiences are captured, but until now, these data
are not accessible to clinicians and not transformed into high level evidences. This level of evidence is
currently only reached by highly controlled analyses (such as controlled clinical trials), for which patients
might differ strongly from those treated in routine care, or might have never been seen before in the
case of new conditions. Besides, hospital information systems are used at every step of patient care,
collecting continuously longitudinal data, both unstructured and structured, including clinical reports,
drug prescriptions, physiology, laboratory results, imaging and omics data. These data may even be
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enriched with medical wearable devices or large-scale claims data such as those of the French Health Data
Hub that informs on the global clinical course of patients. Likewise, progresses on artificial intelligence
approaches, such as supervised machine learning, have found applications in healthcare enabling for
instance clinical decision support systems, patient prioritization, drug repurposing or monitoring drug
safety. However, many particularities of health data (e.g., their sensitivity, noisiness, incompleteness,
heterogeneity and small volume when one very specific feature or several time points are required), and
particularities of health data analysis (e.g., the risk of confoundedness, the need for explanations and
fairness) make it challenging to develop tools that are both reliable and usable within hospital work-
and patient- flows. For instance, precision medicine requires stratifying smaller and smaller groups
of patients, which may seem contradictory in regards with the general strategy of deep learning that
requires large amounts of data to be efficient. Another challenging task is the development of tools
that enable gaining knowledge from data agilely, i.e., to update knowledge gain continuously (without
compromising on reliability). In summary, methodological developments are required at each step of the
health data chain, including: (1) data access, (2) data transformation e.g., via representation learning, (3)
data analysis, predictive modelling and knowledge discovery with data- and model- driven approaches,
and (4) agile, fast and reliable access to data, implementation of these approaches through applications
such as decision support systems, medical devices, next generation clinical trials for the assessment of
medical knowledge.

2.2 General aim

The main objective of HeKA is to develop methodologies, tools and their applications in clinics towards a
learning health system, i.e., a health system that leverages clinical data collected to extract agilely and
reliably novel medical knowledge that, in turn, continuously improves healthcare. Indeed, the availability
of EHRs (Electronic Health Records), cohorts and other linked data such as the national Health Data Hub,
offers the opportunity to develop models for stratification and prediction with the potential of improving
the precision and the personalization of treatments, and thus the quality of healthcare.

3 Research program

The HeKA project-team is following 3 interdependent axes, that are (1) knowledge extraction from clinical
data, (2) stochastic and data-driven predictive modelling of health data, and (3) data-driven and designs
for next generation clinical trials. Theses axes can be view and interpreted form a patient care point of
view as (1) from patient data to patient representations, (2) from patient data to prediction and decision,
and (3) from models to improve patient-related knowledge, respectively. All these axes participate in the
development of a learning health system. Axes 1 and 2 can be related to observational studies (either
retrospective or prospective) and Axis 3 is related to interventional studies. As a remind, in observational
studies the investigator is not acting upon study participants, but only observing relationships between
factors and outcomes, while in interventional studies (i.e., clinical trials) the investigator intercedes as
part of the study design.

3.1 Axis 1 - Knowledge extraction from clinical data

The development of clinical decision support and statistical predictive models has been historically
made by manually selecting and tuning sets of predictive variables. This is a task-dependent and time-
consuming operation that neglects most of the available data. Real-word data, such as EHRs or cohorts,
offer an access to many variables, even those not initially thought of as predictive. For instance, EHRs
consist of structured data, such as demographics, diagnosis, procedures, biological laboratory results, and
medication exposures, which can be associated with unstructured data, such as clinical notes, discharge
summaries, pathology and imaging reports. In addition, this core EHR data may be complemented
with others, including images, omics data, patient-reported outcomes, or conversation transcriptions.
However, the use of EHR data for any precision medicine application represents an initial and significant
information extraction challenge because of their heterogeneity, incompleteness, and dynamic nature.
The aim of this axis is to develop methods and tools for leveraging patients’ data in their wide variety and
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complexity. This encompasses the extraction and transformation of raw data into engineered, featured
and learned representations of good quality that will enable or facilitate the development of further
clinical decision support and knowledge discovery approaches, as those presented in Axes 2 and 3.

3.1.1 Methods

Methods developed in Axis 1 can be associated with three type of tasks: (i) deep phenotyping, (ii) patient
representation and (iii) reasoning with clinical knowledge. (i) Deep phenotyping consists in defining
algorithms that enable to identify patients with a particular and potentially complex profile within large
healthcare databases. It encompasses the development of natural language processing tools capable of
extracting complex features and their context out of clinical texts; it also includes the ability to consider
simultaneously structured and unstructured data of these databases to identify relevant patients. To this
aim our methods rely on expert rules, distant-supervision and deep learning language representations.
(ii) Regarding patient representation we focus on two distinct kind of representations. The first one is an
explicit representation of patients in the form of knowledge graphs, using Semantic Web standards and
tools. The second one is a representation of patients within a latent space, using representation learning
methods largely inspired from results obtained by deep learning models to learn language representations.
(iii) Tasks concerned with reasoning on clinical knowledge are mutliple. It encompasses methods to
measure patients’ similarity between elaborated patients representations (either in the form of knowledge
graph or embeddings), hybrid approaches for analogical reasoning and logical and statistical inference.

3.2 Axis 2 - Stochastic and data-driven predictive modelling of health trajectories

The recent availability of high dimensional health data enables the emergence of data-driven models
for description, analyses with further possibility to guide clinical decisions. In this high dimensional
setting, machine learning-based prediction tasks have been demonstrated to be efficient, although they
may not be the best option in every setting. We are interested in these borders between settings, where
deep learning approaches fail, but alternatives succeed and reciprocally. Particularly, we are considering
borders found in temporal modelling and small-sample settings. Health data provided by EHRs have
several specificities among which: (i) patient care trajectories are high dimensional, and (ii) are censored,
i.e., data are observed until a certain timepoint. Current models do not succeed in simultaneously
tackling these two previous concerns. For example, patient trajectories include comorbidities pathways
where one disease may impact the others. Embedding patient trajectories in prognostic models remains
a challenge, especially, when low-sample-size high-dimension setting. Machine learning in such setting
should be adapted and compared with efficient statistical learning models.

3.2.1 Methods

During this year, we focused on adapting machine learning based methods on the following challenges:
signal detection using spatio-temporal data to be able to build health geographical vigilance system,
medical image classification in low sample setting, pharmacovigilance signal detection using large
database. We proposed a method to model and monitor population distributions over space and time, in
order to build an alert system for spatio-temporal data changes based on a new version of the Expectation-
Maximization (EM) algorithm to better estimate the number of clusters and their parameters at the
same time. We validate this approach on a real data set of positive diagnosed patients to coronavirus
disease 2019. We show that our pipeline correctly models evolving real data and detects epidemic
changes. We proposed a new method to perform data augmentation in a reliable way in the High
Dimensional Low Sample Size setting using a geometry-based variational autoencoder. We validated this
approach on a medical imaging classification task where a small number of 3D brain magnetic resonance
images are considered and augmented using the proposed framework. We adapted a very classical
pharmacoepidemiological method to high dimensional setting, the Weigthed Cumulative Exposure
statistical model, which makes it possible to model the temporal relationship between the prescription of
a drug and a side effect, by implementing it using Graphics Processing Unit (GPU) programming. We
analysed several real life datasets using such implementation and show that it was possible using this
adaptation to apply this method to the National Health Insurance Database (SNDS).
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3.3 Axis 3: Data-driven and designs for next generation clinical trials

New model-based fundamental researches could help in screening patients and predicting response prior
to clinical trials, thanks to biomarkers or EHRs based predictive modelling of patients’ response.Digital
Medical Devices, are health technologies falling into the definition of medical devices intending to
“Prevention, diagnosis, monitoring, treatment or alleviation of disease” (Regulation EU 2017/745) and
are mostly based on machine learning algorithms. Among them, learning software as medical devices
technologies (SaMD) now have the potential to be translated to patients’ care. As such, they should be
evaluated in clinical trials. However, by contrast to drugs for which the chemical formula does not change
over time, the performances of a predictive model are constantly enriched by new observational data.
The challenge we face now is to be able at any time to ensure the safety and efficacy of SaMD and other
advances, for patient care. The objective of this axis is twofold : how clinical trials can help machine
learning? And inversely, how can machine learning and other information sources help clinical trials?
Accordingly, the first objective is to propose clinical trial methods and designs adapted to continuous
learning and adapting tools (DMDs). The second objective, is to produce innovative clinical trial designs
acquiring all possible patient-related knowledge: disease and translational models, EHRs, clinical trial
data and synthetic patients.

3.3.1 Methods

This year we focused more on the second objective. We developed (i) dose-finding methods that include
pharmacokinetics and pharmacodynamics modelling to better choose the appropriate dose-regimen
in oncology ; (II) methods based on logistic regression and random effects meta-analysis to syntetise
information from multiple early phase trials with several doses ; (iii)methods which allow for analsing
disruped clinical trial by COVID pandemic ; (iv) deep learning models that allow to analyse multistate
EHR ...

4 Application domains

4.1 Cancer

4.1.1 EraPerMed PeCAN (Personalized medicine in CANcer) (EU funding 2020-2023)

Breast cancer is the most common cancer in women worldwide. The most aggressive type is triple negative
breast cancer (TNBC), characterized by a very poor prognosis. New targeted and personalized therapies
are urgently required. In this context, the European project PeCAN aims at developing and assessing new
"AI algorithms" able to predict treatment response and personalize therapy of TNBC patients. They will
propose new approaches for personalization of drug therapy based on a deep molecular characterization
of individual tumors and patients and the establishment and use of digital medicine approaches to model
effects and side effects of all therapy options. In these projects, our team is in charge of developing multi-
scale models that integrate more clinical data in the models (as biomarkers, patients’ characteristics,
chemo and targeted molecule treatments, biology, clinical outcomes, etc.). We are designing a framework
for assessing the clinical performance and safety of the AI algorithms itself, by using real-world data
collected in clinical data warehouses and biobanks. These projects are associated with Axes 1-3.

4.1.2 Optimizing patients’ treatment trajectory in metastatic colon cancer (Ongoing)

In metastatic colorectal cancer, biomarkers that explain certain toxicities have recently been identified.
For instance, the UGT1A1 gene is strongly associated with bilirubin levels, for which a variant is linked to
an increased risk of irinotecan toxicity. This finding suggests that patient subgroups defined by these
variables should be treated differently. While standard protocols for dose adjustment in chemotherapy
exist, these recommendations do not account for possible associations between other covariates and
comorbidities. Thus, in clinical practice, physicians adapt doses and schedules of successive cycles of
treatment by accounting for patient’s characteristics and treatment history, including doses and outcomes.
As a result, each patient’s dose regimen over multiple cycles often differs from what is recommended in
standard protocols. We used Bayesian inference accounting for elicited clinical relevance weights from
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physicians to reflect their medical experience. This allowed us to model and optimize the treatment
trajectory over cycles based on observed toxicities. Further, we will optimize patient treatment trajectory
to avoid cancer progression and increase overall survival (in Axis 2). For this project we got an INCA
funding and we will collaborate with the HEGP oncology department.

4.1.3 Optimizing patients’ treatment trajectory in metastatic liver cancer (Ongoing)

Metastatic liver cancer can be treated through mini invasive surgery, typically via interventional radiology.
The aims of this project are (1) to cluster the possible responders and non-responders to these particular
therapies (using imaging), (2) to evaluate the quantity of required treatment (either burn or freeze an
area including all the tumoral matter) and follow-up. We will optimize patient treatment trajectory in
interventional radiology by better selecting, guiding and following up patients. We will adapt and develop
models for patient care trajectories, as proposed in Axis 2, and using features extracted from Axis 1. This
project will be done in collaboration with Pr Marc Sapoval (HEGP) and its team in the interventional
radiology department. This project will also be part of a bilateral collaboration with Singapore where we
will co-develop methods to use both imaging and ctDNA data for the selection and prediction of patients’
outcomes.

4.1.4 Cancer follow-up and modelling through liquid biopsies in HPV-induced cancers (Ongoing)

Human Papillomavirus (HPV) is a small virus responsible for benign genital warts that are susceptible
to transform into in-situ to invasive cancers. The cancerization process often involves integration of
HPV DNA in the host DNA, which is identified by circulating HPV-DNA found in the blood stream (Veyer
et al. 2019). The objective of this project is to provide data structures enabling longitudinal omics
follow-up of HPV-induced cancers. We will propose, on one hand, methods providing longitudinal
omics representation in clinical data warehouses using graph structures and content-addressable storage
and, on the other hand, modeling patients’ trajectories using longitudinal omics data for clustering and
predicting patients’ sub-group outcomes. This project is in relation with Axis 1 for the development of
temporal representation of omics data in graphs and in relation with Axis 2 for the modelling of patient
care trajectories. This project will be in collaboration with HEGP virology and oncology departments and
Curie Institute.

4.1.5 PersoProCaRisk (Ongoing)

Risk stratification for prostate cancer (PCa) included prostate specific antigen (PSA), (if indicated) needle
biopsy, histopathological examination and consistent tumor grading. In this project, we aim at (1) stratify
patient’s treatment (active surveillance vs. surgical intervention vs. radiation therapy), (2) identify patients
with high-risk tumors and (3) improve disease progression monitoring, employing a) deep proteomics of
tissue specimens, b) Next Generation Sequencing of seminal vesicle plasma and matched tissue; and c)
imaging techniques (PSMA PET/CT, and MRI) as a radiomics approach. These high dimensional data will
be integrated into statistical/learning models for onset of events and time-dependent covariates. For
this axis-2 project, we collaborate with the University Medical Center Freiburg’s Department of Radiation
Oncology, the University Medical Center Freiburg’s Institute of Molecular Medicine and the University of
Toronto’s Clinical Biochemistry, Laboratory Medicine and Pathobiology department.

4.1.6 Twinonco (Ongoing)

Almost the totality studies in oncology, use medical imaging to assess (i-)RECIST criteria leading to a
standard measure of disease progression or overall survival. However, images reading relies on radiologist
expertise and manual and repetitive processes. In this project, we will in position to test new services
for automatic images analyses on dedicated platform. More specifically, our team will have to provide
the methodology and the results of tests of several sofware prototypes helping lesions (both target and
non-target) readings. All these development aims at providing a virtual twin of the patient further
accompanying medical or therapeutic decisions, inside the axis-2 framework. This project is done in
collaboration with Prof. Laure Fournier and the Radiology-HEGP team, and Dassault Systèmes.



8 Inria Annual Report 2022

4.1.7 Dysplastic and invasive squamous lesions of the upper aerodigestive pathways-PREINV (On-
going)

This project is dedicated to the development of an algorithm for automatic imaging analysis, with Deep
Learning, helping the automatic classification of lesions and the prediction of dysplasia evolution. This
algorithm should have the same level of performance thatn the pathologist. Dysplastic images will be
studied in order to search for elements of evolution into invasive cancer and pronostic prediction. Taking
into account the lack of inter-observers agreement and lack of precision with actual criteria and human
analyses, will be key in this process. In this project, not so close but still related to axis-2, we are data
controller for clinical data, and will closely with Prof. C. Badoual and Y Bellahsen-Harrar (Pathological
Anatomy and Cytology Department-HEGP).

4.1.8 RHU – Optimisation and imProved Efficacy of targeted RAdioNuclide therapy in Digestive can-
cers by Imagomics - Operandi (Ongoing)

The OPERANDI project (Optimisation and imProved Efficacy of targeted RAdioNuclide therapy in Diges-
tive cancers by Imagomics) aims to address unmet clinical needs in the current management of advanced
stage digestive tumours treated with targeted radionuclide therapy (TRT) by exploring new opportunities
provided by imaging-based artificial intelligence (AI) and data augmentation, simultaneous PET-MRI
imaging, and novel approaches to increase TRT efficacy (genomic profiling, radiopotentiators, and new
radionuclides).

4.2 Rare diseases and pediatrics

4.2.1 Diagnostic dead-ends and rare diseases (Ongoing)

The identification of rare disease variations or of their oligogenic forms is hampered by the lack of a
precise phenotypic description of patients. The ability of describing precisely these diseases, from a
phenotypic point of view, would enable to search for relevant associated genes. The aim of this project
is to avoid diagnostic dead-ends by proposing methods that relate the diagnostic to a relevant group of
genes. This motivates the development of algorithms to predict the most likely diagnoses. We will use
the information that is available in the "rare diseases fact sheets" set up by the National Rare Diseases
Database (BNDMR). By cross-referencing the information extracted from EHR texts and from the rare
disease sheets and modeling patient’s care trajectories, we will propose to build diagnostic algorithms that
will allow identifying most probable diagnoses for each patient in a diagnostic dead-end by prioritizing
the variations to be searched for. This project is related to Axis 1 by developing extraction and phenotyping
tools and to Axis 2 by modelling patient care trajectories. This project will be carried out in collaboration
with the BNDMR, the AnDDI-Rares rare diseases Healthcare Network, Necker hospital and Imagine
Institute.

4.2.2 CIL LICO- Ciliopathies: group of disorders associated with genetic mutation leading to rare
and severe genetic diseases - Projet RHU - Recherche Hospitalo-Universitaire- 20118-22

Ciliopathies are a large group of rare and severe genetic diseases caused by ciliary dysfunction associated
with clinical and genetic heterogeneity, as well as a lack of knowledge on patients’ natural history (i.e., the
evolution of the disease). The aim of this RHU-3 project, funded through the Investissements d’avenir
program, is to develop innovative, diagnostic, prognostic and tailored therapeutic approaches for patients
suffering from ciliopathies to prevent them from developing renal failure. Following this aim, we will
develop a mechanistic stratification of ciliopathies, in order to regroup suspected and already diagnosed
ciliopathies in a treatment-orientated classification. One goal is to engineer a ready-to-use bio-kit for
assessing both diagnosis and prognosis of developing renal alteration, in ciliopathy patients. Finally,
personalized therapeutic approaches will be proposed for patients using predictive approaches. We will
use methods developed in Axis 1 as well as methods proposed in Axis 2 to model patient trajectory. This
project is in collaboration with Imagine Institute, AP-HP, the Medetia company and Ecole Polytechnique.
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4.2.3 Optimizing and personalizing the treatment of children’s asthma via machine learning and
at-home data entry (under evaluation)

The objective of the CHIASMA X project is to integrate personalized approaches into the optimization
and personalization of childhood asthma. First, it will implement a remote, continuous and extensive
assessment of children’s asthma, through the integration of various data sources including home-based
monitoring (mobile app, smart inhalers, home spirometers) and environmental data. Second, it will allow
timely delivery of effective personalized treatments through the development of two data-driven models
(in relation with Axis 2): one indicating when a medical review is required, the other suggesting the most
appropriate treatment to each child. It will also be part of the next-generation clinical trials (in relation
with Axis 3) proposing data adherence algorithms. This project will be in collaboration with the university
hospital Necker.

4.2.4 BNDMR- Banque Nationale des Maladies Rares

The French National Registry for Rare Diseases (BNDMR) is a national tool for epidemiology and public
health purposes in the field of rare diseases. In line with the objectives defined by the 2nd and 3rd French
National Plan for Rare Diseases, the BNDMR team develops a secure national information system which
gathers anonymized clinical data of patients affected by rare diseases in its BNDMR data warehouse.
As medical head of the BNDMR, AS Jannot has several research projects strongly connected with HeKA
team including CDE.AI and Dromos project. CDE.ai aims to create a set of natural language processing
algorithms that will allow the semi-automatic completion of the rare disease minimal data set that is
currently completed manually for all patients followed up in the rare disease expert centres. In this
project, we will use methods developped in Axe 1 (collaboration with N Garcelon). The DROMOS project
is a project that uses the National Data Bank for Rare Diseases by linking it to health insurance data.
This matching will allow the description of the care of rare disease patients at the national level for
rare diseases, including the characteristic care of the most frequent rare diseases. We will use methods
developped in the from of Axis 2 to model these longitudinal data.

4.2.5 Genomic variability transversal program (2018-2023)

The objective of the INSERM Genomic Variability cross-cutting programme is to understand the role
played by genes and their variants on the development of pathologies. This programme, which is based
on the longitudinal follow-up of cohorts of individuals and their phenotyping, aims to promote the
development of new methods for the analysis of longitudinal data. In this program, we develop in the
frame of axis 2 longitudinal approaches to define patients trajectories from truncated data such as those
in France National Health Database (SNDS).

4.3 Other

4.3.1 Antibiotic resistance – FAIR project EU Horizon (on going)

The aim of the FAIR project is to evaluate Flagelin aerosol therapy for stimulation of immunity as an alter-
native treatment against pneumonia with multidrug resistant bacteria. In this project, we are developing
a full model using pharmacometrics expertise as well as statistical designs for extrapolation purpose and
the design of dose-finding study in healthy volunteers. As written above, in this project, S Zoharvco-lead
along with C Kloft (Freie Universitaet Berlin) the WP entitled “Development of a translational modelling
and simulation platform for flagellin PK/PD”. The aim of the WP is to propose an optimal design for
the first-in-man clinical trials, maximizing knowledge gained from in vitro experimentation, expert
knowledge and pre-clinical experiments along the way. By incorporating mechanistic approaches earlier
in the development process along with a continuous learning modelling under Bayesian inference, we
hope to increase the probability of success of the translation process to the clinical setting and thus,
optimizing the statistical design and sample size. This project is in relation with axis 3.
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4.3.2 Endocrine/Primary Hypertension - HT-ADVANCE (funded)

Conducted by several hypertension Centers of Excellence, and following the successful ENSAT-HT project,
the HT-ADVANCE project targets a deep change in personalized management of arterial hypertension
(HT) by using multi-omics (MOMICS) stratification biomarkers for existing drugs prescription. The
objective of HT-ADVANCE is to validate two multicomponent stratification biomarkers in patients with
HT in order to (1) identify patients with endocrine hypertension (EHT), and (2) predict response to
treatment in patients with primary hypertension (PHT). Three clinical trials are planned and apply
machine learning techniques to integrate the genetic, genomic and metabolomic features in order to
generate accurate diagnostic and therapeutic response predictions for clinicians. In this project, related
to axis-2, we will provide (i) methological support for all the 3 trials, (ii) validity- and (iii) usefulness-
assessements of the omics approach to deliver improved health outcomes in HT through MOMICS (WP5).
The whole project is funded by the HORIZON-HLTH-2022-TOOL-11 call and relies on an international
consortium, including 14 research teams representing 7 EU/non-EU states, coordinated by the Paris
Cardiovascular Research Center (INSERM).

4.3.3 Heart Failure with preserved Ejection Fraction – PACIFIC (Ongoing)

The prevalence of Heart Failure with preserved Ejection Fraction (HFpEF) is increasing especially on the
grounds of the aging of the population. The pathology presents a wide variety of cardiac and extra-cardiac
abnormalities causing problems in terms of diagnosis and therapeutic management. As no global and
deep analysis of all anomalies has ever been provided, it becomes essential to understand underlying
phenotypes heterogeneities, improve patients clustering. In addition, this project tries also to ensure
the simultaneous and continuous measures of key follow-up parameters via a connected tool (a T-shirt)
and link the abnormalities observed via the connected tool with clinical and paraclinical anormalities
observed in standard of care. In this project, not so close but still related to axis-2, we are data controller
for clinical data, and will closely with Coordinating Investigator (Prof. JS Hulot at the CIC1418-PT) and
Scientific Responsible (Dr H. Tachouaft, Resp. of Clinical Operation Dpt at Sanofi).

4.3.4 Virtual reality (Ongoing)

Several projects led at the HEGP are currently ongoing to evaluate the analgesia provided by the use of
Virtual Reality in different care settings (extracorporeal lithotripsy, after colorectal cancer surgery, and
fiberoptic bronchoscopy in critical care). In these projects, not so close but still related to axis-2, we will
provide methodological approach and use statistical methods to conclude on the clinical questions, by
working closely with all Coordinating Investigators (Prof. D Clausse, G Manceau and A Rastello)

5 Social and environmental responsibility

5.1 Impact of research results

Our methods and designs are applied in collaboration with medical research team members at HEGP
and Necker hospitals (among others). During the last two years, and in consequence of the COVID-19
sanitary pandemic, we developed and deployed tools for knowledge extraction from clinical text to the
central clinical data warehouse of the AP-HP (Entrepôt de Données de Santé, AP-HP) . Through others,
these tools enable the recognition of named entities, their context (e.g., negation, personal or family
history, hypothesis). They have been widely reused for the development of clinical studies, which led
to 13 international publication of clinical epidemiology related to COVID-19. It also serve as a basis for
our implication in the 4CE international consortium (https://www.covidclinical.net/), which led to 15
publications. These tools have been refactored and their use is facilitate within the medkit library.

6 Highlights of the year

• CRCN Inria – recruitment of Jean Feydy (Dec 2021)

https://www.covidclinical.net/
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• DR Inria (Detachement) - Agathe Guilloux (Sept 2022)

• CRCN Inserm – recruitment of Moreno Ursino (Oct 2022)

• Medical Head of BNDMR (Banque Nationale des Maladies Rares) – nomination of Anne-Sophie
Jannot (Sept 2022)

• AT2TA ANR grant project (2022-25), AT2TA project aims at developping the use of representation
learning and deep machine learning for analogical reasoning. We are leading a workpackage that
will investigate clinical applications of such novel approach for analogical reasoning.

• ADHERENCE BOAS grant project (2022-24) ADHERENCE aims at developping, evaluating and
sharing algorithms for the evaluation of therapeutical adherence in the context of three chronic
diseases. This project is funded by the Health Data Hub.

7 New software and platforms

7.1 New software

7.1.1 medkit

Name: a toolkit for a learning health system

Keywords: Learning health system, Biomedical data, Decision support, Python, Information extraction,
Natural language processing, Audio signal processing, Machine learning

Functional Description: This library aims at (1) facilitating the manipulation of healthcare data of
various modalities (e.g., structured, text, audio data) for the extraction of relevant features and (2)
developing supervized models from these various modalities for decision support in healthcare.

Release Contributions: This release 0.3.1 fixes a pip install issue found for release 0.3.0.

URL: https://github.com/TeamHeka/medkit

Contact: Adrien Coulet

Participants: Deycy Camila Arias Villamil, Olivier Birot, Kim-Tam Huynh, Antoine Neuraz, Ivan Lerner,
Bastien Rance, Adrien Coulet

7.1.2 Pythae

Keywords: Generative Models, Benchmarking, Reproducibility

Functional Description: This library implements some of the most common (Variational) Autoencoder
models under a unified implementation. In particular, it provides the possibility to perform
benchmark experiments and comparisons by training the models with the same autoencoding
neural network architecture. The feature make your own autoencoder allows you to train any of
these models with your own data and own Encoder and Decoder neural networks. It integrates
experiment monitoring tools such wandb, mlflow or comet-ml and allows model sharing and
loading from the HuggingFace Hub in a few lines of code.

URL: https://github.com/clementchadebec/benchmark_VAE

Contact: Clément Chadebec

https://github.com/TeamHeka/medkit
https://github.com/clementchadebec/benchmark_VAE
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7.1.3 Pyraug

Keywords: Generative Models, Data augmentation

Functional Description: This library provides a way to perform Data Augmentation using Variational
Autoencoders in a reliable way even in challenging contexts such as high dimensional and low
sample size data.

URL: https://github.com/clementchadebec/pyraug

Contact: Clément Chadebec

8 New results

The team have generated many results in the last year, here are five illustrations for each axis.

8.1 Axis 1

Rogier, A., Coulet, A., and Rance, B. (2022). Using an Ontological Representation of Chemotherapy
Toxicities for Guiding Information Extraction and Integration from EHRs. Studies in health technol-
ogy and informatics, 290, 91-95.

The detection of toxicities and their severity from EHRs is of importance for many downstream
applications. However toxicity information is dispersed in various sources in the EHRs, making its extrac-
tion challenging. We developped OntoTox, an ontology designed to represent chemotherapy toxicities,
its attributes and provenance. OntoTox enable the integration of toxicities and grading information
extracted from three heterogeneous sources: EHR questionnaires, semistructured tables, and free-text.
We instantiated 53,510, 2,366 and 54,420 toxicities from questionnaires, tables and free-text respectively,
and compared the complementarity and redundancy of the three sources.

Participants: Rogier A ., Coulet A ., Rance B ..

Lerner, I., Serret-Larmande, A., Rance, B., Garcelon, N., Burgun, A., Chouchana, L. and Neuraz,
A., 2022. Mining Electronic Health Records for Drugs Associated With 28-day Mortality in COVID-19:
Pharmacopoeia-wide Association Study (PharmWAS). JMIR medical informatics, 10(3), p.e35190.

We developed a pharmacopeia-wide association study (PharmWAS) pipeline inspired from the Phe-
WAS methodology, which systematically screens for associations between the whole pharmacopeia and a
clinical phenotype. First, a fully data-driven procedure based on adaptive least absolute shrinkage and
selection operator (LASSO) determined drug-specific adjustment sets. Second, we computed several
measures of association, including robust methods based on propensity scores (PSs) to control indication
bias. We applied this method in a multicenter retrospective cohort study using electronic medical records
from 16 university hospitals of the Greater Paris area. We investigated the association between drug
prescription within 48 hours from admission and 28-day mortality for COVID-19. 4 drugs were associated
with increased in-hospital mortality. Among these, diazepam and tramadol could worsen COVID-19,
what needs to be further assessed.

Participants: Lerner, I ., Garcelon, N ., Rance B ., Burgun, A ., Neuraz, A ..

Chen, X., Faviez, C., Vincent, M., Briseño-Roa, L., Faour, H., Annereau, J.P., Lyonnet, S., Zaidan,
M., Saunier, S., Garcelon, N. and Burgun, A., 2022. Patient-Patient Similarity-Based Screening of a
Clinical Data Warehouse to Support Ciliopathy Diagnosis. Frontiers in Pharmacology, 13.

A timely diagnosis is a key challenge for many rare diseases. As an expanding group of rare and
severe monogenic disorders with a broad spectrum of clinical manifestations, ciliopathies, notably renal
ciliopathies, suffer from important underdiagnosis issues. We developed an approach for screening

https://github.com/clementchadebec/pyraug
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large-scale clinical data warehouses and detecting patients with similar clinical manifestations to those
from diagnosed ciliopathy patients. A ranking model based on the best-subtype-average similarity was
proposed to address the phenotypic overlapping and heterogeneity of ciliopathies. Our results showed
that using less than one-tenth of learning sources, our language and center specific embedding provided
comparable or better performances than other existing medical concept embeddings. Our approach
offer the opportunity to identify candidate patients who could go through genetic testing for ciliopathy.

Participants: Faviez, C ., Garcelon, N ., Burgun, A ..

Faviez, C., Vincent, M., Garcelon, N., Michot, C., Baujat, G., Cormier-Daire, V., Saunier, S., Chen,
X. and Burgun, A., 2022. Enriching UMLS-Based Phenotyping of Rare Diseases Using Deep-Learning:
Evaluation on Jeune Syndrome. In Challenges of Trustable AI and Added-Value on Health (pp. 844-
848). IOS Press.

The phenotype extraction from EHR narrative reports can be performed by using either dictionary-
based or data-driven methods. We developed a hybrid pipeline using deep learning to enrich the UMLS
Metathesaurus for automatic detection of phenotypes from EHRs. The pipeline was evaluated on a
French database of patients with a rare disease characterized by skeletal abnormalities, Jeune syndrome.
The results showed a 2.5-fold improvement regarding the number of detected skeletal abnormalities
compared to the baseline extraction using the standard release of UMLS. Our method help enrich the
coverage of the UMLS and improve phenotyping, especially for languages other than English.

Participants: Faviez, C ., Garcelon, N ., Chen, X ., Burgun, A ..

Monnin, P., Raïssi, C., Napoli, A., and Coulet, A. (2022). Discovering alignment relations with
Graph Convolutional Networks: A biomedical case study. Semantic Web, 13(1), 379-398.

We focused here on the identification, within an aggregated knowledge graph, of nodes of various
sources, that are equivalent, more specific, or weakly related. We proposed to match nodes within a
knowledge graph by (i) learning node embeddings with Graph Convolutional Networks such that similar
nodes have low distances in the embedding space, and (ii) clustering nodes based on their embeddings, in
order to suggest alignment relations. We conducted experiments on the real world application of aligning
knowledge in the field of pharmacogenomics, which motivated our study. We observed that distances in
the embedding space are coherent with the “strength” of these different relations (e.g., smaller distances
for equivalences), letting us considering clustering and distances in the embedding space as a means to
suggest alignment relations.

Participants: Coulet, A ..

8.2 Axis 2

We adapted and developed innovative methods based both on machine and deep learning for longitudinal
health data in high dimensional setting in different contexts including cluster detection using geographic
data, image classification, cut-point detection of prognostic factor, drug side effect detection.

Pruilh, S., Jannot, A. S., and Allassonnière, S. (2022). Spatio-temporal mixture process estimation
to detect dynamical changes in population. Artificial intelligence in medicine, 126, 102258.

We proposed a method to model and monitor population distributions over space and time, in order
to build an alert system for spatio-temporal data changes based on a new version of the Expectation-
Maximization (EM) algorithm to better estimate the number of clusters and their parameters at the same
time. We validate this approach on a real data set of positive diagnosed patients to coronavirus disease
2019. We show that our pipeline correctly models evolving real data and detects epidemic changes.
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Participants: Pruilh, S ., Jannot, A. S ., Allassonnière, S ..

Chadebec, C., Thibeau-Sutre, E., Burgos, N., and Allassonnière, S. (2022). Data augmentation
in high dimensional low sample size setting using a geometry-based variational autoencoder. IEEE
Transactions on Pattern Analysis and Machine Intelligence. We proposed a new method to perform
data augmentation in a reliable way in the High Dimensional Low Sample Size setting using a geometry-
based variational autoencoder. We validated this approach on a medical imaging classification task
where a small number of 3D brain magnetic resonance images are considered and augmented using the
proposed framework.

Participants: Chadebec, C ., Allassonnière, S ..

Sabatier, P., Feydy, J., and Jannot, A. S. (2022). Accelerating High-Dimensional Temporal Mod-
elling Using Graphics Processing Units for Pharmacovigilance Signal Detection on Real-Life Data. In
Challenges of Trustable AI and Added-Value on Health(pp. 83-87). IOS Press. We adapted a pharma-
coepidemiological method to high dimensional setting, the Weigthed Cumulative Exposure statistical
model, which makes it possible to model the temporal relationship between the prescription of a drug
and a side effect, by implementing it using Graphics Processing Unit (GPU) programming.

Participants: Sabatier, P ., Feydy, J ., Jannot, A. S ..

Rives-Lange C, Poghosyan T, Phan A, et ... Jannot AS. Risk-Benefit Balance Associated With Obstet-
ric, Neonatal, and Child Outcomes After Metabolic and Bariatric Surgery . JAMA Surg. 2022;e225450.
doi:10.1001/jamasurg.2022.5450 We applied a self-control approach combined with a falsification anal-
ysis to analyse safety of bariatric surgery regarding pregnancies and their resulting children.To take into
account potential confounding factors including age, we considered both pregnancies before and after
bariatric surgeries but also consecutive pregnancies before bariatric surgeries. Mutiple comparisons
without any a priori hypothesis allowed us to pinpoint potential increase of respiratory illnesses in the
newborn due to bariatric surgery.

Participants: Jannot A. S .
.

Lartigue, T., Durrleman, S., and Allassonnière, S. (2022). Deterministic approximate EM algo-
rithm; Application to the Riemann approximation EM and the tempered EM. Algorithms, 15(3), 78.
In this paper, we introduce a theoretical framework, with state-of-the-art convergence guarantees, for
any deterministic approximation of the E step of the expectation-maximisation algorithm. We analyse
theoretically and empirically several approximations that fit into this framework. First, for intractable
E-steps, we introduce a deterministic version of MC-EM using Riemann sums. A straightforward method,
not requiring any hyper-parameter fine-tuning, useful when the low dimensionality does not warrant
a MC-EM. Then, we consider the tempered approximation, borrowed from the Simulated Annealing
literature and used to escape local extrema. We prove that the tempered EM verifies the convergence
guarantees for a wider range of temperature profiles than previously considered. We showcase empirically
how new non-trivial profiles can more successfully escape adversarial initialisations. Finally, we combine
the Riemann and tempered approximations into a method that accomplishes both their purposes.

Participants: Allassonnière, S ..
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8.3 Axis 3

Cottin A, Pecuchet N, Zulian M, Guilloux A, Katsahian S. IDNetwork: A deep illness-death network
based on multi-state event history process for disease prognostication. Statistics in Medicine. 2022;
41( 9): 1573– 1598. doi:10.1002/sim.9310 Multi-state models can capture the different patterns of
disease evolution. In particular, the illness-death model is used to follow disease progression from a
healthy state to an intermediate state of the disease and to a death-related final state. We aim to use those
models in order to adapt treatment decisions according to the evolution of the disease. In state-of-the
art methods, the risks of transition between the states are modeled via (semi-) Markov processes and
transition-specific Cox proportional hazard (P.H.) models. The Cox P.H. model assumes that each variable
makes a linear contribution to the model, but the relationship between covariates and risks can be more
complex in clinical situations. To address this challenge, we propose a neural network architecture called
illness-death network (IDNetwork) that relaxes the linear Cox P.H. assumption within an illness-death
process. IDNetwork employs a multi-task architecture and uses a set of fully connected subnetworks in
order to learn the probabilities of transition. Through simulations, we explore different configurations of
the architecture and demonstrate the added value of our model. IDNetwork significantly improves the
predictive performance compared to state-of-the-art methods on a simulated data set, on two clinical
trials for patients with colon cancer and on a real-world data set in breast cancer.

Participants: Cottin A ., Guilloux A ., Katsahian S ..

Deep learning segmentation algorithm for sarcopenia Roblot V, Giret Y, Mezghani S, Auclin E,
Arnoux A, Oudard S, Duron L, and Fournier L. Validation of a deep learning segmentation algorithm
to quantify the skeletal muscle index and sarcopenia in metastatic renal carcinoma. Eur Radiol 32,
4728–4737 (2022) To validate a deep learning (DL) algorithm for measurement of skeletal muscular
index (SMI) and prediction of overall survival in oncology populations. A retrospective single-center
observational study included patients with metastatic renal cell carcinoma between 2007 and 2019. A
set of 37 patients was used for technical validation of the algorithm, comparing manual vs DL-based
evaluations. Segmentations were compared using mean Dice similarity coefficient (DSC), SMI using
concordance correlation coefficient (CCC) and Bland-Altman plots. Overall survivals (OS) were compared
using log-rank (Kaplan-Meier) and Mann-Whitney tests. Generalizability of the prognostic value was
tested in an independent validation population (N = 87). Differences between two manual segmentations
(DSC = 0.91, CCC = 0.98 for areas) or manual vs. automated segmentation (DSC = 0.90, CCC = 0.98
for areas, CCC = 0.97 for SMI) had the same order of magnitude. Bland-Altman plots showed a mean
difference of -3.33 cm(2) [95%CI: -15.98, 9.1] between two manual segmentations, and -3.28 cm(2) [95%
CI: -14.77, 8.21] for manual vs. automated segmentations. With each method, 20/37 (56%) patients were
classified as sarcopenic. Sarcopenic vs. non-sarcopenic groups had statistically different survival curves
with median OS of 6.0 vs. 12.5 (p = 0.008) and 6.0 vs. 13.9 (p = 0.014) months respectively for manual and
DL methods. In the independent validation population, sarcopenic patients according to DL had a lower
OS (10.7 vs. 17.3 months, p = 0.033). A DL algorithm allowed accurate estimation of SMI compared to
manual reference standard. The DL-calculated SMI demonstrated a prognostic value in terms of OS.

Participants: Arnoux A ..

Hua, W., Mei, H., Zohar, S., Giral, M., and Xu, Y. (2022). Personalized dynamic treatment regimes
in continuous time: a Bayesian approach for optimizing clinical decisions with timing. Bayesian Anal-
ysis, 17(3), 849-878. We developed a two-step Bayesian approach to optimize clinical decisions, estimat-
ing personalized optimal dynamic treatment regimes (DTRs), taking into account intervention timing.
In the first step, we build a generative model for a sequence of medical interventions with a marked
temporal point process (MTPP) where the mark is the assigned treatment or dosage. Then this clinical
action model is embedded into a Bayesian joint framework where the other components model clini-
cal observations including longitudinal medical measurements and time-to-event data conditional on
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treatment histories. In the second step, we proposed a policy gradient method to learn the personalized
optimal clinical decision that maximizes the patient survival by interacting the MTPP with the model
on clinical observations while accounting for uncertainties in clinical observations learned from the
posterior inference of the Bayesian joint model in the first step.

Participants: Zohar, S ..

Gerard, E., Zohar, S., Thai, H. T., Lorenzato, C., Riviere, M. K., and Ursino, M. (2022). Bayesian
dose regimen assessment in early phase oncology incorporating pharmacokinetics and pharmaco-
dynamics. Biometrics, 78(1), 300-312. We proposed a Bayesian dose regimen assessment method
(DRtox) using pharmacokinetics/pharmacodynamics (PK/PD) to estimate the maximum tolerated dose
regimen (MTD-regimen) at the end of the dose-escalation stage of a immunoteraphy trial. We modeled
the binary toxicity via a PD endpoint and estimated the dose regimen toxicity relationship through the
integration of a dose regimen PD model and a PD toxicity model. For the first model, we considered non-
linear mixed-effects models, and for the second one, we proposed the following two Bayesian approaches:
a logistic model and a hierarchical model.

Participants: Gerard, E ., Zohar, S ., Ursino, M ..

Röver C, Ursino M, Friede T, Zohar S. A straightforward meta-analysis approach for oncology
phase I dose-finding studies. Stat Med. 2022 Sep 10;41(20):3915-3940.

Phase I early-phase clinical studies aim at investigating the safety and the underlying dose-toxicity
relationship of a drug or combination. While little may still be known about the compound’s properties, it
is crucial to consider quantitative information available from any studies that may have been conducted
previously on the same drug. A meta-analytic approach has the advantages of being able to properly
account for between-study heterogeneity, and it may be readily extended to prediction or shrinkage
applications. Here we propose a simple and robust two-stage approach for the estimation of maximum
tolerated dose(s) utilizing penalized logistic regression and Bayesian random-effects meta-analysis
methodology. Implementation is facilitated using standard R packages. The properties of the proposed
methods are investigated in Monte Carlo simulations. The investigations are motivated and illustrated by
two examples from oncology.

Participants: Ursino M ., Zohar S ..

9 Bilateral contracts and grants with industry

9.1 Bilateral Grants with Industry

• Sandrine Katsahian signed a new cifre contract with Sanofi for a PhD under a co-supervision with
Agathe Guilloux.

• Bourse cifre Exystat- ANRT pour l’encadrement de B Duputel (2020-2023) encadré par Sarah Zohar
et Moreno Ursino

• Bourse cifre Dassault Système - ANRT pour l’encadrement d’Aziliz Cottin encadrée par Sandrine
Katsahian et Agathe Guilloux are still ongoing (2020-2023).

• Bourse cifre Pierre Fabre - ANRT pour l’encadrement de Abir Tadmouri Sellier encadré par Sandrine
Katsahian et Agathe Guilloux (2021-2024)

• Bourse cifre Implicty - ANRT pour l’encadrement de Louis Vincent encadré par Stéphanie Allasson-
nière (2021-2024)
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10 Partnerships and cooperations

10.1 International initiatives

10.1.1 Participation in other International Programs

4CE is an international consortium for electronic health record (EHR) data-driven studies of the COVID-
19 pandemic. The goal of this effort—led by the i2b2 international academics users group—is to inform
doctors, epidemiologists and the public about COVID-19 patients with data acquired through the health
care process.

10.2 International research visitors

10.2.1 Visits to international teams

David Drummont was a visiting Fuculty at the Centre For Health Informatics, University of Manchester
(Sept2021-Sept2022).

10.3 European initiatives

10.3.1 Other european programs - initiatives

The European taskforce lead by EIT Health and French Ministry of Solidarity and Health, for the "har-
monization of clinical studies criteria and methodologies in Europe for the evaluation of digital medical
devices". In this taskforce, Sarah Zohar co-lead the WP2 on "Evidence in clinical evaluation" with Corinne
Collignon (Head of the Digital Mission at HAS, France) and Barbara Hofgen (Head of the Unit DiGA-Fast-
Track at Bfarm, Germany. Guidelines will generated to be used by the European commission to establish
regulatory policy.

10.4 National initiatives

ReCAP - Moreno Ursino is the referent of the « Early trials » group.The national network RECaP of Research
in Clinical Epidemiology and in Public Health has for purpose to mutualize original research projects and
to produce innovations in clinical epidemiology and public health.

11 Dissemination

11.1 Promoting scientific activities

Member of the organizing committees

• Members of HeKA are part of program committees of several events, including: Medical Informatics
Europe 2022, 2022 OHDSI Symposium, the international SWAT4HCLS Conference, La journée IA
and Santé de la plateforme PFIA.

11.1.1 Journal

Member of the editorial boards

• Sarah Zohar is Associated Editor of two scientific journals; "Biometrics" and "Statistics in Biophar-
maceutical Research"

• Bastien Rance is member of the editorial board of the "International Journal of Medical Informat-
ics".
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Reviewer - reviewing activities

• Members of HeKA are regular reviewers for the following journals: Scientific Data, Scientific Reports,
Semantic Web Journal, Journal of the Semantic Web, Artificial Intelligence in Medicine, statistics in
medicine, biometrics, statistics in medical research, etc.

11.1.2 Leadership within the scientific community

• Antia Burgun serves as the Representative of the French medical informatics community at the
IMIA (International Medical Informatics Association). She also serves as a member of the Executive
Board of the Imagine Institute.

11.1.3 Scientific expertise

• Sarah Zohar is a voting member at the Cnedimts (“Commission nationale d’évaluation des disposi-
tifs médicaux et des technologies de santé”) at HAS (“Haute Autorité de Santé”).

• Sarah Zohar was in the review committee of BpiFrance grant evaluation "évaluation DM à base
d’IA et de numérique".

• Members of the HeKA team are involved in several ethic committees, such as the Comité d’Ethique
de la Recherche APHP.Centre, the EDS AP-HP Comité Scientifique et Ethique. Members of HeKA
the scientific board of the ANR generic call Axe H.14 : Interfaces : mathématiques, sciences du
numérique – biologie, santé and of the FC3R (French Center for the 3R).

• Stéphanie Allassonière and Anita Burgun hold the Helath Chair at PRAIRIE institute.

11.2 Teaching - Supervision - Juries

• Anne Sophie Jannot and Sandrine Katsahian lead the speciality “Big Data in Health” in the Master
of Science of Public Health at the Paris Cité University.

• Anne Sophie Jannot co-leads the quantitative biomedicine course, which is part from the medical
degree course.

• Anne Sophie Jannot leads a professional degree of “health data reuse” at the Paris Cité University in
collaboration with Marseille and Bordeaux Universities.

• Sandrine Katsahian is responsible for the PRIME department dedicated to the Research, Innovation,
Digital Medicine located in the HEGP in APHP.Centre.

• Moreno URSINO co-leads the course “Science des données” in the L2SIAS at the Paris Cité Univer-
sity.

• Members of the HeKA team are in charge of two majors of the Master in Public Health of the
Université Paris Cité: one on Biomedical Informatics (IBM) and one on Data Science in Healthcare
(DMS).

11.3 Popularization

11.3.1 Internal or external Inria responsibilities

• Stéphanie Allassonière was the chair of the CRCN-ISFP INRIA Lyon committee.
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11.3.2 Interventions

• Sarah Zohar has participated to "Leem - Les Entreprises du médicament - Atelier presse « Essais
Cliniques 2030 »"

• Sarah Zohar has presented HeKA’s project to the 21e eHealth Network Meeting de la commission
européenne dans le cadre de la présidence Française de l’UE

• Sarah Zohar has presented "Conférence au grand public à la Cité de l’Economie (Paris) - "Quand le
numérique révolutionne la santé, quel avenir pour la HealthTech ?""
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