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General anaesthesia



Title Text

MIS-C special session FIMH2021 - François Kimmig 424.06.2021

General anaesthesia

• Maintains the vital functions of the body
• Ensures the safety of the patient

Anaesthetist

Uses quantitative 
monitoring tools

Missio
ns



Anaesthetists do not have access to the information they need most 
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• What they have today for hemodynamics monitoring
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• No information on the heart itself

• Insufficient context

• Difficult to distinguish between between 
different causes of hemodynamics instabilities

Augment the available information on the patient by extracting from  
new physiological waveform and new biomarkers from the patient data

Our objective



Attempt to perform augmented monitoring in anesthesia
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• Analysis of the pressure waveform 

• Do not consider the heart, only the arteries

• All the analysis based on a single physiological signal

• Hypotension Prediction Index 

• Based on black-box statistical approaches

• Good prediction success rate of hypotension but no explanation value ➞ not a tool to do medicine

Davies et al. Anesth. & Analg., 2020

Hatib et al. Anesthesiology, 2018

Romano et al. Crit. Care Med. 2002

Wesseling et al. J. Appl. Physiol. 1993



Our original strategy to tackle this problem
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• Use biophysical models as an a priori on the system with which data are merged through data 
assimilation 

• The individual bricks come from the literature, the originality lies in the simultaneous usage of these 
specific bricks and the purpose

902 M. Caruel et al.

additional pressure variable called distal pressure, and Pvs is
a constant representing the venous system pressure.

We can now summarize all the above 3D modeling equa-
tions in the following system:

Pa(y∗) + Pi (y∗) = Pe(y∗), ∀y∗ ∈ V, (13a)

! = ∂We

∂e
+ ∂Wv

∂ ė
+ σ1Dτ 1 ⊗ τ 1 − pC−1, (13b)

σ1D = Es
e1D − ec

(1 + 2ec)
2 , (13c)

(τc + µėc) = Es
(e1D − ec)(1 + 2e1D)

(1 + 2ec)3 , (13d)

k̇c=−(|ū|++ w |ū|−+α |ėc|) kc+ n0k0 |ū|+ , (13e)

τ̇c=−(|ū|++ w |ū|−+α |ėc|) τc+ n0σ0 |ū|++kcėc, (13f)

−V̇ = Q = q(Pv, Par , Pat ), (13g)

C p Ṗar + (Par − Pd)/Rp = Q, (13h)

Cd Ṗd + (Pd − Par )/Rp = (Pvs − Pd)/Rd . (13i)

3 Reduced formulations

Dimensional reduction is a process by which the dimension
of the spatial variables space in which the model is posed—
3D in our case—is decreased by making adequate assump-
tions, kinematical and otherwise, concerning the dimensions
that are “eliminated” in the reduction process. A prototypical
example of this is provided by structural modeling in mechan-
ics, see e.g. (Bathe 1996; Chapelle and Bathe 2011) and ref-
erences therein. As is well-known in structural mechanics,
indeed, dramatic gains in computational effectiveness can
thus be obtained, together with very limited loss in accuracy
provided the underlying assumptions are adequately justi-
fied. The dimensional reduction process, however, is also
known to be quite intricate when nonlinear constitutive equa-
tions are considered, a difficulty that we must address here. In
our case we will demonstrate two such possible reductions:

– 0D model: assuming spherical symmetry, we will obtain a
0D model, namely without any spatial variable; this model
aims at approximately representing a cardiac cavity—the
left ventricle, typically—but of course as spherical sym-
metry does not hold in actuality, the model will have lim-
ited accuracy and in fact is only meant as a fast simulation
tool exhibiting adequate trends in behavior, in particular
as regards parameter variations.

– 1D model: assuming cylindrical symmetry and uniaxial
loading, we will derive a 1D model; in this case, the
reduced model can be very accurate in specific contexts
where the assumptions are justified, such as experimental
testing with ad hoc muscle samples, as will be considered
in Sect. 4.

Fig. 2 Spherical model of a ventricle

We point out that in the latter case, such a 1D reduced model
is the best-suited candidate for confronting muscle model
simulations to experimental measurements obtained with
cylindrical samples. In fact, a “naive” use of the 3D model
instead—with one finite element across the thickness, say—
would lead to severely erroneous modeling results due to
fundamental incompatibilities between simplified kinemat-
ics and the actual stress state, see (Koiter 1965; Chapelle and
Bathe 2011). Therefore, in such cases strong 3D mesh refine-
ment would be required, whereas just a few 1D elements—
or even a single element when a homogeneous behavior is
considered—can suffice to provide excellent accuracy.

We further emphasize that our reduction strategy is not
a simple application of local 3D constitutive equations in
specific configurations, but incorporates essential modeling
ingredients into complete formulations which retain the char-
acter of continuous media dynamics, compatible in particular
with relevant boundary conditions and with incompressibil-
ity constraints. Moreover, this approach is generic and can
be applied with a wide class of models, indeed.

3.1 0D-formulation

3.1.1 Geometry and kinematics

We define a simplified problem in which the geometry and
the physical behavior are endowed with spherical symmetry
properties. The simplified geometry for a ventricle is given
by a sphere of radius R0 and thickness d0 in the stress-free
reference configuration &0, see Fig. 2. Assuming that the
constitutive properties also exhibit spherical symmetry, the
resulting behavior under an internal pressure loading will
display the same symmetry, and the deformed configuration
is then characterized by modified radius R and thickness
d. At any given point in &0, we denote by (ir , iφ1

, iφ2
) an

orthonormal basis, with ir radial and (iφ1
, iφ2

) orthoradial
defined so that iφ1

= τ 1, i.e. the fiber direction. With the
above assumptions, the displacement field with respect to
the reference configuration is radial, namely given by y =
y ir = (R − R0) ir , and the right Cauchy-Green deformation

123



Alternative situation with arm modelling

MIS-C special session FIMH2021 - François Kimmig 824.06.2021

• Anaesthesia typical setting

Blood pressure 
sensor

Blood flow 
sensor

R d

Pv

Kiso

Pat

Kat

Cmi

Kar Par

Car

A Rc

Cc

Rper

ks µ

⌧c, kc

Wp,Wv

⌘

Heart ventricule Valves Aorta - 1D circulation Distal arterial circulation - 0D circulation



Model equations
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• Heart tissue model
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Active contraction force

A shell assumption is applied  

• ODE on the displacement y
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Equations derived from the principle of virtual power 
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Tissue rheology 

• 3D parallel law ⌃ = ⌃
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strain (Green-Lagrange tensor)

• 1D series law efib = es + ec
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extension 1PK stressTfib = Tc + Ts
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Caruel, Moireau, Chapelle, et al., BMMB, 2013



Model equations
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• Heart tissue model
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Huxley, Progr Biophys Chem, 1957

Kimmig, Caruel, BMMB, 2020
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• Simplification assumption on the transition rates and the potential energy 

• System of 2 coupled ODEs where the active force Tc is directly a variable, 
which depends on the electrical activation 𝜈

Ratio of attached heads among heads located at distance s of the nearest actin site 
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Model equations
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• Cavity model with valves

CmiṖv � Qv +
|Pv � Par|+

Kar
+

|Pv � Pat|+
Kiso

� |Pat � Pv|+
Kat

= 0
<latexit sha1_base64="iHk7uAYYvCqTerw30Q6Zf+GGEss="></latexit>
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Equation derived from the conservation of flux 

Manganotti, Moireau, et al. submitted



Model equations
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• Arteries models 

• Mix of 1D and 0D arterial models
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Manganotti, Moireau, et al. submitted

Distal resistance



Model automatic calibration
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• Reduced model, governed by a finite set of differential equations
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Model 
operator State variables

Unknown 
parameters

• The model needs to be personalised for any given patient, i.e. we want to estimate the patient-specific 𝜃
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Data Observation operator

Regularisation with 
a priori estimate

Link between data 
and model

• We want to solve 

• Sequential update of the estimation of 𝜃 when T is varying Kalman filter extended for non-linear problems

Moireau & Chapelle, ESAIM, 2011



Preliminary results validating the model
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• Particular measurement setup

Arthur Le Gall

R d

Pv

Kiso

Pat

Kat

Cmi

Kar Par

Car

A Rc

Cc

Rper

ks µ

⌧c, kc

Wp,Wv

⌘

R d

Pv

Kiso

Pat

Kat

Cmi

Kar Par

Car

A Rc

Cc

Rper

ks µ

⌧c, kc

Wp,Wv

⌘

R d

Pv

Kiso

Pat

Kat

Cmi

Kar Par

Car

A Rc

Cc

Rper

ks µ

⌧c, kc

Wp,Wv

⌘

Blood pressure 
sensorBlood flow 

sensor

Le Gall, Chabiniok, 
Hussain, et al., PLoSOne, 
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Preliminary results validating the model
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• Calibration and validation data 

• Interpretation of the estimated parameters

Arthur Le Gall

compared to the normotensive population, and the effects of restoration of blood pressure by
NOR administration.

First, we verified that the models were adequately calibrated in the cohort of 45 patients.
We performed an equivalence study between the measurements and simulations by analyzing
MAP, SAP, DAP and SV differences. The confidence interval s of the differences did not
exceed the equivalence margins. Moreover, we observed that the numerical values prescribed
for the parameters were in accordance with the expected theoretical levels. The validation

Fig 7. Boxplots of model parameters and the results of the simulation. Normotensive patients are in green; hypotensive patients before and after
administering norepinephrine are in blue and red color, respectively. ⇤ p< 0.05; ⇤⇤ p< 0.01; ⇤⇤⇤ p< 0.001.

https://doi.org/10.1371/journal.pone.0232830.g007

PLOS ONE Monitoring of cardiovascular physiology augmented by a patient-specific biomechanical model

PLOS ONE | https://doi.org/10.1371/journal.pone.0232830 May 14, 2020 13 / 19

0 1 2

0

100

200

Time (s)

A
r
t
e
r
ia

l
fl
o
w

(
m

L
s

≠
1 )

Patient data Digital twin simulation

0 1 2

50

60

70

80

90

Time (s)

A
r
t
e
r
ia

l
p
r
e
s
s
u
r
e

(
m

m
H

g
)

30 40 50 60 70

0

50

Ventricular volume (mL)V
e
n
t
r
ic

u
la

r
p
r
e
s
s
u
r
e

(
m

m
H

g
)

Calibration data Validation data

Le Gall, Chabiniok, 
Hussain, et al., PLoSOne, 

2020



Envisioned workflow for ORs and ICUs
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• Once the model is calibrated we can simulate augmented information 

• New information to better follow the state of the patient (contractility, arterial distal resistance, …)

• Based on augmented information relevant alert and recommandation can be produced



Perspectives
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• Need of a more solid clinical validation 
• Include new modelling element to improve model predictions 
• Go to the medical application
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