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« Dlgltal Twin: Slmple, but detailed» (C. O'Connor, IBM — source YOUTUBE)

The Digital Twin is not like a wax statue!
DT must:

1) look like the original system ...but also
2) behave like the original system

2) is a very challenging task in biological tissues mechanics due to multiscale
& multiphase nature of tissues and coupling between biology and mechanics
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Healthy & Pathologic biological tissues

Multiphase Modeling: plantar tissue case

Extracellular matrix

Interstitial fluid
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Living cells (LC) /

Death cells (DC)
Chemical species Interstitial fluid
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Tissue cells* and
associate ECM

*healthy and death ones

A two-phase model of plantar tissue: a step toward prediction of diabetic foot ulceration
3 Sciume et al. (2014) — INT J NUMER METH BIO



Time-dependent simulation of 4 gait cycles

Numerical simulation from the beginning to the end of the mid-stance phase
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Time-dependent simulation of 4 gait cycles
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Time-dependent simulation of 4 gait cycles

Evolution with time of the total stress t,, and of the interstitial fluid
pressure p'in the points T1 and T2 represented in the insert.
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Plantar tissue modeling strategies

2. Improve behavior realism (“behave like”)

The increase of model realism is not fully repaid by a Tissue modeled as a bi-phasic system (solid+ fluid).

corresponding increase in the prediction capability. This formulation allows to model the experimentally
observed tissue viscoelastic behavior

Errs & %C.

>
Geometrical realism

Models commonly assume an
TIME (e.g. duration of the gait cycle) impacts

tissue stress and strain!
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Porous Media Mechanics

Introduction and general theoretical concepts



Porous Medium Systems

Some examples

wood, gravel, concrete, biological tissues, etc..

Main features

- Multiphase systems (phases may consist of several species);
* Interactions between phases (mechanical, chemical, etc.);

« Multiphase flow coupled with temperature;

« Mass exchanges between phases and/or between species;

* Micro-scale physics impacts strongly macroscopic behavior.
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“The role of mechanical forces in tumor growth and therapy”
Jain, Martin, Stylianopoulos — Annu Rev Biomed Eng. 2014

Tumor growth modeling

A hierarchical multi-compartment porous medium model for vascularized tumors



Phases definition & preliminary hypotheses

el retaehre =1

\ ),

Vascular porosity \

& : Extra-vascular porosity

« Vascular porosity £° is always saturated by blood;

- Saturation degree is defined for extra-vascular porosity only as: S* = g” /¢ (B=thl)

Porosity, and saturation constraint:

e=1—gP_¢g°

S'+S'+S" =

11

V\:

1

Solid scaffold:

ECM fibers (dominant species with structural function);

fluid phases).

Vessel walls (they assure immiscibility between blood and other
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Multiphase System

5 PHASES ARE CONSIDERED

1 SOLID EXTRA-CELLULAR MATRIX, (S)

Permeated by
4 IMMISCIBLE FLUID PHASES:

Tumor cells, (t), (tN +tL)
Host cells, (h)

Interstitial fluid, (1)

Blood (b)

Sl retrehee =1

\( ),

& : Extra-vascular porosity

b
8 - vascular porosity

Taken from ORIGENE.com - Immunohistochemical staining of paraffin-embedded Human normal ovary tissue (left)
and ova e (rigth)

B2

Mass conservation eqs of S, TC, HC, IF, B: TCs growth

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

ECh production

S - ECh—s

Dt(psgs)+psgsv-vs: L\/Ing [ma.s]

Vessels formation
D* t .ot t_.Qty,ts t .ot s .
D_t(p &S )+V-(p gS'v )+p gS'V-v =gr|>>\//\|fth [ma.t]
B—t(pthh ) + V-(pthths)+ph£ShV V= HI\EICh— Ecl;\?{I:s [ma.h]
%(,0'38')+V-(,o'gS'v's)+,0'¢9S'V.vS :—g:I(\)ZI;h M [ma.l]
%(pbgb)+v-(pbeb bs)+pbebV-Vs:O [ma.b]



MaSS C. eqs Of SpeCieS in TC, HC & ”: (5 scalar independent eqs)

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

D (,0 Sto Nt)
Dt

+V- (p Sty tS)+,0t58ta)mv-vg —&'r™ =0 o =1-a"

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

D (phgha)ECh
Dt

) h _h __ECh, ECh h h _ECh..h h h ECh - I-ECh ECh—s
+V(pga) u )+V(pga) Vs)+pga) VvVvi= M- M

ang

Mass C. eqgs OXY and TAF SpeCieS IN |F 2 scalar independent egs)

I I __OXYI

D* (pga)
Dt

b—OXYl  OXYl-t

)+V (plgla)OXYl Is)+v (plgla)OXYluOXYl)+plglwmv.v§: M — M

I .1 __TAFI

D® (pga)
Dt

- t—>TAFI

)+V (plgla)TAFIVIs)+V (pl ! TAFIuOXYI)+IOI8Ia)'Iﬁv.Vs _ M
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Momentum c. 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

K—«Q
system as (Summation allows eliminating momentum transfer terms T ) :

V.t =0 [ mo.system|

- £t — g'p'l

f=t,h,l,b

el

where t' isthe total stress tensor: t

Mom. C. eqs for fluid phaseS (12 scalar independent eqs)

e'vp' +RT- (v —v)=0 with f=th,Ib [mo-a.f]

Resistance tensor
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Sciume et al. (2014)
Archives of Computational Methods in Engineering

Avascular tumor growth

» Multicellular tumor spheroid in vitro

» Tumor growth in proximity of two blood vessels



Growth mass exchange term
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Multicellular Tumor Spheroid (MTS) In vitro

Cylindrical
symmetry axis

B1

ECM and IF
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Boundary 1 N Boundary 2
Type: Imposed values Type: Imposed fluxes
o" =M =7.0-10° £ =1-£=0.05
Due to the symmetry of the problem there
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Multicellular Tumor Spheroid (MTS) In vitro

LTC at 360 hours NTC at 360 hours
50 ——TC 90h ‘fs P
2 %; 0,5 | ——TC 180h Vitro Vitro 0.4
E g 8,% , TC 270h EO 2 medium medium 20.2
£E 02 —TC 360h f |
S g bo-k--” L || ---LTC180N .
0 100 200 300 400 500 LTC 270h L JViablerim (= 150 um)
Distance from the center [um] - - -LTC 360N Living tumor cells (LTC) and necrotic
tumor cells (NTC) at 360 hours.
8
B o e
S 4 ——time 90h
S5 —— time 180h
S& - time 270h
— time 360h
0 . ' ' Bradley D. Smith et al.

0 100 200 300 400 500 00 700 800 900 1000 Optical Imaging of Prostate Tumor in Rat Model: the

Fluorescent near-infrared probe (PSS-794) targets the

Distance from the center [um] necrotic core of the tumor I I'

18



Tumor growth in proximity of two blood vessels
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Tumor growth in proximity of two blood vessels

Living tumor cells (LTC)

Host cells (HC)

Oxygen mass fraction

i).531801 i.495363 ifee:
168 jo-4 s 37506
o2 02 13506
hours ' ~ [oﬁ [3.25e-é
0 0 3.035e-6
2e-6
f f.488457 lod
0.4 0.4 3.75e-6
360 0.3 §3.5e-6
hours | |o2 02 32566
‘ fo.1 36-6
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Volume fractions of the living tumor cells (first column) of the healthy cells (second column) and mass
fraction of oxygen (third column) for the case S1.
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Anglogenesis

Reaction terms and interphase exchanges of mass
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Angiogenesis: TAF release — ECh production — vessel formation dI

— TAF release
DS (plgla)ﬁ)
Dt

+V_(puguwﬁvg)+V.(puguwﬁum)ijuguwﬁv.vg M

nterfacial area reach of EC

TN TT
IEBNEL IR TEN]

T T TV TR R DT AT

T T

T T TR T AT

T
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Angiogenesis: TAF release — ECh production — vessel formation dI

—  TAF release

DS (plgla)ﬁ

= )+V-(p'e'a)ﬁVE)+V-(p'€'a)ﬁum)+p|8'a)ﬁv.vg :t—i\T/IIAFl
—  EC production
s h _.h __ECh
D (pga) ) h _.h __ECh, ECh h _.h __ECh,,hs h_.h __ECh s _ pECch  EChos
D1 +V-\p'e'w U +V'(p8a) )+pga) V-vv= M M

ang

nterfacial area reach of EC

/'
4 I—>ECh ECh TAFT a)ECh
M = ang}[(a) )exp —— |Qpy
@y
i \
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Angiogenesis: TAF release — ECh production — vessel formation dI

—  TAF release

DS (plgla)ﬁ

= )+V-(p'e'a)ﬁVE)+V-(p'€'a)ﬁum)+p|8'a)ﬁv.vg :t—i\T/IIAFl
—  EC production
s h _.h __ECh
D (pga) ) h _.h __ECh, ECh h _.h __ECh,,hs h_.h __ECh s _ pECch  EChos
D1 +V-\p'e'w U +V'(p8a) )+pga) V-vv= M M

ang

Vessel maturation

nterfacial area reach of EC

DE;{ = A(F)?[(gha)m)

/'
4 I—>ECh ECh TAFT a)ECh
M = ang}[(a) )exp —— |Qpy
@y
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3.757e-02

0.028178

0.018786

0.0093928

=0.000e+00

EPSB
=2.293e-02

0.020764

0.018593

0.016421




...Very nice mathematical framework... but:

» Have you exhaustively validated it? ....NO ®
» Is it useful today for oncologic research? ....NO ®

» Could be useful, when validated, to disclose still obscure mechanisms characterizing tumor
behavior (invasion for instance)?
YES © and this motivated our research in this direction

REAL LIFE
THE 3 BIOPHYSICAL &
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