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Hybrid continuous/network models for large scale simulation

Simulating Mass Transfer in the brain: a multi-scale problem

e Multi-scale problem (arterio-venous, capillary, parenchyma)

Continuous representation of Parenchyma (Nicholson 2001, Kojic 2017, Holter 2017)
o Still need to explicitely resolve the vessels
o Upscale the capillary bed, including vessels and parenchyma

o Coupling with explicit arterio-venous tree is different for the capillaries and
parenchyma. Two concentrations necessary.
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Homogenization - Equations [BYETeEte) Stm=Iac et

Mass transfer model at capillary scale

Hypotheses

o Parenchyma and endothelium are purely
diffusive domains

e Parenchyma + endothelium = tissue,
Qp UQe =

e D, spacially varying (small in €.)

@ Red blood cells are neglected

Two-phase capillary bed model
Orcg+u-Veg —DyAcg =0 in Qg

aTCt —DtACt =0 in Qt
cs = ¢ on 90zt
DyVeg-n = DVe-m on 0Qs:
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Homogenization - Equations [ UENEIIEY-ts

Upscaled representation of the capillary domain

Upscaled model for the two concentrations

e80r (ca)” + (e ()’ —ugp) - V (cs)’ —upi - V (o)’ + 7 ((cs)” — (cr)")
=V (KpsV (c)’) + V- (Kp'V (c1)")

€0 (ce)’ — e - V {ce)' — wip - V (c)” + 7 ((ce)' — (cp)”)
=V (KuV (c)) + V- (KisV (c5)”)

o Equations solved on a domain without explicit representation of vessels

o Presence of capillary network taken into account through effective coefficients

Vincent Doyeux (IMFT) ECCM-ECFD 15 June 2018 4 /21



Homogenization - Equations [ UENEIIEY-ts

Volume averaging

Averaging equations

(Orcg+u-Veg —DyAcg) =0 in Qg
<87—Ct —DtACt> = 0 in Qt

Decomposition in averaged and deviation

g = <C/3>f + ¢s (¢s) =0
a ={a) +é (cz) =0
o We obtain equations on (cz)? and (c;)*
e Equations depend on deviation terms ¢z and ¢;

@ Need closure equations on ¢g and ¢z.

Subtracting equations on the mean to microscopic equations leads to equations
on ¢g and ¢.

Deviation terms as linear combination of averaged values and their gradients

G =bgs-V(cs)’ +bp- V() —sp (<C'B>B B <ct>t>
¢ =by-V <CB>B +bu-V <Ct>t — St <Cﬁ>ﬁ - <Ct>t)
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Homogenization - Equations [ UENEIIEY-ts

Volume averaging

Decomposition of deviation terms

G =bps-V(cs)’ +bp-V(c) =55 (<05>E - <Ct>t)
& =bipV(ea)® +bu-V (e) — s ({es)® — (e

Closure problem on sg and s; coefficients:

Effective coeflicients associated —V.-(DsVsp) —eptm +u-Vss =0 onfy
—D¢Ast — e, =0 on Q4
- Dg 1
ugp = (@sp) — - ngispdA Tm — = (n-DgVsz)dV =0
gy \% 005
_ 1 . sg— 8t = 1 on 39/%
™M= - ngt- DpVsgdA n-DgVsg —n-DiVs, =0 ondQp
s _
(sg)” =0
(s)f =0

Take-home idea

Obtaining the effective coefficients necessitates to solve PDEs on a
Representative Elementary Volume of the micro-structure
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Homogenization - Equations Volume averaging

Computational Framework

Solution proposed:
o C++/Parallel Finite element library 'FEEL++

o Use a distance function field to capture the domain geometries
» Mesh adaptation from distance function
» Sub-domain localization to solve Stokes problem

» Fictitious domain to solve advection/diffusion problem

!'Prud’homme et. al. (2016), feelpp.org
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Fictitious Domain Framework

Network geometries

(300 um)3 network.
Ross (2005), Tsai (2009), Kleinfeld (2011),
Kaufhold 2012, Blinder (2013)

(150 pm)?® network.
Secomb (2000)

Segment networks extracted from biological images (center-line detection)
o Need to mesh inner and outer domains (vessels and tissue)

o Difficult to mesh automatically with CAD software (design of bifurcations)

Geometry representation needs to be robust and automated

Solution: use a fictitious domain method
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omain Framework

Levelset field

Defining ¢;, the distance field to centerline S; of a vessel of radius 7;

The distance field to the closest vessel boundary of the network is:

Nb Vessels
o(x) = I’_Ili(I)l dist(x, S;) — s
i=

Properties of ¢:
o ¢p(x) <0if ¢ € Oy
o p(x)>0if & € Q
o ¢(x) =01if & € s
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Fictitious Domain Framework

Mesh adaptation from distance function

Target mesh size field calculated from levelset field

hmin, |¢( )| < Ry,
h(z) = ¢ al¢(@)|+ B, Ri<|p(x)] < R,
Bmax, lp(x)| = Re
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omain Framework

Transport equations
Two domain problem
Orcg+u-Veg —DyAcg =0 in Q,
aq—Ct —DtACt =0 in Qt

cg = c on 9Nzt
DgVeg-n = DiVei-n on 0Qs;

Prescribed B.Cs for ¢ on 993 \ 09
Prescribed B.Cs for c; on 90 \ 00

One domain problem with spacialized coefficients

O-c+u-Ve— D(¢)Ac=0 in Q
Prescribed B.Cs for ¢ = on 99 Dr

. \_/ ,
the vessel domain only.

e Velocity w is obtained by solving Stokes equation on

o Diffusion coefficient spatialized to take into account QB T,
the BBB.
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omain Framework

PDEs solved by our framework
The frameworks of fictitious network allows to solve:

The microscopic problem (DNS)

Concentration
0.0e-+00 1.2e-03

Closure equations to get the effective
coeflicients
Upscaled model
@ Monolitic solver used for the
upscaled model

@ Mesh is a simple box
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Periodic Test Case

Test Case, order 3 network.

Representative Elementary Volume, size (2 X 2 X 2)

Velocity

Geometry and mesh. Velocity field. Closure variable
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\YSSttEN M Periodic Test Case

Comparison DNS - Homogenized model

Direct Numerical Simulation (DNS)

————— DNS
@ Number of elements (tetrahedrons):
8.5 x 10°

@ Computational Cost:
1h on 100 cores

Darcy Scale
@ Number of elements (tetrahedrons):

3 x 10%

@ Computational Cost:
10 min on 20 cores

Darcy Scale

—1

Vincent Doyeux (IMFT) ECCM-ECFD 15 June 2018 16 / 21



Periodic Test Case

Simulation Visualization
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Periodic Test Case

Simulation Visualization
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Periodic Test Case

Simulation Visualization
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Simulation Visualization
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Periodic Test Case

Simulation Visualization
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Simulation Visualization
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Simulation Visualization
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Simulation Visualization
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Simulation Visualization
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Periodic Test Case

Quantitative comparison
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Periodic Test Case

Quantitative comparison
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ASIGLENRT M Anatomical network case

Anatomical Network
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Anatomical Network

Vincent Doyeux (IMFEFT) 15 June 2018 19 / 21



VLSTIENA N Anatomical network case

Anatomical Network
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Anatomical Network
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Anatomical network case

Quantitative comparison
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Anatomical network case

Conclusion and perspective

Conclusion
o Two-phase representation of the capillaries and tissue
@ Sucessful upscaling of the capillary bed

e Framework using fictitious domain for DNS and Closure equations

In the future...
e Coupling with arterio-venous tree (1D-3D) or (3D-3D)
o Include the RBCs

e Include non linear consumption in tissue (Michaelis-Menten like)
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Backup slides

Use of the distance function

Distance function used to:

e define a sub-domain:

Qs € U Q= (2, [ 78 (6) < 0)

(3

An example of projection function on a elements is given by:

rY, [ —1, if ¢ <0 on at least one dof of (),
ey 1 else

o define continuously quantities having a different value in the domains thanks to
a smoothed Heaviside function (level set method):

0, ¢ < —&,
H.(¢) = smooth variations, —e¢ < ¢ <e¢,
1, p>e
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All results, order 3

o & v 2| ‘ ‘ ‘ ¢ v 2| ‘ ‘ ‘
01414 ¢ rEV-1 ) 01414 ¢ rEV-1 ]
O O REV 0 O O REV 0
0.12 [|[VV REV 1 o T 0.12 [[VV REV 1 7
A A REV 2 o A A REV
0.10 0.10
Q
X 0.08} 0.08
9
<
0.06 - 0.06
0.04} 0.04}
0.02 0.02F ©
kv
0.00 0.00 -
0 0

PREV — 0.1, K, =3 x 1072

Adimentional coefficients

B LREV
e Péclet number PeREV = %

o Membrane Permeability K, = g—t
b @

ECCM-ECFD 15 June 2018 24 / 21



0.14 H

0.12

0.10

0.08

()’

0.06

0.04

0.02

0.00

PREV — 1 K,, =3x 1072

Adimentional coefficients

B LREV
e Péclet number PeREV = %

o Membrane Permeability K, = g—t
b @

ECCM-ECFD 15 June 2018 24 / 21



All results, order 3
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All results, order 3
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All results, order 3
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