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Required properties 

A short introduction to chaos 

 Determinism 

 Aperiodicity 

 Sensibility to 
initial conditions 

 Recurrent (bounded trajectory) 

 xfx  Hard 

Easy 

Easy 

Easy 

« The concept of chaos 
excludes  non-deterministic 
stochastic processes» 



A short introduction to chaos 

Folding 

Stretching Sensibility to initial conditions 

+ mixing properties = CHAOS 



A short introduction to chaos 

 From a chaotic attractor… 

… to a first-return map to 
a Poincaré section 

Bifurcation diagram 

Parameter value a 
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yn+1 

Folding 

Poincaré 
section 



Cancer mortality by age and organs 

Stomach and Liver Stomach and Liver 

Breast 

Buccal cavity 

Peritoneum 
Intestines, Rectum 

Generative 
organs 

1915 



Cancer incidence W(t) for 100,000 males 

for all organs 

First mathematical model in cancer problem 

Nicolas Rashevsky 
(1899-1972) 

Log A3 = -4.2 
a = 0.236 year-1 

c =0.01 year-1 

Normal longevity 
1

𝑐
= 88 ans 

« we thus can correctly compute the humar 

normal longevity from data on cancer 

incidence. »   
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Survival curves for women with breast cancer 

Survival curves 

50% 



Number of cancers in US during 2014 

Cancer risk 
strongly depends 

on the organ 



Factors affecting the lifetime risk 

Tissue status 

Hereditary Syndrome 

(gene mutation) 

Physical  

inactivity 

Obesity 

Red meat 

Processed meat 

Smoking 
Alcohol 

10% 

Tissue dynamics 
= 

Cell interactions 



Lifetime risk: ‘’bad luck’’ or not? 

Lifetime risk of different types 
of cancer is strongly correlated 
to the total number of division 
of normal self-renewing cells 

r = 0.81, p < 410-8 

« Variation in cancer risk is due to 
bad luck, that is, to random 
mutations arising during DNA  
replication in normal cells. »   



Age at death 
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Hypothesis: the probability for presenting malignant cells depends on the 

number of cell divisions during the lifetime 

Peto’s paradox 

Corollary 1: longer the lifetime, larger the lifetime risk for a cancer… 

In the United Kingdom 
(all types of cancer included) 

40 years 

Evolution of the life expectancy 
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 The probability does not linearly increase with the age… 

40 years 



Hypothesis: the probability to observe a malignant cell depends on the 

cell division during the lifetime 

Peto’s paradox 

Corollary: Bowhead whale should present much more cancers than humans 

 Most likely live up to 250 years without cancer! 

 Immune system 4 times more efficient! 



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 

Role of the microenvironment 

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

Modification of the 

microenvironment 



Host cells 

Tumor  
cells 

Effector 
Immune 
cells  
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Interactions between the populations of cells in a single tumoral site 

A simple cancer model 

contramensalism 

+ 



Realistic parameter values? 

Colons 

Prostate 

Breast 

Skin 

Lung 

3.4 391 5.4 

1.2 3.4 219 

x 100 

x 65 

4.4 114 4.1 x 26 
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Chaotic oscillations in this cancer model 

Tumor 
cells 

Host 
cells 

Growth rate 
rx = 0.54 



… but induces aggressive cancer 
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Growth rate r1 =1.45 

14 days later…. 

A clinical example 

Man, 67 years 
Smoker 

Pulmonary adenocarcinoma 



Role of immune cells 

Inhibition rate r32 of tumor cells by immune cells 

T
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The action of immune 
cells does not affect 

the dynamics 

Influence of the inhibition of tumor cells by immune 

 Sometimes from a limited interest for a therapy 

Woman, 64 years 
Smoker 

Adenocarcinoma 
with a bone metastasis 

Anti PD-1 immunotherapy (Nivolumab) 

3 months later…. 



Tumor-induced angiogenesis 

Avascular 
tumor 

Hypoxia-induced  
expression of 

Vascular Endothelial  
Growth Factor   

by tumor cells 

Stimulation of 
angiogenesis 

by VEGF 

Vascularized 
tumor = rapid growth 

Metastatic 
spread 
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Host cells 

Tumor 
cells 

Immune  
cells 
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Cell interactions  

within a single 

tumoral site 

A cancer model for the angiogenic switch 

Endothelial 
cells 

w 

+ + 



A cancer model for the angiogenic switch 
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Endothelial cell growth rate r4 

Metastatic 
spread 



A cancer model for the angiogenic switch 

 Same initial tumor 
 Different values of the endothelial cell growth rate r4 

Metastatic 
spread 
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 Explain why a cancer evolution cannot be predicted 



Tumor cells 
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Spatial simulations of tumor growth 

 Depends on the inhibition rate of immune cells by tumor cells 

  𝛼𝑦𝑧 = 3.0 

T ≈ 2.9 mm 
  𝛼𝑦𝑧= 1.9 

T ≈ 1.3 mm       

Duration  
6000 a.u.t. 

Proliferation 

Quiescent 

Necrotic 

Local 
dynamics 

(proliferation) 

in the lung of a women 

64 years, smoker, adenocarcinoma  
with a bone metastasis 
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Spatial simulations of tumor growth 

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

cells 

  𝛼𝑦𝑧 = 0,3015 

ry = 5,05 

D ≈ 1.7 mm 

Duration 
74 800 a.u.t. 

Dynamics 
in each site 

 Chaotic dynamics in each site 

 Very few sites have tumor cells 

 Very slow tumor growth 

Proliferation 

Quiescent 

Necrotic 
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Spatial simulations of tumor growth 

 When there is a local chaotic dynamics 

t = 74 800 a.u.t. Local dynamics 

 Heterogeneous 

 Thick proliferation zone 

 Very slow tumor growth 

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

March 6, 2014 July 6, 2015 Adenocarcinoma 



Dynamics more important than cell interactions 

 Equivalent dynamics but different parameter values 

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

 Relevance of the micro-environment 

𝜌𝑥 = 0,4862
𝜌𝑦 = 5,05

𝛼𝑦𝑧 = 0,3015
 

𝜌𝑥 = 0,5015
𝜌𝑦 = 5,007

𝛼𝑦𝑧 = 0,504
 

𝜌𝑥 = 0,5015

𝜌𝑦 = 5,119

𝛼𝑦𝑧 = 0,624
 

𝐷 ≈ 1,7 mm 𝐷 ≈ 1,1 mm 𝐷 ≈ 1,1 mm 



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 
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Original state space 
(Rössler system) 

  zyaaxyZ

ayxyY

yX

y









1
2





Change of coordinates 

X Y 
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Differential embedding 

Diffeomorphic equivalence if Det J 0 
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This is the case of the Rössler system observed  from variable y(t) 

 The system is thus fully observable 



Observability from different variables 
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Original  
state space 

dx=0.88 

dz=0.44 

dy=1.0 



Singular observability manifold 

 Definition of a neighborhood to the singular observability manifold 

 Assessing the probability to have 

𝜂𝑦
𝑀 = 1.00 



Observability of a cancer model 

Host cells Tumor cells Immune cells 

> > 

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

The best 
The worst ! 



Lung Cancer 

Non smoker Smoker 



A follow-up weekly filled at home 

Environment = global state of the patient  
weekly self-evaluated 

 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 ?  

 A cohort of 43 patients treated for a lung cancer 

1. Weight 
2. Lack of appetite 
3. Fatigue 
4. Pain 
5. Cough 
6. Breathlessness 

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

Louise Viger 



A follow-up weekly filled at home 

 Patient with no relapse Man, 63 years 
Smoker, 90 kg, non sporty 

Treated by radiotherapy 
Relapse probability = 75 % 

Novembre 23rd August 9 Before radiotherapy 



A follow-up weekly filled at home 

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

Treated by chemiotherapy 
Relapse probability  = 75 % 

August 19th January 6th 

 2 months before the 

routine scan 



A follow-up weekly filled at home 

 Table of confusion 

Relapse No relapse 

Sentinel positive 13 3 

Sentinel negative 0 25 

 Sensibility         100%    85% 

 Spécificity           89%            96% 

 Reliability equivalent to a routine follow-up! 

 Detection of cancer relapse advanced by five weeks with 

respect to the routine scan… 

Other diseases Breathlessness 



A follow-up weekly filled at home 

 First study (phase II) : survival curve 

 Cancer relapse treated earlier (5 weeks), better life quality 

(less stressed, less pain, …)  

 More than 20% gained at 18 months… 

Sentinel 

Routine 
imaging 

Time (month) 
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A follow-up weekly filled at home 

3. Avoid using PET or PET-CT scanning as part of routine follow-up care 

to monitor for a cancer recurrence in patients who have finished initial 

treatment to eleminate the cancer unless there is high-level evidence 

that such imaging will change the outcome.  

Avoid using PET or PET-CT scanning as part of routine follow-

up care to monitor for a cancer recurrence in patients who have 

finished initial treatment to eliminate the cancer unless there is 

high-level evidence that such imaging will change the outcome. 

•PET and PET-CT are used to diagnose, stage, and monitor how well 

treatment is working. Available evidence from clinical studies 

suggests that using these tests to monitor for recurrence does not 

improve outcomes and therefore generally is not recommended for 

this purpose. 

•False positive tests can lead to unnecessary and invasive 

procedures, overtreatment, unnecessary radiation exposure, and 

incorrect diagnoses. 

•Until high-level evidence demonstrates that routine surveillance 

with PET or PET-CT scans helps prolong life or promote well-being 

after treatment for a specific type of cancer, this practice should not 

be done. 



Conclusion 

 Based on a deterministic model describing cell interactions, we 

showed that the micro-environment is relevant for understanding 

tumor dynamics 

 Tracking the environment rather than the tumor is as reliable (if 

not more) as a routine imaging 

 Randomized study (phase III) in progress (and very promising) 

 We are already able to reproduce qualitatively some clinical facts 

 Chaotic local dynamics provide strong barriers against tumor 

growth 




