Club Cast3M 2017 — Paris, 24 November 2017

A two-compartment hierarchical porous
medium system for vascular tumor growth:

theory and implementation in Cast3M

Giuseppe Sciume

12M / University of Bordeaux — Esplanade des Arts et Métiers 33405 - Talence France

universite
“BORDEAUX

N



General introduction

PHYSICS & CANCER

->What does physics have to do with cancer?

Franziska Michor et al. - NATURE REVIEWS | CANCER VOLUME 11 | SEPTEMBER 2011 | 657

= Transport OncoPhysics: multiscale modelling of cancer growth and multiparameter response to
therapy; multiscale imaging; and multiscale probes

- Getting physical
Jennie Dushek — NATURE | VOL 491 | 22 NOVEMBER 2012 | S50

- Physics, maths and evolutionary biology are among the scientific disciplines providing cancer
research with fresh perspective and therapeutic approaches.

“As biology begins to confront the limits of the molecular approach —
which has yielded vast amounts of data but not always clear
understanding — some scientists have returned to a more
biomechanical view of life, and their research is starting to bear fruit.”




General introduction

MECHANICS & CANCER

-=> The forces of cancer

Erica Jonietz - NATURE | VOL 491 | 22 NOVEMBER 2012 | S56

- The way cells mechanically interact with each other and
their environment could help researchers understand the
Invasion and metastasis of solid tumors.

The aim is here to exploit porous media mechanics and
multiphase flow dynamics to better understand some

paradigms of tumor growth mechanobiology




Taken from ORIGENE.com — Immunohistochemical staining of paraffin-embedded Human normal
ovary tissue (left) and ovary cancer tissue (rigth)
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Taken from ORIGENE.com — Immunohistochemical staining of paraffin-embedded Human normal
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Phases definition & preliminary hypotheses

S+ttt =1
|\ )

Vascular porosity Y
& Extra-vascular porosity

« Vascular porosity &° is always saturated by blood;

- Saturation degree is defined for extra-vascular porosity only as: S” =g’ /¢ (ﬂ =1t,h, I)

Porosity, and saturation constraint:

Solid scaffold:
_ 1 b S
E=1—€& — & "\ - ECM fibers (dominant species with structural function);

Vessel walls (they assure immiscibility between blood

SI + St + Sh =1 and other fluid phases).
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Mass cC. eqgs of phases (7 scalar independent eqs)

Definition of porosity and saturation constraint:
e=1-g"-¢°

S'+S'+S"=1

Mass conservation eqgs of S, TC, HC, IF, B:

(introducing mat. derivatives with respect of the moving solid phase)

TCs growth
ECh production

S - ECh—s

Dt(psgs)+psgsv-vs= L\/Ir@ [ma.s]
Vessels formation

D’ t .Qty,ts t .ot s v

t(p &S' ) (,0 eS'v )+,0 eS'V-v :gmtn [ma.t]

S - I-ECh ECh—s

h_.qh hy hs h_.qh s _ _
a(p &S )+ (,0 £S"v )+p eS"V-vi = M !1\/Ing [ma.h]
%(p'ES')+ (p gS'v Is)+,0 £S'V.ve == II\_)/thth —I_)I\ilCh [ma.l]
gro

D’ b b b _by,bs b_b s
Dt(p5)+V (,ogv )+ng-V =0 [ma.b]




MaSS C. eqS Of SpeC|eS in TC, HC & ”: (5 scalar independent eqs)

Mass c. egs for necrotic TC and w't constraint @ scalar independent egs)
DS (ptgsta)ﬁ)
Dt

(,0 £StoMv tS)Jr,otESta)mV-vg —-&'r"'=0 o' =1-o"

Mass c. eqs of EC species in HC (@ scalar independent eqn)

DS (phghwﬁ)
Dt

+V- (p & a)EChuECh)+V (,o "MV )+ p"e" Vv = M — M

ang

) - |-ECh ECh-—s

. _ Ca)ECh L
a)EChuECh — _DEChva)ECh + DECh 1 C — VQ)TAFI
—Cw

Derived from the SEI (TCAT: paper 5 - W. G. Gray, C. T. Miller)




MaSS C. eqS Of SpeC|eS in TC, HC & ”: (5 scalar independent eqs)

Mass c. egs for necrotic TC and w't constraint @ scalar independent egs)

Ds(p <Stw Nt)
Dt

(pgst Nty tS)Jr,othta)mV-Vg—gtrNt:O o' =1-w

Mass c. eqs of EC species in HC (@ scalar independent eqn)

DS (phghwﬁ)
Dt

) - |-ECh ECh-—s

+p "V = M - M

ang

LY. (phgha)EChuECh)_l_V (phgha)ECths

Mass C. eqgs OXY and TAF SpeCieS IN IF (2 scalar independent egs)

s 11 _0OxXV
D ('0 & o ) JNPRONEE | 1__OXYI, OXYI | 1 OxXVI s pmoxvl OXYIot
Dt +V- (pga) )+V pe®w U +psw” "V-v= M - M
| _I_TARI
D ('0 & o ) | | TAFI, is | o1 TAFT oxvl | 1 TAFI s TR
Dt +V. (pga) V)+V pE u +pcw”V-v= M
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Momentum cC. eqs for phaseS (15 scalar independent eqs)

Mom. C. eqgn multiphase SyStem (3 scalar independent egs)

Summing [mo.a] over all phases gives the momentum equation of the whole

multiphase system as:
K—-a
(Summation allows eliminating momentum transferterms T )

V.t =0 [ mo.system]

where t' is the total stress tensor:  t' = &°t° — g' pf 1

Mom. C. eqgs for fluid phases (12 scalar independent egs)

gvpt +R" - (v —v*) =0 [mo-a.f ]
|

Resistance tensor with f=t, h, I b
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Model closure

Summary of model conservation eqs

. MasS C. €GS OF PRASES ......eeieiiiiiiiii e 7 scalar independent eqs
. Mass C. €05 Of TC SPECIES ... .vvveeeieeiiiiieiie ettt 2 scalar independent eqn
. Mass C. €4S OF HC SPECIES ........vvviiieeeei i 1 scalar independent egn
. MasS C. €GS OF IF SPECIES .......vvieiiiie ettt e e 2 scalar independent egs
. Mom. €. €4S MUIIPNASE SYSIEM .....ciiiiiiiiii e 3 scalar independent eqs
. Mom. C. €4S for fluid PRASES ........ovvviiiieiiiie e 12 scalar independent egs
Total : 27 scalar independent eqs
Summary of model independent variables
Phase N. equivalent
Phase Species Associated variables
indicator scalar variables
Solid s es,a,ps,t?,vg 12
Tumor cells t Lt, Nt s', o', pL v, ot o™ 8
Host cells h ECh " p", p" VT, o™ uET 10
Interstitial fluid ! OXYI, TAFI s'.p',p' V', &, o™ Uy 14
Blood vessels b p°, p°, VP 6
Total of scalar unknowns 50

23 Constitutive/state egs are needed for model closure
. )y



Model closure / assuming phases incompressibility*

Summary of model conservation eqs

. MasS C. €GS OF PRASES ......eeieiiiiiiiii e 7 scalar independent eqs
. Mass C. €05 Of TC SPECIES ... .vvveeeieeiiiiieiie ettt 2 scalar independent eqn
. Mass C. €4S OF HC SPECIES ........vvviiieeeei i 1 scalar independent egn
. MasS C. €GS OF IF SPECIES .......vvieiiiie ettt e e 2 scalar independent egs
. Mom. €. €4S MUIIPNASE SYSIEM .....ciiiiiiiiii e 3 scalar independent eqs
. Mom. C. €4S for fluid PRASES ........ovvviiiieiiiie e 12 scalar independent egs
Total : 27 scalar independent eqs
Summary of model independent variables
Phase N. equivalent
Phase Species Associated variables
indicator scalar variables
Solid s = gs,s,xs,t?,vg 12
Tumor cells t Lt, Nt St*t- SVANCENA 8
Host cells h ECh s’ ,xh, p" V", 0™ U= 10
Interstitial fluid I OXYI, TAFI ' X' VL 0™, oy, g 14
Blood vessels b - xb, p°, &V 6
Total of scalar unknowns 45

18 Constitutive/state eqs are needed for model closure

*this does not mean that the overall ECM scaffold is incompressible because porosity is inside
12
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Constitutive laws (18 scalar equations)

State equation for €P
Mechanical constitutive model
Two pressure-saturation egs

Fick’'s law for species diffusion

1 egn
6 eqgs
2 eqgs
9 egs




Effective Stress Tensor



Effective Stress Tensor: a non-conventional form

Stress tensor solid phase Stress for fluid phases
s s S f f
=1 - p°l t'=—p'l (f=tnh,lb)
effective solid phase solid phase Pressure in the fluid phase
stress tensor pressure (positive if the fluid is in compression)

Summing of phase tensors weighed by their own volume fraction
gives the total stress tensor as

t = Z S“tazgs(‘rs—psl)— Z g'p'1

a=s,t,h,l,b f=t,h,I,b

. )y

=l



Effective Stress Tensor: a non-conventional form

H
I
1

Z g“to‘:gs(‘cs—psl)— Z g p'1

a=s,t,h,l,b f=t,h,l,b

Hypothesis 1: blood vessels are mostly surrounded by extra-vascular fluids (TC, HC and IF), hence they
have no relevant mechanical interaction with “structural” ECM fibers

Hypothesis 2: the solid pressure, ps, is assumed being related with pressures of extra-vascular fluids

(TC, HC and IF) only:
p°= > S’p/=S'p'+S"p"+S'p'
B=t.h|

tE:Hj—t +p*1-£°(p*-p°)1

EFFECTIVE STRESS TENSOR (EST)

. 14




Effective Stress Tensor: tE=1tT+ psl - gb(ps - p?)1

Material objective time derivative of the effective stress tensor :

5 =17 +(1-&") p'L+&"pP1—(p - p°)&"1

EST induces all deformations of ECM scaffold: tE — CECM ' d

Introducing this constitutive relationship in the previous egn gives:

t' =Cgy :(d—d,,)
A

— |l

d =d 1= N 1
sw = Hn 3k P T3k P 3K

T(leb).s &L (pspb).bJ\
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State egn for volume fraction of blood vessels

Qfs(fs interface)

pS: Z Sﬁpﬂzstpt_l_shph_l_slpl

A=t

SR are Bishop’s parameters

18



State egn for volume fraction of blood vessels

Qfs(fs interface)

pS: Z Sﬁpﬂzstpt_l_shph_l_slpl

S=t,h,l

SR are Bishop’s parameters

Vascular model ( &P depends on ( pP - pextra-vascular) ):

|

... O ....

peXt =Stpt+shph+slp| — pS

ext h \h h | ext t



State egn for volume fraction of blood vessels

Qfs(fs interface)

pS: Z Sﬂpﬂzstpt_l_shph_l_slpl

S=t,h,l

SR are Bishop’s parameters

Vascular model ( &P depends on ( pP - pextra-vascular) ):

gb(pb p° F)ng(1+ar) 1- P p’ ‘
1 0 ‘ I Vess (p)

Internal variable describing angiogenesis
(no angiogenesis) 0 < " < 1 (angiogenesis fully developed) p™ =S'p' +S"p"+S'p' = p°

. 14




State egn for volume fraction of blood vessels

LOAD “How does it work ? ”

ECM interacts with blood
vessel via extravascular
fluids

Comment: This is a reasonable
assumption for the considered
system and simplifies importantly
the mathematical formulation.




1D bio-consolidation with and without vessels

200 Pa Sinusoidal ramp Sustained load
N A
\

A 150
/

200

o e

a1
o

LOAD [Pa]
[H
o
o
\

o

100 pm 0 60 120 180 240 300 360 420 480
TIME [sec]

MATERIAL DATA

-----

5000 0.2 0.5 1.10% 0. 5000 1.10%°

e 0

Y .
B Extra-vascular porosity data Vascular porosity data
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1D bio-consolidation with and without vessels

2|O‘ O‘ |P‘ a POINT A — LOAD & VERTICAL DISPLACEMENT WITH TIME
D Nt 250 5,00
A 200 4,00
150 3,00
100 / 2,00
50 / 1,00
LOAD [Pa] o 0,00 Uz [pm]
100 pm -50 \ -1,00
-100 -2,00
-150 N -3,00
-200 -4,00
-250 -5,00
0 60 120 180 240 300 360 420 480
B TIME [sec]
-Y.---.,. °
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1D bio-consolidation with and without vessels

sassssagy

100 pm

-y----'lﬂ

200 Pa

LOAD [Pa]

Sinusoidal ramp

200
150

Sustained load

AN

100
50
0

First 3D
A
U

[
/ SGULUTI
/

0

60 | 120 180 240 300 360 420 480

e 0

30 sec

TIME [sec]

Coupling:

Flow is induced in the
interstitial fluid phase as
well as in the blood
phase.

Dynamics is however
very different; this will
be shown in the following
slides ...

10 20
sec Sec

sec



1D bio-consolidation with and without vessels

200 Pa
| ‘ ‘ | ‘ POINT B — pf AND p? VERSUS TIME
r 3 Pa
A [Pa]
200 Load
y)f
100 / \
100 pm o
pb \
O ——
50
0 60 120 180 240 300 360 420 480
B TIME [sec]
. R
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1D bio-consolidation with and without vessels

200 Pa
|H” POINT B — zoom pP VERSUS TIME
w mann : [Pa]
12
AL
A
N
100 pm . L
-4
8
/ 0 60 120 180 240 300 360 420 480
B TIME [sec]
. R
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1D bio-consolidation with and without vessels

POINT B — NORMALIZED POROSITIES VERSUS TIME

200 Pa
200
Pa
——
A Load graph
0 Pa
1,01
100 pum
H 1,00 \ Sb/.ﬂi
[-]0,99 \ \><//
0.98 \/ ~— ele’
0,97 \J
B 0,96
S LT 0 60 120 180 240 300 360 420 480

TIME [sec]
. 1}




Mechanical model for the solid scaffold

Hence the stress-strain constitutive law reads

28

=l

t' = CECM

:(d-d,,)

/3=gguﬁwﬂ3£1—2pK;f

|

sl

L P-p
KVGSS

b

)F

with: d_, 1 'Bp +—1
3K 3K

(5074 5)

Vascular model with angiogenesis (VMA)
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Models hierarchy

Reduced models:

S b
Vascular model without angiogenesis (VM): [ = 88 (1—2 pKVESE j P =0

Avascular model (AM): =0 p"™ =0



Prlmary variables:

: | AF ECh
Final system of eqs " Ruphepicalsoftitian
r
% Mass conservation equation of MODULE 1 N\
. . . Capillary pressures, =
%* Mass conservation equation 0 interstitial fluid pressure, MODULE 2
blood pressure and mass _
. . . fractions of considered Displacement
** Mass conservation equation OK species vector
_ _ \(solid phase)
¢ Mass conservation equation of TUMQR CELLS ]
) No Staggered
i i . rocedure
. Primary Va”abT'fj - tion of HOST C P /
p" p" p' p* " @ Us
Discretization: ition of e-fluids (TC  Residuals controls
FE in space and FD in time Global convergence
tion of BLOOD check

Mathematical model implemented in
Cast3M (FE code of the CEA)

Yes
L ¢ Linear momentum equation of the multiphase systeL (rate form)

Next step
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Anglogenesis

* Modeled phenomena and numerical results



Osmosis due to plasma
proteins causes net

absorption

/

Excess interstitial fluid

becomes lymph

\

Lymphatic
capillary

| formation dI

Source: www.bio.utexas.edu

Arteriole

causes netfnltr{

Blood pressure

IONn — vVesse

800 pm

A 4

h

g
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)
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o
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o
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T

load flow

T

IR AR
T

[AEREEENERRERR R}

T

=

=

=

) B AN,
Il

Rﬂ

|10genesIS

Initial spheroid

AR ENENNRREANERRE N RREAY

4 Z (axial symmetry axis)

Ang
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http://www.bio.utexas.edu/

ANgIiogenesis: TAF release — ECh production — vessel formation dr"

TAF release

s I | _TAFI

D(pg ) | I _TAFI,is | | _TAFI OXVI | | _TAFI A
Ot +V-(p5a) Y )+V-pea) u +pew”V-v= M

nterfacial area reach of EC

1
|

T T S A T e ]

T T ]
L L

jal area reach of E
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ANQgIogenesis: TAF release — ECh production — vessel formation dr”

— TAF release

DS (pga)TAFI)

- t—>TAFI

+V- (pga)TAF' )+V (p'g'a)TAF'uc”(Y')+p'g'a)MF'V-vs: M

Dt
Y/ .
— EC production
h
o ('0 wEC) ECh, ECh ECh, ,hs h .h _ECh s IEch  EChos
Dt V(pga) u )+V(pga) v)+pga) V-V:M—L\r{I
9
e es bed
e e e Interfacial area reach of EC
\
N
g N L R L
H ) - f ) o ()
=t iiEP\‘/ iﬂEP\v/ A\ )
I H /'
B /
B I>ECh o™ 1]
= M _7;cgh7{( TAFI)eXp( a)lEChJQPV i
= ERREEN r

jal ar reach of EC
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ANgIiogenesis: TAF release — ECh production — vessel formation dr"

— TAF release

D* (,0 s a)TAFI)
Dt

+v_(plgla)TAFl Is)+v (plgla)'l'AFluOXYI

- t—>TAFI

)+p'g'a)TAF'V-vs = M

— EC production

I>ECh ECh =
M = 7;cgh7{( TAFT )EXp( w@ JQPV .
(O} |

jal ar reach of EC

DS( a)ECh) I-ECh ECh
P& ECh, ,ECh ECh, ,hs ECh O .
+V-(p"e"ow™"u +V- (""" "™ )+ p"e" "' V-V = M — M
Dt ang
Vessel maturation
Interfacial area reach of EC
D°I' h Ech
C —— = A(F)}[(g ) )
A\ Dt
‘\ PR PR L
) = ) —[ ()
iiED\/ iﬂED\/ U
/V
/
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Computational Algorithm

15t level procedure (called in .dgibi) 2"d |evel procedure (called by pasaps)

$$$$ PASAPAS (ORIGINAL V2016)

@MATETHM (update necrosis, &g, &?, d,,
'DEBPROC' PASAPAS PRECED*'TABLE';

[...]
Line 132: s 'REPETER' BEXTERN; (boucle sur pas de temps)
[...]

Line 197: ¢~ 'REPETER' BO_BOTH,‘ (boucle couplage)

[...] @MATETHM (update necrosis, g, &?, d,,
# CALCUL THERMIQUE

Line 238: CHTER = TRANSNON PRECED;

Line 269: REEV_THE PRECED 1 ;

[...]
# CALCUL MECANIQUE

Line 310: TT = UNPAS PRECED;
Line 354: REEV_MEC PRECED 1;

# Test de la convergence méca-thermique !

Line 411:| - 'FIN' BO BOTH ;

PRECED. ' PERSO1 APPEL' = 2 ;
PERSO1 PRECED;

[...]
Line 703: ~ 'FIN' BEXTERN;
[...]

"FINPROC' PRECED ;




Computational Algorithm: @MATETHM

3'd level procedure

$$$$ QMATETHM (PERSONAL PROCEDURE)

'DEBPROC' @MATETHM MOD THM* 'MMODEL' THPC W*'CHPOINT';

(-'REPETER' BZ THM nzone; (boucle THM-zones)

Call of material parameters
Call of primary variables
Computing of dependent variables

(1) Update of angiogenesis;
(2) Update of porosity;
(3) Update of necrosis;

(4) Update THERMOHYDRIQUE material;
(3.a) computing of swelling strain d_,
(3.b) computing of Kiy, C;

130 £; for phases’ flow
(5) Update DIFFUSION material;

Kiy, Ciy, £; for oxygen advection-diffusion
K, Ciy, £; for TAF advection-diffusion
Ky, Ciy, £; for EC advection-diffusion
K for the blood flow model

ijr

ijr

\- 'FIN' Bz THM;

[...]
"FINP'

MATI FO;

2"d |evel procedure (called by pasaps)

@MATETHM

@MATETHM

(update necrosis, &, £?, d

(update necrosis, &, £?, d

sw/

sw/

K

K

ijr

ijr

C

C

ij

ij

and f;)

and f;)




Micro- Macro- Description in Averaging Theorlies

Thermodynamically Constrained Averaging Theory (TCAT)

Microscale entropy Macroscale entropy
inequality, inequality,
thermodynamics and thermodynamics and
equilibrium conditions ) equilibrium conditions
Averaging

. . theorems
Microscale conservation Larger-scale
equations ( conservation equations

+

Hierarchy of closed
parametrized % Closure relations derived from SEI

macroscale models

[
Numerical solution _ e '
of multiphase flow | Pressure-saturation relationships; |

at the microscale Numerical | Relative permeabilities |
. , upscaling I I
for Newtonian and Complex fluids I |

Flow of viscoelastic fluids
Etc.




PhD presentation

Aim of the research project

Simulate microscale multiphase flows in porous media in order to
provide closure relation to macroscale model or micro-relevant
equations for volume-averaging method. The target applications deal
with the fields of petroleum engineering and biomechanics area.

IF

Viscoelstic
fluid

o @ W

HC LTC NTC

Pore-scale flow for enhanced oil recovery simulation ~ Micro model for biological multiphase flow
Source Giuseppe Sciume ALERT WorkshopL '
42



Multiphasic Flow Simulation

Diffuse interface model

The description of the interface’s motion is taken into account by the
Cahn-Hilliard model [1].

oC 1
— .VC-——V - (MViy)=0
ot i Pe ( W)

w =—-AAC + B¢ (c)

The Phase-Field model ensures the continuity of the fluid properties
through the interface. The interface thickness is controlled by the
parameter & 7

E= |—

p

[1] Faruk O. Alpak, Beatrice Riviere and Florian Frank. A phase-field method for direct simulation of two-phase flows in pore-scale media using a non-
equilibrium wetting boundary condition. Comput. Geosci 2016 |
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Multiphasic Flow Simulation

Flow dynamic model in a single pore

The Cahn-Hilliard system is coupled with the Navier-Stokes

equation :

_d 1 _ —
pd—‘:+(u-v)u = —Vp+ V- [E(Vu+V'u) |+ §
V-u=0 /

coupling term

f accounts for the capillarity forces between the phases [1]

~yVC

f —
CaRe

44



Multiphasic Flow Simulation

Dynamic boundary conditions for the interface

No flux conditions do not take into account the wettability of the solid
scaffold. On solid walls, conditions are imposed such as it corresponds

to realistic interface behavior

M r O
a—ﬂ:OsurﬁQ
on
i-VC =—tan(%—asj\f-vc\+z<%—f sur 00

Static angle equilibrium
condition at common
point

. 14



Multiphasic Flow Simulation

Numerical results

Even if the full-coupled Cahn-Hilliard/Navier-Stokes model is not
completely validated yet, some interesting results has been
obtained with the Fenics Software:

Initial state

1130
OO o Qe amy 1008 =00
[,,||||||||||ll ||||||||||||

Final state

\{\as ~120° )

0.0 o3 w1 a7 1,00
[ ||l||ll|||,ll I [ LELLLLLETEEE




Conclusion > The Cahn-Hilliard model has been
successfully implemented, either
with no flux or dynamic angle
boundary conditions;

» The Navier-Stokes/Cahn-Hilliard
system is implemented and is
being validated;



Next steps » Migrate the code currently under
fenics to Castem for compatibility;

» Compute and test wupscaling
methods for macroscale model ;

» More complex geometry will be
tested in order to study the
robustness of the NSCH system;



