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Human Liver Anatomy

inferior vena cava

hepatic artery

gall bladder portal vein

common bile duct

Branch of
hepatic artery

Branch of Portal
vein

Bile duct

Sinusoids

Cells

Central vein

Blood supply

= Portal vein (=70%): nutrient-rich blood
" Hepatic artery (=30%): Oxygen-rich blood

Outgoing blood

= Hepatic vein: deoxygenated and filtered blood

Vessel diameter (mm)

Hepatic lobule

* Portal triad (3 capillaries)
= Central Vein (toward Hepatic vein)
= Sinusoids with fenestrations




Liver modeling contribution

Provide quantitative information

= Blood flow
= Local pressure

Healthy liver ”
l Cirrhosis ' Liver cancer

Help to understand pathological mechanism

= Effect of structural alteration on blood flow
= Relationship between macro and micro-circulations
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Liver modeling barriers

Resolution of imaging technics

= 1 mm
= \essels under Imm are not detected

Multiscale vascular trees

"= From10to 1073 mm
=  Complexity of the reconstruction of the entire tree

= Complexity of the implementation of the entire vascularization




Examples of models

Micro-perfusion models

_ P(N/ m?)

3957 5539 7122 8705 10288 11870

72 74

Rani et al. 2006
Flow in the lobule
Non Newtonian fluid

Organ-scale models

Lebre et al. 2017
Flow in the liver
Porous media

1.250

1.200

1.150

y (mm)

1.100
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0.8 1.000

0 1 2 L L L n L
-0.80 -0.60 -0.40 -0.20 0.00 0.20 040 060 080
x (mm)

(d) Model B, Brinkman solution, Ty, = 1.0

Mosharaf-Dehkordi et al. 2006
Flow in the lobule
Porous media + FSI

Flow rate
11.00

0.40cm3 /s

(a) Pressure field, k, = 1

Ahmadi-Badjani et al. 2017
Flow in the lobule
Porous media + solid deformation

Ma et al. 2019
Flow in the principal vessels
Newtonian fluid

Max

There is a strong relationship between the two scales!
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Multiscale models: Multi-compartment flow

= A model to describe the perfusion in high vascularized tissues

Radius [mm]

Rohan et al. 2018 Hyde et al. 2014

Hepatic perfusion cardiac perfusion

Jozsa et al. 2021
Cerebral perfusion
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Multi-compartment model applied to the liver

Portal vein
tree
| ﬁ
Compartment i Compartment i-1 \
, Filtration system
Hepatic vein l I
tree

Compartment j Compartment j-1

Flow in the principal vessels Flow in the parenchyma
1D fluid flow 3D multi-compartment porous flow: A superposition of N coupled porous media with different

permeability

“ Flow between compartments




1D flow in large vessels

=  Bernoulli with head loss

For each segment j limited by the nodes i and j
segment i (L;, D;)

1 1 L; :
E,ovl-2 +p; = Epvjz +pj + 32,uD—]_vj N"de’(pi'vi)\
J segment j (Lj, D;)

T~

o H . NN————»>
= Conservation of the mass Node j (p;, vj)

For each node j linking s segments
S
zAkvk =0
k

*  Fluid properties = Network parameters =  Unknowns

p: Blood density L;: Length of the segment i p;: Pressure in the node i
u: Blood viscosity D;: Diameter of the segment i v;: Velocity in the node i
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3D Multi-compartment flow

= Virtual vascular trees: generated using Constrained
Constructive Optimization algorithm (CCO)

Example of a vascular tree generated by CCO

For each compartment jof the tree T

N
V.(=krVpr;) + 2 Bii(pri —pr;) =0
J

=  Medium parameters

kr ;: Permeability of the compartment i of the Tree T
Bij: Coupling coefficient between the compartments i and j Bij =0 if i—jl>1

=  Unknowns

pr.i(%Y,2): Pressure of the compartment i of the Tree T



Parametrization of the multi-compartment porous media

/
Segment n >\

Elementary volume m

For each compartment i of a vascular tree T

» Split the medium volume into elementary volumes
» Browse all the elementary volumes

For each elementary volume m

» Find the segments included in the elementary volume

For each segment n included in the elementary volume m we define

V,,: segment volume

d,: segment diameter
l,,: segment length

VVVYVYYVYY

Compute

> Qmij =2nQn

mi _ZnPnVn_
> P =S5V

P,,: Mean fluid pressure in the segment j
Q,,: Fluid flow in the segment j

Sxn» Syn» Szn: Coordinate difference between the two points limiting the segment in the 3 directions

Fluid flow crossing the segments linking | and j in the elementary volume m

Mean fluid pressure in the elementary volume i




Parametrization of the multi-compartment porous media

/|

Segment j

Elementary volume i

= The permeability tensor of the compartment i in the elementary volume m:

4
mi [ z dn-San- Sbn b -
ab = 1284V & L ab=xyz)

n

= The coupling coefficient between two compartments i and j in the elementary volume m:

'Bif = |Pmi _ijl

K™ and ,Bl-’}’ were defined in the center of each elementary volume m

Linear interpolation - Ki(x,y,z) and ,Bi’}?(x,y,z)




Geometries

= |mage processing of CT-Scan sequences

Portal vein

= Geometry processing + meshing
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Modeling the 1D-flow problem

N6B1FL N8B2F1

B211

B11 N1B1F1

N3B3F1

N1B4F1 B43
B111 NSBIF1
B213

B41 B32

B112 B42

B19

N1B2F2

B15 B27

B23 B24 B25

Portal vein Hepatic vein

Portal vein:
49 nodes
* 48 segments
e 25 terminal nodes

Hepatic vein:
* 40 nodes
* 38 segments
e 21 terminal nodes

Total:

* 89 nodes
e 46 terminal nodes
e 178 Unknowns




in each node)

(velocity and pressure

178 unknowns

System resolution

N1B4F1

B42

(44|

9,
oo Qb
* & e
ot &
oo &
B4 .- ~, B1B2B
)
N3B3F1
B1B2 B15
B31
B43 N4B1F1
N2B3F1
B4l B32 NIB3F1 N3B1F1
B11
NSB2F1
B34 N2B1F1
B33
N4B2F1 N1B2F1
N2B2F2 N1B1F1 B12
B29 B21
N3B2F1
N1B2E3 B22 B14 B13
B28 B23 N2B2F1
B26
N1B2F2
B27
B25 B24
c
e
=
(8 )
(]
—
©
c
e
(7]
>
(=
[
[}
[
L4
ozg E42ATN
sed
914
£zd (=3 K]
£428IN
Z4Z4IN [44:]
48]
TATAIN
[)a:] 619
T4ZHEN
8cd zdedeN TTazZN
Taza L18
P4TAIN
6cd 818 €19
T42ASN TTEEN TTEeN,
E4TATIN
Ted
T4299N TATabN zrid
j4: ] ZITEEN
1119
0TZg T4Z8LN AN
[4%:]
T428TN
T4THIN
TATATIN 118
T4ZA8N o9 T4TAIN

T1Zg

Y

Y

57 Equations:
38 Bernoulli + 19 Mass conservation

72 Equations:
48 Bernoulli + 24 Mass conservation

BC: 2 Output pressures

n
C
=
(@)
C
Y
C
o
o0
N~
—
1
1
1
1
()
C
ke,
o+
©
>
O
Ll
(@
o
i

BC: Input velocity




—
Relations between terminal nodes pressures and velocities

Let N; be the number of the terminal segments of the two trees, We need to write the velocities in the
terminal nodes in the following form:

Nt . 11 0 d1ng .
w=Yap > Guew) = 5 ) uw)
j AN 7 ANgN

We perform N, simulation with the multi-compartment liver model:
= Forj=1to N,

T
1/ (plr '-'let) = (O) ---)O)T

2/ pj=1;
3/Compute the multi-compartment model:

N
V. (_kT,iﬁpT,i) + z Bii(pri —pr;) =0
J

, T
4/find (771; ---;th) — Qjj Provides the remaining 46
equations




—
Resolution of the system

= 86 Bernoulli with head loss = 43 anservation of the mass
1,017-2+p-=1,0v-2+p-+32,uiv- zA Ve =0
2 l L 2 Jj ] Dj J ‘ kYk
= 46 Terminal pressures and velocities relations = 3 Boundary conditions
N¢ Vin = Vpy Pout1 = PHV
v, = Z aijpj Pout2 = PHV

J

= Equation system: rind the vector [U] that satisfy

[Kl] [U] + [KZ][UZ] — [BC] =0 * A new method to couple the flow in the

principal vessels and the flow in the liver

T
[U] = (p1, s PN V1, ...,th) : Unknowns vector

T
[U?] = (p?, ..., p,%,t, v, .., v,%,t)
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2D multi-compartment
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orous media with random vascular network (3 compartments)
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Coupling 1D and 3D multi-compartment flows in a 2D model

S*

E3 E2 *
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Inlet flow network

3a/4

El sl

o

208

R
AR
B

i

v
B
e

HI,

R

5 A SRS

5
O
et
B

T
e
i

ssnous
I
s

bo]

o

£l

i,
el

i

X af2
a4

E#

e

o

e T A

Ty

KA

Pl
RN

L0

= The system converged with the Trust-region algorithm
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Liver multi-compartment porous media with random vascular network (3 compartments)

Random Network (10000 Fragments)
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Liver multi-compartment porous media with random vascular network (3 compartments)

Boundary conditions in the terminal nodes

xxxxxxx
zzzzzzz

Pin = Ppv

. . Pout = PHV
Portal vein terminal nodes

Hepatic vein terminal nodes

Pressure (Pa)
9.4e+02 1100 1200 1.4e+03

———— |
Pressure in the filtration
system
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Liver multi-compartment porous media with realistic vascular network (3 compartments)

Virtual Networks
(CCO)

Coupling coefficient B12 (Pa.s)™!
1.3e-05 0.0001 0.00015 0.0002 2.9e-04

Permeability Kxx compratment 3 (mm?/(MPa.s))
1.2e+00 10 100 1000 10000 1.2e+05

S . S——

Permeability Kxx Compartment 1 (mm?/(MPa.s))
3.9e-03 0.1 1 10 100 1000 6.2e+04
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Liver muli-compartment porous media with realistic vascular network (3 compartments)

Compartment 1 Filtration system Compartment 3

Pressure

Pressure in compartment 1 (mmHg)
5.0e+00 6 7 8 9
| |

Pressure in compartment 2 (mmHg)
5.0e+00 55 6.5 7
| |

i Pressure in compartment 3 (mmHg)
| 5.0e+00 5.05 5.1 5.15 52 5.25

' ' U ee—

Velocity




—
Perspectives

= Vessels geometry generation:
* A subjective process, may be different for different users

= Porous media parametrization:
* Depends on the virtual network and the elementary volume
* Possibility to find a singularity in the permeability tensor for some elementary volumes
- Sensitivity studies (elementary volume, compartment number...)

= Coupling method:
* May face optimization issues for a huge number of unknowns
— Algorithm adaptation, resolution method

= Validation of the model
* Find suitable and measurable internal quantities?




