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A short introduction to chaos

Required properties

< Determinism

v' Aperiodicity

v Sensibility to
initial conditions

v" Recurrent (bounded trajectory)

Proc. R. Soc. Lond. A 413, 9-26 (1987)

Printed in Great Britain The

« concept of chaos

Nonlinear dynamics, chaos and complex cardiac excludes non-deterministic
arrhythmias stochastic processes»

By L.Grass!, A. L. GoLpBERGER?, M. COURTEMANCHE'
AND A. SHRIER!




A short introduction to chaos

Stretching Sensibility to initial conditions
Folding + mixing properties = CHAOS
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A short introduction

» From a chaotic atf?actor...

Poincaré
section

.. Yo a first-return map to
a Poincaré section
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Chaotic Behavior in Simple Reaction Systems
Ouo E. Rossler

Institut fiir Physikalische und Theoretisdie Chemie der Universitat Tibingen

(#. Naturforsch, 31a, 359264 [1976] ; received January 5, 1976)
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Cancer mortality by age and organs

THE MORTALITY
FROM CANCER THROUGHOUT
THE WORLD
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First mathematical model in cancer problem

BULLETIN OF
MATHEMATICAL RIOPHYSICS
VOLUME T, 1945

OUTLINE OF A MATHEMATICAL APPROACH TO THE
CANCER PROBLEM

N. RASHEVSKY
THE UNIVERSITY 0F CHICAGO

NiEolas Rashevsk .
§1899-1972) Cancer incidence W(t) for 100,000 males

3001 THEORY ' forall organs
200 @ @ & OBSERVATION
log W(t) =log A; +at — L act

Log A3 =-42
a = 0.236 year!
¢ =0.01 year-!

100

Cancerincidence W(t)
S

. 1
Normal longevity - =88ans

« we thus can correctLg compute the huwmar
normal longevity from data on  cancer

tncldence. »
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Survival curves

Survival curves for women with breast cancer
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SURVIVAL CURVE FOR CANCER PATIENTS
FOLLOWING TREATMENT

JosErE BERESON AND RosErT P. Giar

802 AMERICAN STATISTICAL ASS0CIATION JOURNAL, SEPTEMBER 1852




Number of cancers in US during 2014

Il Diagnozed
B Died

200000

150000
Cancer risk

100000 %
2 — S"'I"Oﬂgly depends
on the organ

Breast Prost
ate Lung Colorectal Thyroid Brai
in

CA CANCERJ CLIN 2014;64:9-29

Cancer Statistics, 2014

2. 7haohui ZOU, Ms®; Ahmedin Jemal, DVM, phD*

Rebecca Siegel, MPH; Jiemin Ma, PhD




Factors affecting the lifetime risk

Hereditary Syndrome
(gene mutation)

Physical
inactivity

Smoking
Red meat Alcohol
Processed meat

v
Tissue dynamics

Tissue status > =
Cell interactions




Lifetime risk: "bad luck” or not?

r=081, p<410% ) Lifetime risk of different types

mccts of cancer is strongly correlated

to the total number of division
of normal self-renewing cells

« Variation in cancer risk is due to
bad luck, that is, to random
mutations arising during DNA
replication in Ragmal.cells. »
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Peto's paradox

Hypothesis: the probability for presenting malignant cells depends on the
number of cell divisions during the lifetime

Corollary 1: longer the lifetime, larger the lifetime risk

In the United Kingdom
(all types of cancer included)
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> The probability does not linearly increase with the age...




Peto's paradox

Hypothesis: the aF
' probability fo observe i
cell division during the lifefime a malighant cell depends on the

Corollary:
y: Bowhead whale should present much more can
cer

han humans

> M : :
ost likely live up to 250 years without cancer!

> I i
mmune system 4 times more efficient!

Please cite this article in press as: nale Genome, Gell Reports (2015 nttp/
s org/10.1016/.cakep-201 4,12 OPEN
Cell Reports ACCESS

CelPress

Insights into the Evolution of Longevity
from the Bowhead Whale Genome

Michael Keane,' S8

Lone Bruhn Madsen,® Si v

Hyung-Soon Yim,? Ni . Grishin,? ne Hijort Nielse
Cole W. Matson,'! Geor! . Chu

Knud Larsen.® Carlos Lopez-Otin,

and Joao Pedro de Magalh es’




Role of the microenvironment

Hypothesis: the probability for presenting malignant cells depends on the
number of cell divisions during the lifetime but diagnozing a tumor
depends more on the barriers in the microenvironment

Corollary 3: the probability tfo initiate a cancer depends more on the
status of the microenvironment than on the presence of malignant cells

Modification of the
microenvironment

FOCUS ON CANCER

REVIEW

nature,,
medicine

Why don’t we get more cancer? A proposed
role of the microenvironment in restraining
cancer progression

Mina ] Bissell & William C Hines




A simple cancer model

Inte ' '
ractions between the populations of cells in a single tumoral site
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r Model with Immune Resistance
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Realistic parameter values?

N
F é___ ;

Average doubling Average doubling Average doubling
time (days) time (days) time (days)

Cancer origin

Colons SWA480 5.4
CaCo-2 -
SWE20 32
Colo205 1.0
HCT-116
Prostate DU145 1.2
cl::gfgsfl 13
H
Breast MDA-MB-468
MCF7
BT474
MDA-MB-231
i MMS. 1
Skin prad
A375
Lung SNU-371
H2126
SNU-1330
H1299
A549

Citation: Cell Death and Disease (2012) 3, e411; doi:10.1038/cddis.2012.148 I@
@ 2012 Macmillan Publishers Limited  All rights reserved 2041-4889/12

www.nature.comfeddis

Review

Mitosis-targeted anti-cancer therapies: where they
stand

K-S Chan', C-G Koh*' and H-Y Li*!
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.. but induces aggressive cancer

A clinical example
Growth rate p; =1.45
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Man, 67 years
Smoker
Pulmonary adenocarcinoma




Role of immune cells

Influence of the inhibition of fumor cells by immune

The action of immune
cells does not affect
the dynamics

Tumor cells
‘\\HHIH‘\HHH\\‘\HH\H\‘HHH\\\‘\HIHIH‘IIHIHHlHIH

N

Inhibition rate p3, of tumor cells by immune cells

» Sometimes from a limited interest for a therapy

Anti PD-1 immunotherapy (Nivolumab)

>

3 monihs Iq’;e‘t,i.‘.

4 J
Woman, 64 years

Smoker |
Adenocarcinoma

with a bone metastasis




Tumor-induced angiogenesis

Avascular

tumor gge. Vascularized .
’ +umor = rapid growth

Hypoxia-induced _
expression of 3LF Metastatic
Vascular Endothelial ' spread
Growth Factor
by tumor cells

Stimulation of
angiogenesis
by VEGF




A cancer model for the angiogenic switch

(X :plx{l —X) — 13XZ
PrYZ

YV =
X34ZW

Z=p3Z(1 —=2) — 312X — 322y + ——
1+w

Cell interactions

within a single <:inmNm

tumoral site

Journal of “Theoretical Biology 360 (20014) 21-33

" Endothelial
cells
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A cancer model for the angiogenic switch

Angiogenic
switch

Endothelial

Metastatic

)
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Endothelial cell growth rate p,




A cancer model for the angiogenic switch

» Same initial tumor
> Differen‘t values of the endothelial cell growth rate p,
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Time (arbitrary units) Time (arbitrary units)
> Explain why a cancer evolution cannot be predicted




Spatial simulations of tumor growth

> Depends on the inhibition rate of immune cells by tumor cells
ay,=1.9 Ay, = 3.0
@Tz 1.3 mm QTz 2.9 mm in the lung of a women

Duration
6000 a.u.t.

64 years, smoker, adenocarcinoma
with a bone metastasis

=
T

Local Proliferation

dynamics
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Immune cells

Necrotic

04 0.6

Tumor cells Tumor cells




Spatial simulations of tumor growth

» The tumor growth depends on the inhibition rate of immune cells by fumor
cells

Duration Dynamics
74 800 a.u.t. in each site

Proliferation

Quiescent

0
o .
O
Q |
[
g
(=]

. Necrotic

I IR |
5 0.8

Tumor cells

» Chaotic dynamics in each site
> Very few sites have tumor cells

> Very slow tumor growth




Spatial simulations of tumor growth

» When there is a local chaotic dynamics

t=74800a.u.t. Local dynamics

> Heterogeneous

> Thick proliferation zone

Immune cells

> Very slow tumor growth

Tumor cells

» Woman, 80 years, smoker up to 60 years, weakly evolutive nodule

rw Adenocarcinoma




Dynamics more important than cell interactions

» Equivalent dynamics but different parameter values

. = 04862 . py =05015 | pr=05015
py = 5,05  py=51194 - py =5,007 x
ay, = 0,3015 oy, =0624 . ay, =0504 |

04 0.6
X
n

D = 1,7 mm

> For equivalent dynamics, the host cell growth rate is
the most influent parameter...

> Relevance of the micro-environment




Why is observability so important?

» The full description of the states of a system requires a
priori the knowledge of the full set of variables spanning
the state space

> Experimentally, only a few variables are
measured...

> Are we ensured by our ability to correctly
define the states of the system?




Conditions for a full observability

Original state space Differential embedding

Rossler system
(Réssler system) Change of coordinates

X =y

Y =y =X+ ay

Z=y'=ax+(a2—1)y—z

I X

Diffeomorphic equivalence if Det J;=0

[0 1 0

DethD:Det|1 a OI:1

y |
La a’-1 —1J

This is the case of the Rossler system observed from variable y(t)

= The system is thus fully observable




Observability from different variables

6213 {2005 1 Phys. A: Math Gen. 3] (1998) 7913-7927. Printed in the UK
VIEW E 71, 06
PHYSICAL RE

PII: 50305-4470(9 8)93312-1

rvables in Phase-space
from recorded time series

| embeddi On the non-equivalence of gbge
ntial em

13 differe on< ;
Relation between observability and reconstructions
el

ier.' Luis A. ﬂh.guirre.1 and Je:
Christophe Letellier,

Symbolic obsepyap i ; ici i
\ ubscrmbmt} Coefficients fo Univariate gpg multivarigte analysis

. Cﬁrismphe Letellier' apg Luis 4 Aguirpe?

Original
| state space




Singular observability manifold

PHYSICAL REVIEW E 86, 026205 (2012)

Influence of the singular manifold of nonobservable states in reconstructing chaotic attractors

Madalin Frunzete,' Jean-Pierre Barbot,' and Christophe Letellier”

» Definition of a neighborhood to the singular observability manifold
Upggs = {(x,y,2) € R’|Det Jo,| < €]

> Assessing the probability to have x AN Mo

N

z

6
5
4
3
2
1
0.
0

-

J\Aibs = {(x,y,2) € R? | x =a+c)
M =0.86




Observability of a cancer model

Journal of Theoretical Biology 322 (2013) 7-16

Contents lists available at SciVerse ScienceDirect = Journal of
Theoretical

Journal of Theoretical Biology : .‘-i,z;]%g”
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What can be learned from a chaotic cancer model?

C. Letellier®* F. Denis®, LA. Aguirre®

The best

@
o

Host cells Tumor cells Immune celis

It should be more efficient to track the environment
of the tumor rather than the tumor itself!




Lung Cancer

Au XXe siécle, on estime que le
tabac a causé la mort de

de personnes

Mortalité par
cause en France
en 2012

35,6 % - cancer du poumon — |

4,1 % - maladies infectieuses

11 % - maladies respiratoires Sm o ki ng

24,7 % - maladies cardio-vasculaires

24,7 % - autres cancers




A follow-up weekly filled at home

Support Care Cancer
DOL 10.1007/500520-013-1954-9

ORIGINAL ARTICLE

Detecting lung cancer relapse using self-evaluation forms
weekly filled at home: the sentinel follow-up

Fabrice Denis « Louise Viger * Alexandre Charron *

Eric Voog - Christophe Letellier

> Rationale: since host cells provide the better observability of the

tumor dynamics, could we track the environment of the tumor

rather than the tumor itself ? . Weight

. Lack of appetite
Environment = global state of the patient . Fatigue

weekly self-evaluated . Pain

. Cough
. Breathlessness
> A cohort of 43 patients treated for a lung cancer

1. Pulmonary carcinoma (grade 3-4)
2. Internet access




A follow-up weekly filled at home

Man, 63 years

Smoker, 90 kg, non sporty
Treated by radiotherapy
Relapse probabm’ry 75 %

> Patient with no relapse
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A follow-up weekly filled at home

> Patient with relapse Man, 65 years
Smoker, 86 kg, non sporty

Treated by chemiotherapy
Relapse probability =75 %
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A follow-up weekly filled at home

jilmm

POIDS

> Table of confusion

APPETIT

_ Relapse | No relapse

Sentinel positive 13 3 _ Other diseases  sreathlessness [z
— ) DEPRIME 0o 0

FIEVRE

Sentinel negative 0 25

PEAU

VOIX
CRACHA

> Sensibility 100% 85%
> Spécificity 89% 96 %

> Detection of cancer relapse advanced by five weeks with
respect to the routine scan..

> Reliability equivalent to a routine follow-up!



A follow-up weekly filled at home

» First study (phase II): survival curve

1,0 \_ll

08 1 L Sentinel

0,6

Routine

0,4 imaging
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> More than 20% gained at 18 months...

> Cancer relapse treated earlier (5 weeks), better life quality
(less stressed, less pain, ..)




A follow-up weekly filled at home

- alibre fr tereases | SCIENCE & MEDECINE [ s nt
Iemalnell 2 |-!:"'" 2 1
- Voun e el Cancerdu Poumon:les atoyts del autosurveijllance

Unquestionnajre hebdomadajre permet de détecter Jeg rechutes pluys préecocement quelescanner, sejop des travauy frangais

SANDRINE CAByT 43 malades conclur  qu'yp environ 30000 déces. Le suivi Semainede0a3selon leurintens;. Une analyse Partagée par Jes rencontrer Jes autorités de sange
" autocontrole ‘hebdomadaire de apres [raitement, qui n'est pas e L'evenruellepenedepoidsémt Principaux ‘interesses, «Il suffic pounesconvaincredeson utilite.
SiX parametres cliniques (pojds, Standardise, Teposesurdes consy]. €galement mesyree. 1 pour une d'allersurunsire, detaper son code «“Nous prévoyons de mener des
€S systemes simples fatigue, perte d'appeti, douleur, fations tous les trojs 3 SIX Mois,  pertede, k&zpour:k& Lesresul-  er go remplir le questionnaire. 4y essaisamuneapprorhemmpam-
d’au(osurveillance peu- essoufflement, toux) est un oyrj avec examen clinique et analyses tars €taient transmis 3 T'équij s de cing  ple pour des cancers dans daurres
vent-ilsameliorer Je sy;. fiable de surveillance des cancers complémentaires, en Particulier médicaleer luj ont. permisd'élabo- minutes par semajne et permer
Vi de patients ateints  du poumep, d'imagerie. 13 survenued'uneper.  ror unalgorithme d'alerre, d'ereenliajson Plus étroite avece 2
decancers, COmmec'est dejale cas Cette strarégie 3 méme permis o de poids oy d'autres. signes tels «Nos donnees suggérent que los médecin cest ypn arout », 1€moi-  poys cherchonsq valider les. Symp-
Pour des maladjes. chroniques re]- derepérerdes rechyg, unerouy, des 0) iq Plussen-  gneaingj Alajn Maillard, qui a Par- tomeses pius Pertinents», precise
lesquerh J e six semaines douleurs Peut témoigner d'ype siblesquelesmnner,nésumeledoo ticipé a'etude, Fabrice Denjs,
lediabere? examens d'j s rechute, mais n'amene pas force. teur Denis. Noys p ‘avons pas 1q Depuis, I'équipe a encore ameé- Une analyse €conomique dy
L‘expenencesemb]een tout cas phie a ment les majades 3 consulter, prexwequecme:naregtedynamr lioré les Performances d ntest, g s.Glo-
concluante dans Je domaine des m N séveres, qu ippelée “sentj. i toral d Parame-  balemeny, o deéploiement de la
tumeurs dy Poumon, selop Jes auteurs dans un arricle Ppublie le nel’, peurnmﬂinrerleplonnniren res. Les résultats d'une. deuxieme santé mobile (m-sant¢) pourrajr
données d'une g 1”septembre ep ligne dans | Cing signescuniqnes msdererhure.MaixcesuMperson» €tude sont en coyrs de publica- generer]usqu'au,smlllmdsd'eu»
Une étude pj - TevueSupporr Care. Cancer. Dans une Premiere érude, jes nalisé est rassurant pour Jes tion. Fabrice Denis ep sescollegues  rog d'économies en France d'ici 3
61 En France, Jes cancers du poy- chercheursfrancais ont sélection- bpatients, et simpje q mettre en Proposent desormajs Celte auto- 20y, selon imation récen.
Mon  représentent Plus de necings; i qi 3 Puisqu'il ne necessite qu'yn surveillance sysgg; q A te du cabiner d'aygjr Priceware-
T'universite de Rouen) aupres de 40000 Nouveaux cas Par an er que les patiengs ont cotés chaque acces Interner, » leurs pariens’ €T esperent bientor rhousecoaper,l

© able de TICLE
| |C|e|cap CIAL AR
| ; e g " JOURNAL OF CLINICAL ONCOLOGY SPE
Canc )
Le Mans.

s
détecter les rechute

ive List in
ican Society of Clinical Oncology 2013 Top Five
Amer1

Raghavan,
OnCOlOgY Douglas W. Blayney, . Russell Hoverman, Derek Rag|

i Gary H. Lyman, 8

Lowell E. Schnipper,

Dana S. Wollins, and Richard L. Schilsky

. -Up care
: T of routine follow
: -CT scanning as par i initial
i using PET or PET o finished ini
3. Avoid US;: gr a cancer recurrence in pafients wh.O h:vi-level evidence
o montter ‘ro leminate the cancer unless there is hig
tfreatment to e

that such imaging will change the outcome.




Conclusion

> Based on a deterministic model describing cell interactions, we
showed that the micro-environment is relevant for understanding
tumor dynamics

> We are already able to reproduce qualitatively some clinical facts

» Chaotic local dynamics provide strong barriers against tumor
growth

» Tracking the environment rather than the fumor is as reliable (if
not more) as a routine imaging

» Randomized study (phase IIT) in progress (and very promising)
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