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Paul Brousse
• 5 Operating rooms
• 240 liver resection per year
• 60 Pancreatic surgery per year
• 175 Liver Transplant per year è 3rd largest in Europe

Chairman: 
Rene Adam

Henri Bismuth
1974: First liver transplant in FRANCE
1982: First description of a « split »



Ø 39 hospitals

Ø 100,000 professionals

Ø Connected to 5 medical universities and 17 nursing schools

Ø 1st biomedical research center in Europe

Ø 69 rare disease reference centers

Ø An operating budget of 7.5 billion euros

AP-HP:
Ø 10 millions of patients
Ø 200 000 surgeries/ year
Ø 1250 transplants / year

APHP: The greatest university hospital in Europe
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Jules Verne
1828 - 1905

« We must delve into the roots
of the past to discern the 

bearing branches of our future »



1935
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Closed Loop System

Closed Loop” is a generic term which has no specific meaning
Briefly, a closed-loop system is a system wherein a controller monitors one or 

multiple variables and adjusts one or more interventions using a feedback process. 
The term is most often applied to automated systems.



“Physiology” is based on Closed Loop controls



“Life” is based on Closed Loop controls





Closed Loop Systems in Medicine?



Closed-loop drug delivery: A Novel idea?



Medically relevant articles with 
« closed-loop » in title by year
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Perioperative Hypotension is

1) FREQUENT
2) MULTIFACTORIAL ETIOLOGY

Vasodilation (anesthetic drugs, deep anesthesia)
Intravascular hypovolemia (bleeding)

Low cardiac output (bradycardia or low stroke volume)
High intraoperative pressure (mechanical ventilation)

Impairment baroreflex regulation



DIFFERENT MECHANISMS

MAP = (CO x SVR) + CVP

DECREASE in SVR and/or CO

Abnormal
vascular tone
• Age

• Diabete

• Etc…

Cardiac
dysfunction
• RV dysfunction

• Pulmonary hypertension 

• etc…

Acute 
hypovolemia
• Bleeding

• Excessive fluid loss

• Surgical clamping

Loss of vascular
tone
• Sedation

• Anesthetic drugs

• Inflammation

• Spinal anesthesia

• Associated treatment





Numerous Large Database Analyses

Low Blood Pressure during surgery

Postoperative Organ Injury

(AMI and AKI)



Hypotension and Outcomes



IN ICU

Crit Care Med 2019





AKI and MI by lowest MAP

Anesthesiology 2013; 119:507-15 

33,330 non-cardiac surgeries at the Cleveland Clinic, Ohio

65



Time spent with a MAP < 55 mmHg during noncardiac surgery is independently associated
with an increased risk of AKI & MI

Notably, any amount of time at a MAP < 55 mmHg was associated with adverse outcomes

INJURY= Minutes MAP < 55 mmHg



Joosten et al, BMC ANESTHESIOLOGY 2021





1) Hypnosis drugs administration



Closed-loop systems (CLS), when compared to human management: 

1) Better maintains a given target within a selected range

2) Decreases overshooting or undershooting of a given target

2017

META-ANALYSIS



Potential benefits of closed-loop systems
• Automation of previously manual tasks
• Improvement in stability of the controlled 

parameters

•Monitor and analyze more frequently
• The closed-loop is not distractible from its task 

• Its algorithm is perfectly repeatable 

• Allow anesthesiologist to focus on higher clinical 
tasks and decisions

• Areas left for human being: Elaboration, Creation 
and management of unique situation



Neurowave CL

On the market

Concert CL



Medsteer, Paris



2) Analgesic drug administration



3) Fluid administration







-Multicenter RCT 
èlargest study in the field
-734 medium to high-risk
patients
-Primary outcome: composite 
of postoperative complications 
& mortality

Outcome GDT Usual
care

P value

Primary
outcome

36.6% 43.4% 0.07

Mortality at 180 
days

7.7% 11.6% 0.08



Compliance = 52%

Compliance = 42%

Compliance = 40%

Compliance is a huge problem

Compliance = 62%



Compliance is linked to poor patient’s outcomes



Need > 80% compliance with pathways to see most 
improved outcomes





Q core Sapphire Pump



Extensive pre-clinical evaluation
from 2011-2013



RINEHART et al, Crit Care 2015





ERASME HOSPITALBRUGMANN HOSPITAL



8.8 ± 2.5 7.0 ± 1.2

78 ± 10 72 ± 10

The primary outcome:  compliance to GDFT protocol 
= percentage of case time where SVV was ≤ 12%



Objective : Assess the impact of our closed-loop system in patients undergoing major 
abdominal surgery at Erasme hospital without a GDFT programme

Primary outcome: Intraoperative net fluid balance

Secondary outcomes: Composite of major & minor complications and LOS

Joosten et al, EJA 2018



Time Series Analysis



4) Vasopressor
administration



Ø > 800 critically ill patients in the ICU
Ø > 2,500 high-risk surgical patients (major surgery) 
Ø under continuous norepinephrine infusion (2014-2017)

Anaesth Crit Care Pain Med. 2019 Feb;38(1):69-71

Current Practice



OR and ICU Patients spent:

48.8% with a MAP [60- 80] mmHg
11.2% with MAP < 60 mmHg
40% with MAP > 80 mmHg

1) Blood pressure management is suboptimal

2) There is room for improvement in the BP management
of OR and ICU patients receiving vasopressor therapy

3) There may be a need for more accurate and timely titration



7 research groups: Experimental research

USA

Singapore

France Sweden

China

JAPAN



Pre-clinical evaluation

In Silico studies In Vivo study

Joosten et al, ANESTHESIOLOGY 2019 



FIGURE 
2

Hemodynamic Monitors

Norepinephrine

Q-Core Infusion pump for 
norepinephrine administration

Flotrac Sensor

Closed-loop Vasopressor

EV1000 
monitor 

Infusion pumps & Fluid bags

DRÄGER 
Anesthesia 
Workstation

Animal Laboratory of the Université Libre de 
Bruxelles , BELGIUM



Experimental model of induced normovolemic hypotensive 
episodes (4 episodes of 30 min each < serum nitroprusside)
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Closed-Loop vs. Unmanaged Vasodilation

Sham1 - P1 Sham2 - P7 Sham3 - P9 Sham4 - P11 Sham5 - P12 Sham6 - P13 Sham7 - P14

NTP low dose

NTP high dose NTP high dose

NTP low dose



NTP low dose

NTP high dose NTP high dose

NTP low dose



Clinical studies in the 
Operating room?



Chinese University of Hong KongKK Women's & Children's Hospital, Singapore

1) Low-risk patients (C-Section-spinal Anesthesia)

2) Ephedrine and/or Phenylephrine



1) High-risk patients (under general anesthesia)

2) Norepinephrine infusion



20 patients

2.6 % of case time under-target (Hypotension)

2.4% of case time over-target (Hypertension) 

Joosten et al, BJA 2019 



Aorto-Bifemoral Bypass Surgery

ERASME Hospital
Brussels BELGIUM



0% case time with a MAP < 65 mmHg 

TARGET MAP at 70mmHg ± 5 mmHg



OFF-PUMP
MIDCAB

ON-PUMP

J Cardiothorac Vasc Anesth. 2020Joosten et al





ROBOTIC CARDIAC SURGERY



ON-PUMP CARDIAC SURGERY



Anaesth Crit Care Pain Med. 2020 Joosten et al



Neuro embolization of cerebral
aneurysm





EEG monitoring



2 hours 2 hours 30 min

Surgery





Joosten et al, BJA 2020



40 patients: RCT (manual vs 
automated adjustments of 
noradrenaline)

Primary objective: % postop study
period with a MAP < 65 mmHg

Desebbe et al, A&A 2022



EV-1000 Haemodynamic 
monitoring with the “assisted 

fluid management” system

Flotrac
sensor

Closed-loop system

Chemyx Infusion pump

Baseline 
infusion 

Norepinephrine 
syringe





« COMAT » study
Control MAP Brain Injury Patients







2018

2020
Pig model of haemorrhagic shock

Rodent model of haemorrhagic shock



vs

Joosten et al, ANESTHESIOLOGY 2021





EV1000 monitoring device
(Edwards Lifesciences, Irvine, USA) 
used for recording MAP signal and 

for assisted fluid management

Infusion pump for 
noradrenaline
administration

Closed-loop 
vasopressor controller





Hemodynamic 
Monitor

Closed Loop fluid 
administration 

system

BIS & ANI

Closed Loop 
Anesthesia 
Analgesia

Zeus - Draeger

Joosten et al, A&A 2016



Anesth Analg 2019;128:e88–92

Joosten et al, A&A 2019



Impact on patient outcome 

Joosten et al, ANESTHESIOLOGY 2020





Background: 

ü Cognitive changes after anesthesia and surgery represent a significant public health 
concern. 

ü We tested the hypothesis that, in patients ≥ 60 years scheduled for non-cardiac surgery, 
automated management of anesthetic depth, cardiac blood flow, and protective lung 
ventilation using three independent controllers would outperform manual control of these 
variables. 

Methods: 

-Single-center, patient-and-evaluator-blinded, RCT  superiority study, 

-90 patients having non-cardiac surgery under general anesthesia. 

-Primary outcome was a change in MoCA score (the 30-item Montreal Cognitive 
Assessment) 

-Secondary outcomes: battery of neurocognitive tests completed at both one week and 3 
months post-surgery



Preoperative
(DAY-1) 

ü Edmonton Frailty score
ü QoR-15
ü EQ-5D-5L 

üMoCA test

ü Episodic memory (Free and Cued 
Selective Reminding Test)

üWorking memory (Forward and 
Backward digit spans)

ü Executive function (Stroop test)

Postoperative day 3-7           (POD# 
3-7) 

ü QoR-15

üMoCA test

ü Episodic memory (Free and 
Cued Selective Reminding Test)

üWorking memory (Forward and 
Backward digit spans)

ü Executive function (Stroop test)

Surgery T1 T2

Figure 1

Postoperative day 90
(POD# 90) 

ü EQ-5D-5L 

üMoCA test

ü Episodic memory (Free and Cued 
Selective Reminding Test)

üWorking memory (Forward and 
Backward digit spans)

ü Executive function (Stroop test)

T0





üAutomated anesthetic management using the
combination of 3 controllers outperforms
manual control and may have an impact on
delayed neurocognitive recovery.

üHowever, given the study design, it is not
possible to determine the relative contribution
of each controller on the cognition score
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“Pilots aren’t being adequately trained on the autopilot system”.

Boeing’s 737 Max 8 jetliner


