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Scientific context and main 1ssues

1) Brain tumors : key figures
2) Biological issues

A discrete approach

1) Introduction to cellular automata
2) 1D cell invasion model

A continuous approach

1) Master equations

2) Analytical 1D model

Results et perspectives

1) Comparison of models
2) Towards a 2D model
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Brain tumors : key figures

imnme

74,000 cases
diagnosed in US/y

Malignant Malignant
N = 117,906 Meningloma Non-Malignant

32% “‘:"I.Othe’ ' Meningioma

aslg;}antc 36.9%
. {J
All Other
Malignant Glioma
10.9%

Glioblastoma
14.9%

(]

Non-Malignant
Glioma

Non-Malignant

Pituitary Tumors
T 15.9%
1% Al Other , Non-Malignant
Non-Malignant® Nerve Sheath =
6.7% Tamors Non-Malignant
8.2% N =250,211
68%

Q. Ostrom & al, 2016

Enzo Fabiani

Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret




Brain tumors : key figures

74,000 cases
diagnosed in US/y

Malignant Malignant
N = 117,906 Meningloma Non-Malignant

32% “‘:"I.Othe’ ' Meningioma

aslg;}antc 36.9%
. {J
All Other
Malignant Glioma
10.9%

Glioblastoma
14.9%

(]

Non-Malignant
Glioma

Non-Malignant

Pituitary Tumors
T 15.9%
1% Al Other , Non-Malignant
Non-Malignant® Nerve Sheath =
6.7% Tamors Non-Malignant
8.2% N =250,211
68%

Q. Ostrom & al, 2016

23,700 malignant

cases/y

Enzo Fabiani

imnme

Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret




Brain tumors : key figures

74,000 cases

° ° Age at clinical
Tumour q q manifestation (% of cases) Five-year survival q q
dl agno S e d ln U S / y (WHO Grade) Typical location (% of patients) Genetic alterations
0-20yrs 20-45yrs >45 yrs
Pilccyzi(c;:]s;;ccl:)ytomc Cerebellum, optic nerve 74 20 6 >85 NF1 (neurofibromatosis cases)
Low grade diffuse . )
Mallgnant Malignant S — -, Cerebral hemispheres 10 61 29 >50 p53 mutation
N = 117,906 Meningloma Non-Malignant EGFR amplification, PTEN
32% All Other ™ Meningioma Glioblastoma (Grade IV)  Cerebral hemispheres 3 25 72 <3 mutation, p16 deletion,
Mahg(r)lant‘ 36.2% LOH chromosome10
57% Oliogodendroglioma .
All Other Cerebral hemispheres 8 46 46 >50 LOH 1p, 199
Malignant Glioma (Grade I1/1l)
10.9% Ependymoma (Grade Il)  Ventricles, spinal cord 37 38 25 <30 NFT (spinal tumours)
Medulloblastoma Isochromosome 17, MYC
(Grade IV) Cersbellum Z 2 £ =0 amplification, PTCH, beta-catenin
Neuroblastoma LOH 1p, 11g, MYCN
(Grade IV) L2l BE ROl 200 amplification, trisomy 17q
Glioblastoma
14.9%
. Non-Malignant
Nonall\?grlrl‘%nant Pituitary Tumors WHO, 20 1 4‘
15.9%
1.1% Al Other . Non-Malignant
Non-Malignant® Nerve Sheath H
6.7% umors . Non—Malignant
8.2% N = 250,211

Q. Ostrom & al, 2016

Survival rate
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imagerie et i

23,700 malignant
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Brain tumors : key figures

Survival rate
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23,700 malignant
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* Low grades : [ & II
can lead to recurrences
can mutate to higher grades
(anaplastic transition is systematic for grade II)

* High grades : III, IV

are more agressive and fast-growing
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Brain tumors : key figures ol 'mnc

Survival rate
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alignant® 36.2%
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5.7%

All Other Oleeaelelere Cerebral hemispheres 8 46 46 >50 LOH 1p, 199
. . (Grade I1/111)
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Diagnostic :
> Radiographical (C'T scan, MRI)
> Histological (biopsies)

Q. Ostrom & al, 2016

23,700 malignant

cases/y
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Biological issues

Why are those figures so bad ? Why is there a tumor « growth » ?

* Treatments are hardly efficient Many Complex phenomenon
appearing:
The image resolution is not accurate
enough thus the surgeon cannot delineate
the perimeter of the tumor for the resection

> Migration

> Proliferation

> Neo-angiogenesis
* Impossibility of removing the totality of the tumor

(more would risk to make the patient lose his Which leads to invasion of the

essential functions : speech, mobility, behavior) healthy tissue

* Left cells systematically causes recurrences

One major question for the surgeon :

To which distance the most advanced cells came ?
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Biological 1ssues

Why are those figures so bad ? Why is there a tumor « growth » ?

Treatments are hardly efficient

The image resolution is not accurate
enough thus the surgeon cannot delineate
the perimeter of the tumor for the resection

Impossibility of removing the totality of the tumor
(more would risk to make the patient lose his

essential functions : speech, mobility, behavior)

Left cells systematically causes recurrences

Many complex phenomenon
appearing:

> Migration

> Proliferation

> Neo-angiogenesis

Which leads to invasion of the
healthy tissue

One major question for the surgeon :

To which distance the most advanced cells came ?

N4

My project aims to develop mathematical models to answer this

question

Enzo Fabiani
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Biological issues imne

Phenomenons observed during growth

-
OPC migratior]/

MICTOSCOpe

movie J\
\_
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Biological 1ssues

Phenomenons observed during growth

Expervment of a culture of mice OPC in vitro, O. Seksek, IMNC, 2016

1
Enzo Fabiani Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret L@97



Biological 1ssues

Phenomenons observed during growth

Expervment of a culture of mice OPC in vitro, O. Seksek, IMNC, 2016

Proliferation

1
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Biological 1ssues

Phenomenons observed during growth

Proliferation

Expervment of a culture of mice OPC in vitro, O. Seksek, IMNC, 2016

Contact Inhibition

Enzo Fabiani
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Biological 1ssues

Phenomenons observed during growth

Proliferation

Expervment of a culture of mice OPC in vitro, O. Seksek, IMNC, 2016

Migration

Contact Inhibition

Enzo Fabiani
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Biological 1ssues

Phenomenons observed during growth

Expervment of a culture of mice OPC in vitro, O. Seksek, IMNC, 2016

Proliferation

Contact Inhibition

Shape variations of
Migration cytoplasm
(lamellipodium, filopodia)

22
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Phenomenons observed during growth

Expervment of a culture of mice OPC in vitro, O. Seksek, IMNC, 2016

Proliferation

Contact Inhibition

Shape variations of
Migration cytoplasm
(lamellipodium, filopodia)
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Biological 1ssues

N/

Proli tion

/

Migration

Phenomenons observed during growth

Expervment of a culture of mice OPC in vitro, O. Seksek, IMNC, 2016

Contaci¥{nhibition

Shape variations of
cytoplasm
(lamellipodium, filopodia)

Enzo Fabiani
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Biological 1ssues

Phenomenons observed during growth

/ Contac¥Inhibition

Pro%ion .
! Area=630pm?

Shape variations of
Migration cytoplasm
(lamellipodium, filopodia)
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Biological 1ssues

Phenomenons observed during growth

Elongated/Round cells in center/periphery

migration
A B polarity
elongated
cells Lamellipodium
\ \ Stress
Focal fibre
, ’ adhesions
round
cells
. ‘ RhoA-GTP ——— Rac1-GTP Cdc42-GTP
. ROCK/MLC Actin Actin Actin Actin
. . &~ TS Polymerization Turnover Polymerization Turnover
Focal Stress N Ve ~\ a
Adhesion  Fibre Lamellipodium Filopodia
A. Jimenez Valencia & al, 2015 G R. Mayor & C. Carmona-Fontaine, 2010

Mathematical models ?
1) Cellular automata
2) Probabilistic theoretical resolution

%
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Introduction to cellular automata IL!

Cellular automata

« Game of Life »

. .:3.'3!'-

-

John H. Conway, 1970

Definition :

Discrete time-depending system of cells/box in
a fixed number of states, evolving by iterations

according to trivial rules.

Often characterized by the simplicity of its
starting rules and the complexity of emergent
phenomenon it can gives.

.......

Enzo Fabiani Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret
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Introduction to cellular automata

Cellular automata

« Game of Life » We use it to model cell cultures
|
. (L
.
r &
N .

John H. Conway, 1970

2D Cell culture on homogeneous
substrate for a spheroid analysis
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Introduction to cellular automata

Cellular automata

« Game of Life » We use it to model cell cultures

. .:3.31'-

-

John H. Conway, 1970

2D Cell culture on homogeneous
substrate for a spheroid analysis
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Introduction to cellular automata

Cellular automata

« Game of Life » We use it to model cell cultures
1
. (L
§ .
-
N .
STty 0

John H. Conway, 1970

2D Cell culture on homogeneous
substrate for a spheroid analysis
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2D Cell culture on homogeneous
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1D cell invasion model

1D cell automata with exclusions

I" =1t . transition rate Compact — Elongated
c—e P g
L : number of boxes o
A = t . transition rate Elongated — Compact
e—cC g P
X

Compact cells

Elongated cells
=y One cell but 3 possibles states
@ Only polarized cell can jump in their polarized @& If there is contact interactions :
direction
i Polarized cells can retract no POSSible Ovel‘lap !
& Compact cells can extend
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1D cell invasion model ﬁ'\’mﬂ:

1D cell automata with exclusions

' = lc—ye : transition rate Compact — Elongated
L : number of boxes

A = t._ . :transition rate Elongated — Compact

1D cell

1nvasion movie

' >
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1D cell invasion model

1D cell automata with exclusions

Density profile of cells at t = 0 for 100000 simulations

10 OO0

We average over Ns = 100000 simulations of this
stochastic process

Positions x

EVOlution Of the denSity prOﬁle With Density profile of cells at t = 5 for 100000 simulations
time : : o

-7 cells at the center of the system
'tC—>E - 0.3 00 - ’ ‘X)X‘X xx&",
~te-c = 0.3

Density profile of cells at t = 20 for 100000 simulations
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1D cell invasion model

1D cell automata with exclusions

Density profile of cells at t = 0 for 100000 simulations

10 OO0

We average over Ns = 100000 simulations of this
stochastic process

Positions x

EVOlution Of the denSity prOﬁle With Density profile of cells at t = 5 for 100000 simulations
time : : o

-7 cells at the center of the system
'tC—>E - 0.3 00 - ’ ‘X)X‘X Xx&".
~te-c = 0.3

Density profile of cells at t = 20 for 100000 simulations

Diftusion process ?
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1D cell automata with exclusions

I' = t._, :transition rate Compact — Elongated
L : number of boxes o
A = t._ . :transition rate Elongated — Compact

Compact cells Elongated cells

Let’s derive this discrete model to an analytical approximated model
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Master Equations

Master Equations

’ " Definition :
@ Equations from a Markov process diagram
“soo e describing N states evolution with continuous

..........

time
AP,
dt — E :(F’ilpl —T'uF;) I' : transition rate
L1 P : probability density
Enzo Fabiani Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret
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Master Equations

Master Equations

’ " Definition :
@ Equations from a Markov process diagram
“soo e describing N states evolution with continuous

..........

time
N
dP;
dt — S P (F’il P — Fl’iP’i) I' : transition rate
L1 P : probability density
Input terms  Output terms
Enzo Fabiani Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret

——



1D analytical model without exclusions

a : lattice step I' = t._, :transition rate Compact — Elongated
p : local density A = t._ . :transition rate Elongated — Compact
I
pctpt+p- = pot: total cell density ) m ’
+
c c
0 o ¢

Compact cells Elongated cells

Reminder : Can we find the
diffusive behavior ?
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Analytical model imne

1D analytical model without exclusions

a : lattice step I' = t._, :transition rate Compact — Elongated
p : local density A = t._ . :transition rate Elongated — Compact
I

ptpt+p- = prot: total cell density s m '
=1 P X

A2
172 i+1/2 i+3/2
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Analytical model imne

1D analytical model without exclusions

a : lattice step I' = t._, :transition rate Compact — Elongated
p : local density A = t._ . :transition rate Elongated — Compact
I

ptpt+p- = prot: total cell density s m '
. > X

i-w i Ii+1 Ti+2
i-1/2 i+1/2 i+3/2

+ _
6“0@'4-% (t) =
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Analytical model

1D analytical model without exclusions
a : lattice step
p : local density

petp*t+p- = prot: total cell density

I
A

— 1 : transition rate Compact — Elongated
c—e P g

=1 . transition rate Elongated — Compact
e—C g P

edCWNGL

..........

A ]2

i-1/2 i+1/2 i+3/2
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Analytical model '

a : lattice step

p : local density

petp*t+p- = prot: total cell density

..........

1D analytical model without exclusions

{

I
A

— tc—>e : transition rate Compact — Elongated

= Teo_sc : transition rate Elongated — Compact

edCWNGL

i-1I i Ii+1 ti+2

i-1/2 i+1/2 i+3/2
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Analytical model '

a : lattice step

p : local density

petp*t+p- = prot: total cell density

..........

1D analytical model without exclusions

{

I
A

— tc—>e : transition rate Compact — Elongated

= Teo_sc : transition rate Elongated — Compact

edCWNGL

A2

i-1/2 i+1/2 i+3/2
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Analytical model AUl

a : lattice step

p : local density

petp*t+p- = prot: total cell density

1D analytical model without exclusions

{

I
A

edCWNGL

— tc—>e : transition rate Compact — Elongated

= Teo_sc : transition rate Elongated — Compact

..........

A2

172 i+1/2 +3/2

I c + +

5Pi) +p_ L (8) ) =P i (D)
2 2
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Analytical model imne

1D analytical model without exclusions

a : lattice step I' = t._, :transition rate Compact — Elongated
p : local density A = t._ . :transition rate Elongated — Compact
I

ptpt+p- = prot: total cell density s m ’
. > X

i-1T i Ii+1 [ i+2
i-1/2 i+1/2 i+3/2

0w}, (0) = (5oE0+ L4 0) = plyy (0 14 8)
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Analytical model AUl

a : lattice step

p : local density

petp*t+p- = prot: total cell density

1D analytical model without exclusions

I' = t._, :transition rate Compact — Elongated
A = t._ . :transition rate Elongated — Compact
I

edCWNGL

..........

A ]2
172 i+1/2 i+3/2

y0=(

I

2O+ 514 0) =l O+

Enzo Fabiani

Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret




Analytical model imne

1D analytical model without exclusions

For pe :

I
0i(t) = T + A (o, (0 + 07, 0) @@ O @

Supposing there is a continuous function pc regular enough, the hydrodynamic limit gives :

1 a?
Op° = A (p+ +p7 4 500:(p" = p7) + - Oua(pT = p7)

) —I'p® + (a®)

1st Master Equation for p¢(x,t)
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Analytical model imne

1D analytical model without exclusions

3 populations = 3 equations

2

c — 1 — a — c
Oy p =A<p++p +500:(p" = p7) + S0 (p” = p )) —Tp°+ O(a”)

T T 2 2
€ — aZ(‘?xpc + a—pc —Apt — % repT + O(a?)

dipt ==
SN L 16
I r a? _a? _
Ohp~ = 5/06 + azaxpc + 1—6,0C —Ap™ + ?(9%/0 + O(a®)
Master Equations (x,t)
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Analytical model ol

1D analytical model without exclusions

We have defined petp++p- = prot : total cell density

)

Byp® = A (f +p

r
op” =50 - Ap*
_ I, _
Op~ = 5p -Ap

8:pt =04 O(a)| "> Conservation equation

..........
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Analytical model imne

1D analytical model without exclusions

3 populations = 3 equations

2

c — 1 — a — c
Oy p =A<p++p +500:(p" = p7) + S0 (p” = p )) —Tp°+ O(a”)

2

I I a? a
—|—:_ c _ c - c_A + 7 + 3
I I a? a?
- = _ )¢ —0, c - C_A - — Oy — 3
O p 5P +a43,0 +16’0 p +28 p~ + O(a”)

Master Equations (x,t)
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Analytical model ol

1D analytical model without exclusions

At long time scale ¢ from the balance of different populations

..........

2

r I a? a?
— _ 5C _xc Z_ ¢ — A +__mm+ 3
0 5P a43p —|—16,0 p 5 Ozap + O(a”)
I I a? a?
— _C - c ~ ¢ — Ap~ _a::t:_ 3
0 5P —|—a48wp —|—16p p —|—28 p~ + O(a”)

_ 1 _ a _ .
0=A<p++p + 50z (" = p7) + G 0ua(p™ — p )) —Tp° + O(a”)
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Analytical model UM AT

1D analytical model without exclusions

At long time scale ¢ from the balance of different populations

O:A(p++p_)—rpc—|—(’)(a1) S —
0= =p° — Ap* + O(a" +
= 5P AT (a”) U=p"+p
T B . tot
0—5/) —Ap™ +0O(a) p

Enzo Fabiani
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Analytical model imne

1D analytical model without exclusions

At long time scale ¢ from the balance of different populations

0=A(p"+p7)—Tp°+ O(a')

I

0= 5,00 — ApT + O(a')
r

0= §pc —Ap~ + O(a)

6tpt0t (:B, t) — szef'fptOt (:E, t)

_ * —
=p =P

I
_ .t PN &
=P kP g

Enzo Fabiani

Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret

g



Comparison of models

1D analytical model without exclusions

01p" (z,t) = V2 Degi " (z, t)

Taux c->e 0,01

200 T T T T T
14 1 Simulations —+—
Desi(te—se, te—sc) = 2% 180 - Approx. analytique 4
e—cC
1+ lese 160 - —
. o 140 r _
Compared with : =
8 120 |
©
2 xdx Dsimulation X1 = <l’2(t)> g 100 .
=
_s 80 _
0 g0t ]
40 ]
20 _
0 05 0.06 0.07 0.08 0.09 0.1
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Comparison of models

1D analytical model without exclusions

01p" (z,t) = V2 Degi " (z, t)

Taux c->e 0,01

200 T T T T T T T T T
% + - 1 Simulations —+—
Desi(te—se, te—sc) = H—t:::‘ 180 Approx. analytique i
tese 160 |- _
, o 140 F ]
Compared with : =
8 120t ]
2 xdx Dsimulation X1 = <l’2(t)> § 100 .
=
2 80t ]
9 60 1
The analytical model 1s 407 .
a good approximation 20T e B .
. 0 1 L I 1 LI e e e e e e e = e o e T N B
at low density ! 0 001 002 003 004 005 006 007 008 009 0.1
taux e->c
Hours vs instantly @
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Comparison of models .TL! ‘.ﬂ NG

1D comparison with exclusions

alptot(_ — - 0 CU,t)

Adding contact interactions

0p"" (2,t) = V(De [0 (2, 1)V p**" (2, 1))

N4

Using the same derivation techniques

03 (0= (5O + 014 0) (1= 000 = 01y 0 7, 4(0)

— ol (O (L4 A = s (®) = o5 () =y 5 (8)
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Comparison of models

1D comparison with exclusions

Diffusivity in 1 D for tce = 0.01

501
9™ (z,1) = V(DP[o™ (2, D]V (. 1)
40-
Some regimes tends to have « anti-diffusion »
which can be interpreted as cellular clustering 30

Diffusivity (analytical)

20+

N4 §

Better visualization in 2D systems ? \
o - = — —

0.2 0. 0.6 0.8 1

tec=0.1 |
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Towards a 2D model with contact interactions

2D cell automata with exclusions

Compact

? y / cells

Elongated
? cells
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Towards a 2D model with contact interactions

?y

2D cell automata with exclusions

Compact

/ cells

\_

2D cell

Elongated
? cells Invasion movie

7z

Enzo Fabiani
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Towards a 2D model with contact interactions

2D cell automata without exclusions

tot _ 2 tot
01p*°" (z,t) = V*Deggp*®*(z, t)
0 _ Desrecit 8t fixé & 1% (Modele 2D)
— Approximation analytique
{1 { Simulation
25}
1 1 1D,
D2f[f)(tc—>e te—)c) = 1 2 T teme — L :
Y
© 21+ p=e 2 .|
Q%. 15}
a comparer avec: o]
2 xdx Dsimulation Xt = <$2(t) + yZ(t)>
51
8.00 0.62 0.64 0.66 0.68 0.10
Valeur det._,.
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Towards a 2D model with contact interactions

2D cell automata without exclusions

tot 2 tot
01p*°" (z,t) = V*Deggp*®*(z, t)
" _ Detperit 8t fixé 8 1% (Modele 2D)
— Approximation analytique
{1 { Simulation
1 1 1D °
2D 1 2 + te_sc D="ef
Def—f (tc—>eate—>c> — 5 1+ ie_m — 9 |
Q‘D 151
a comparer avec: o]
2 xdx Dsimulation Xt = <$2(t) + yz(t)>
5|
Still a good approximation
8.00 0.62 0.64 0.66 0.68 0.10
Valeur det._,.

at low density !
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Towards a 2D model with contact interactions

a ptot
ot

2D comparison with exclusions

Diffusivity i fORN=0.01
50
2D tot tot
(z,9,t) = V(Deg [0 (w, y, 1)V (2, y, 1))

1\ @

Cellular clustering ? 10

Diffusivity (analytical)
201
10-
0 \ — ——
0.2 0. 0.6 0.8 1

tec=0.01 tec=0.05 tec=0.1 |
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Towards a 2D model with contact interactions

2D comparison with exclusions

Diffusivity i e =0.01
501

0pt0t 2D
(z,y,t) = V(DI [p* (@, y, )|V (2,9, 1))

ot 40- .

Cellular clustering ?

301

Diffusivity (analytical)

20-
y
10
100 . U REGEAR i 2 '

120 §d s ~ ]
o | oy b ’ ; O I\II _ | | |
0.2 0. 0.6 0.8 1

>
Time t tec=0.01 tec=0.05 tec=0.1 |
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Basile Grammaticos

Alfred Ramani
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Thank you for your attention

fabiani@imnc.in2p3.fr

Si’a”)fr?u'? ®

@mm national de physique nucléaire  Comprendre le monde,

et de physique des particules construire U'avenir

L J
universite
PARIS-SACLAY

universicé

PARIS

E)
(D)

DIDEROT

O,
(F)

B e ] —

imagerie et modelisation en neurobiologie et cancerologie

Enzo Fabiani

Journée Rencontres Jeunes Chercheurs — 17 octobre 2018 - Lege Cap-Ferret



mailto:fabiani@imnc.in2p3.fr

