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Design d’un pontage artificiel pour 
palier à l’hypertension pulmonaire & 
comprendre l’effet sur le coeur? 

Prédire le risque de croissance d’anévrisme?

Anticiper le risque de chirurgie du foie?

Virtual surgery
RV LV
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METHODES: MODELES 
MATHEMATIQUES & NUMERIQUES

100	000	km



A la base…
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A chaque application médicale son modèle

0D

3D

1D

Pant et al., J. Biomech 2016
Golse et al., Clinical Biomechanics 2020

Boissier et al., IJNMBE 2021

Vignon & Taylor, Wave 
Motion 2004

Audebert et al., CMAME  2017

VC et al., CMAME 2006; CMBBE 2010
Oakes et al.,  J. Biomech 2015

Papamanolis et al., Annals Biomed Eng 2021

In order to survey a potential micro metastatic spread of the disease, samples from bone marrow, peripheral 
blood and portal blood will be obtained from all Ltx study subjects for later analyses. Tumour and normal tissue 
samples from explanted liver and from hepatic lymph nodes will be obtained for determination of lymphocyte 
infiltration (regulatory T-cells), micro-metastatic disease and micro-array analyses. 
  

4.1. Combined liver resection and liver transplantation 
Total hepatectomy will be performed in 2 steps.  First, a resection of the liver segments 1-3 is performed, 
carefully avoiding dividing through tumor affected liver tissue.  If needed, additional resection into segment 4 
may be perfomed The left portal, arterial and bile duct branches are identified and divided. The Right liver 
remnant should be fully mobilized to facilitate the later second stage hepatectomy. The volume of the liver 
remnant following resection should be ≥ 40%.of standard liver volume.  Standard liver volume is calculated as: 
SLV= 1072.8 * body surface area (m2)-345.7 (23) Directly following resection, the patients receive a liver 
segments 2+3 from a deceased donor. The donor segments will be placed orthotropically. The graft liver vein 
is anastomosed to the orifice of the left liver vein in the recipient with a triangulation technique.  The graft 
portal vein is anastomosed in an end to side fashion to the main portal trunk and the artery end to side to the 
common hepatic artery (figure).  The reason for this is that this will obviate the need for complex hilar 
dissection at the second stage hepatectomy and also reduce the risk of complications to the liver remnant at 
the first operation.  Biliary reconstruction is performed as a Roux-en-Y hepatico-jejunostomy.   

A t l e a s t 5 m i n u t e s a f t e r 
revascular izat ion a pressure 
catheter is placed in the portal vein.  
Pressure is monitored for 5 minutes 
during basal conditions and during 
portal clamping of the portal vein 
d i s t a l t o t h e g r a f t p o r t a l 
anastomosis. At least three repeated 
measurements are performed.  If the 
pressure is stable < 20 mmHg, the 
portal vein to the liver remnant is 
closed.  If the pressure is > 20 
mmHg during clamping, the splenic 
arery is ligated and pressure 
measurements repeated.  If the 
pressure still exceeds 20 mmHg, a 
banding of the portal vein to the liver remnant is performed by creation of a stenosis resulting in a stable  portal 
pressure of 10-20 mmHg. If this is not possible, e temporal portocaval shunt may be considered.  This 
provedure is however not very likely to be needed, since the cohort of patients with colorectal liver metastases 
normally do not have portal hypertension and a hyperdynamic splanchnic circulation. The diversion of portal 
flow to the graft is expected to result in enhanced proliferation of the graft during the course of 2-4 weeks after 
combined liver resection and liver transplantation without causing graft injury and small-for-size syndrome due 
to portal hyperperfusion (24, 25).  

CT scans with volumetry of the transplanted segment is performed at postoperative day1, 7,14, 21 and 28. As 
soon as the donor graft  has obtained a size of approximately 0,75-0.80% of body weight,or > 35-40% of the 
recipients standard liver volume (SLV)  a second stage hepatectomy of the liver remnant is performed, leaving 
only the donor segments in place.  

RAPID Study Version no. 1.1– 1. August 2013 Page !  of !11 22
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Définition
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Le jumeau numérique d’un patient
• Un modèle qui représente la circulation du sang d’un patient

• Au niveau de fidélité coherent avec la question biomédicale
posée

• Qui, paramétré à partir de données à un état précis peut générer
une nouvelle information ou prédire un autre état

See also EDITH CSA project



Paraméterisation: mesures hétérogènes

I.	VIGNON-CLEMENTEL	7
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AVANTAGES DES JUMEAUX 
NUMERIQUES
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Aspect design de Shunt: test in-silico de différentes 
options = force du numérique !
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Pre-Op

Postop-Op

Pant, Sizarov, Knepper, Gossard, Noferi, Boudjemline, and Vignon-Clementel, BMMB 2022 9



Acquired disease: AAA
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Abdominal aortic aneurysms: clinical overview
• Localized expansion of the arterial wall
• Usually asymptomatic
• If ruptures: mortality > 80% (US CDC) 

Treatment (ideally only for high risk patients) 
• Stent-graft
•Open-surgery

Can we predict AAA progression?

(mm)

AAA follow-up on 2 patients: 
~ 6 months between each



Vitesse
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Morphologie & écoulement dans un anévrisme

Joly	et	al.	– Annals	of	Biomed	Eng.	2020



AI results: classification evaluation

Morphological features only

Hemodynamical features only
12

• Goal: prediction of risk change from low risk to high risk based on current data (n)
• Machine learning process

• Results

Repeated
k-fold

Neural-network
Multi-Layer	Perceptron

Clinical features only All features combined

• Clinical data
• Dmax
• Morphological analysis
• Hemodynamics (CFD)
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APPLICATIONS: EXEMPLE DE LA 
CHIRURGIE DU FOIE



Irene Vignon-Clementel
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Medical context: liver surgery

• 25% cardiac output
• regeneration capacity
• metabolism and storage
• drugs and hormones processing 

Liver cancer
Chronic liver disease

Partial liver resection (partial hepatectomy)
Liver transplantation (total liver or split liver) 

Liver volume

Liver 
hemodynamicsLiver function



Partial hepatectomy
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New guidelines for patient selection 
EASL 2018

Problem = portal 
hypertension

Pre-hepatectomy
or 

Post-hepatectomy?
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Jumeau numérique pour le risque chirurgical du foie

Virtual surgery:
Anticipation of 

risk

Validation
on a first cohort

Golse et al, J Hepatology 2021

Current work Hemodyn. model

Patient requiring major 
hepatectomy

Preoperative concern 
about surgical risk 

(portal hypertension)
Data collection



Partial pHx on an initial study, based on peroperative measures – adjusted results
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Another way to look at results
Postop death 

(PHLF)

10 mmHg 
cutoff

Sensitivity 
analysis: linking 
decision criteria 
and necessary 
data

Sala, Golse, Joosten,Vibert, Vignon-Clementel, Annals Biomed Eng 2022



RAPID: Resection And Partial Liver Transplantation with Delayed total hepatectomy
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A new surgical idea: the RAPID
• Main issue = organ shortage -> graft split: adult/child ok, but 2 adults problematic
• RAPID: tests in Northern Europe for unresectable liver metastases but non-consensual 

indication

Immediately after 1st stage
(remnant + graft)

One month later After right hepatectomy 
(2nd stage)



RAPID: Resection And Partial Liver Transplantation with Delayed total hepatectomy

Crucial step: right portal vein clamping

• Right portal vein ligation to deviate portal flow to the graft (hypertrophy+++)
• Requires CLOSE monitoring of portal vein PRESSURE (PPv) !

So far, no possibility of predicting the occurrence of Portal Hypertension

Biophysical in-silico simulation could help to predict the portal hypertension risk 
and need for portal flow modulation

Continuing with RAPID multicentric clinical study 

In order to survey a potential micro metastatic spread of the disease, samples from bone marrow, peripheral 
blood and portal blood will be obtained from all Ltx study subjects for later analyses. Tumour and normal tissue 
samples from explanted liver and from hepatic lymph nodes will be obtained for determination of lymphocyte 
infiltration (regulatory T-cells), micro-metastatic disease and micro-array analyses. 
  

4.1. Combined liver resection and liver transplantation 
Total hepatectomy will be performed in 2 steps.  First, a resection of the liver segments 1-3 is performed, 
carefully avoiding dividing through tumor affected liver tissue.  If needed, additional resection into segment 4 
may be perfomed The left portal, arterial and bile duct branches are identified and divided. The Right liver 
remnant should be fully mobilized to facilitate the later second stage hepatectomy. The volume of the liver 
remnant following resection should be ≥ 40%.of standard liver volume.  Standard liver volume is calculated as: 
SLV= 1072.8 * body surface area (m2)-345.7 (23) Directly following resection, the patients receive a liver 
segments 2+3 from a deceased donor. The donor segments will be placed orthotropically. The graft liver vein 
is anastomosed to the orifice of the left liver vein in the recipient with a triangulation technique.  The graft 
portal vein is anastomosed in an end to side fashion to the main portal trunk and the artery end to side to the 
common hepatic artery (figure).  The reason for this is that this will obviate the need for complex hilar 
dissection at the second stage hepatectomy and also reduce the risk of complications to the liver remnant at 
the first operation.  Biliary reconstruction is performed as a Roux-en-Y hepatico-jejunostomy.   

A t l e a s t 5 m i n u t e s a f t e r 
revascular izat ion a pressure 
catheter is placed in the portal vein.  
Pressure is monitored for 5 minutes 
during basal conditions and during 
portal clamping of the portal vein 
d i s t a l t o t h e g r a f t p o r t a l 
anastomosis. At least three repeated 
measurements are performed.  If the 
pressure is stable < 20 mmHg, the 
portal vein to the liver remnant is 
closed.  If the pressure is > 20 
mmHg during clamping, the splenic 
arery is ligated and pressure 
measurements repeated.  If the 
pressure still exceeds 20 mmHg, a 
banding of the portal vein to the liver remnant is performed by creation of a stenosis resulting in a stable  portal 
pressure of 10-20 mmHg. If this is not possible, e temporal portocaval shunt may be considered.  This 
provedure is however not very likely to be needed, since the cohort of patients with colorectal liver metastases 
normally do not have portal hypertension and a hyperdynamic splanchnic circulation. The diversion of portal 
flow to the graft is expected to result in enhanced proliferation of the graft during the course of 2-4 weeks after 
combined liver resection and liver transplantation without causing graft injury and small-for-size syndrome due 
to portal hyperperfusion (24, 25).  

CT scans with volumetry of the transplanted segment is performed at postoperative day1, 7,14, 21 and 28. As 
soon as the donor graft  has obtained a size of approximately 0,75-0.80% of body weight,or > 35-40% of the 
recipients standard liver volume (SLV)  a second stage hepatectomy of the liver remnant is performed, leaving 
only the donor segments in place.  

RAPID Study Version no. 1.1– 1. August 2013 Page !  of !11 22

Right portal vein Hepatic artery

Left portal vein

Goal:
PPv < 20 mmHg

(to avoid graft failure, ascitis, death…) 
Graft

Right diseased liver

19 Golse, …Vibert, Vignon-Clementel, Clinical Biomechanics 2020 

In order to survey a potential micro metastatic spread of the disease, samples from bone marrow, peripheral 
blood and portal blood will be obtained from all Ltx study subjects for later analyses. Tumour and normal tissue 
samples from explanted liver and from hepatic lymph nodes will be obtained for determination of lymphocyte 
infiltration (regulatory T-cells), micro-metastatic disease and micro-array analyses. 
  

4.1. Combined liver resection and liver transplantation 
Total hepatectomy will be performed in 2 steps.  First, a resection of the liver segments 1-3 is performed, 
carefully avoiding dividing through tumor affected liver tissue.  If needed, additional resection into segment 4 
may be perfomed The left portal, arterial and bile duct branches are identified and divided. The Right liver 
remnant should be fully mobilized to facilitate the later second stage hepatectomy. The volume of the liver 
remnant following resection should be ≥ 40%.of standard liver volume.  Standard liver volume is calculated as: 
SLV= 1072.8 * body surface area (m2)-345.7 (23) Directly following resection, the patients receive a liver 
segments 2+3 from a deceased donor. The donor segments will be placed orthotropically. The graft liver vein 
is anastomosed to the orifice of the left liver vein in the recipient with a triangulation technique.  The graft 
portal vein is anastomosed in an end to side fashion to the main portal trunk and the artery end to side to the 
common hepatic artery (figure).  The reason for this is that this will obviate the need for complex hilar 
dissection at the second stage hepatectomy and also reduce the risk of complications to the liver remnant at 
the first operation.  Biliary reconstruction is performed as a Roux-en-Y hepatico-jejunostomy.   

A t l e a s t 5 m i n u t e s a f t e r 
revascular izat ion a pressure 
catheter is placed in the portal vein.  
Pressure is monitored for 5 minutes 
during basal conditions and during 
portal clamping of the portal vein 
d i s t a l t o t h e g r a f t p o r t a l 
anastomosis. At least three repeated 
measurements are performed.  If the 
pressure is stable < 20 mmHg, the 
portal vein to the liver remnant is 
closed.  If the pressure is > 20 
mmHg during clamping, the splenic 
arery is ligated and pressure 
measurements repeated.  If the 
pressure still exceeds 20 mmHg, a 
banding of the portal vein to the liver remnant is performed by creation of a stenosis resulting in a stable  portal 
pressure of 10-20 mmHg. If this is not possible, e temporal portocaval shunt may be considered.  This 
provedure is however not very likely to be needed, since the cohort of patients with colorectal liver metastases 
normally do not have portal hypertension and a hyperdynamic splanchnic circulation. The diversion of portal 
flow to the graft is expected to result in enhanced proliferation of the graft during the course of 2-4 weeks after 
combined liver resection and liver transplantation without causing graft injury and small-for-size syndrome due 
to portal hyperperfusion (24, 25).  

CT scans with volumetry of the transplanted segment is performed at postoperative day1, 7,14, 21 and 28. As 
soon as the donor graft  has obtained a size of approximately 0,75-0.80% of body weight,or > 35-40% of the 
recipients standard liver volume (SLV)  a second stage hepatectomy of the liver remnant is performed, leaving 
only the donor segments in place.  
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Hepatect. Transplant. Right PV clamp.

Correlation simulation/measure for the 
portocaval gradient and portal pressure

Spearman correlation 
test
r=0.94
p=0.02
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Evaluation of liver @end transplantation
• Primary non-function of a liver graft after transplantation:

• Major concern
• Use of marginal grafts
• Few early predictors

• Indocyanine green (ICG) fluorescence:

• Finding: Graft fluorescence during transplantation can predict the graft survival at 
3 months

Dousse, Vibert …,Vignon-Clementel, Golse Liver Transplantation 2020



Exemple de cas basé sur l’IA uniquement mais à étapes interprétables

Analyse d'image pour la prédiction de la complexité de la 
résection du foie 

LivLes3D

HepVess3D

(A) Liver Anatomy Segmentation (B) Robust Liver 
Vasculature Pruning

(C) Predictive 
Model

CoRe Automatic Pipeline

Combined 3D segmentations of 
the liver, lesion(s) and vessels

Hepatic Central Zone (HCZ)

Morphological
Features
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Resection
Complexity

Input:
Pre-operative CT scan

(A)
3D reconstruction of the 
liver, tumors and vessels

(B)
Major venous liver vessels inside 

predicted HCZ after pruning

Predicted HCZ

Input data:
Preoperative CT scan
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Intra-operative complexity
(Rescaled between 0 – 1)

II: Ground Truth

I: Predictive Methods
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(E) Predicted Liver Resection Complexity Score

Objectif : Développer un pipeline d'apprentissage automatique basé sur l'imagerie pour prédire en 
préopératoire la complexité de la résection hépatique

Entrée: Scanner CT 
Préopératoire

complexité interopératoire
échelonnée entre 0 et 1



Analyse d'image pour la prédiction de la complexité de la résection du foie 
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LivLes3D

HepVess3D

(A) Liver Anatomy Segmentation (B) Robust Liver 
Vasculature Pruning

(C) Predictive 
Model

CoRe Automatic Pipeline

Combined 3D segmentations of 
the liver, lesion(s) and vessels

Hepatic Central Zone (HCZ)

Morphological
Features
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Liver 

Resection
Complexity

Input:
Pre-operative CT scan

Détails du pipeline CoRe

(B) Elagage des 
Vaisseaux du Foie

Zone hépatique centrale

(C) Modèle 
Prédictif

Biomarqueurs
d’imagerie

Complexité de 
la résection
hépatique

(A) Segmentation de l’Anatomie du 
Foie Avec du Deep Learning

Entrée: Scanner CT 
Préopératoire

Combinaison des segmentations: 
foie, vaisseaux, tumeurs

Ali et al, MICCAI workshop on Medical Image Assisted Biomarkers Discovery 2022; Ali et al., in submission 



Analyse d'image pour la prédiction de la complexité de la résection du foie 
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@Inria: 40 équipes-projets sur la santé numérique
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Inria @Saclay IDF 

MEDISIM

Modèles 
biophysiques, 
coeur, 
monitorage 
anesthésie 

OPIS

Imagerie 
médicale, IA, 
optimisation

MIND 

IA, neuro-
imagerie 

SODA 

Data-science, IA, 
population, 
santé & société 

SIMBIOTX

Modèles biophysiques, 
cardiovasculaire, foie, 
plannification 
chirurgie/intervention 

GEOMERIX

Analyse de signaux, 
prediction de perte
de connaissance

TROPICAL

Analyse de système, 
contrôle, centre
d’appels d’urgence



Conclusion: jumeaux numériques & IA sont 
complémentaires pour répondre à des 

questions cliniques

11/10/2023 -
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Des questions? 
Irene.vignon-clementel@inria.fr


