
MATHEMATICS AND LIFE SCIENCES : A MOVING BOUNDARY.
Universidad Carlos III, May 2011.

Miguel A. Herrero

Instituto de Matemática Interdisciplinar ( IMI ) and Departamento de 
Matemática Aplicada

Universidad Complutense 



MATHEMATICS AND LIFE SCIENCES : A MOVING BOUNDARY.

Å What role for Mathematics in Life Sciences ?. Language and conceptual 
barriers.

Some  examples:

Å Vasculogenesis.

Å Radiotherapy.

Å Concluding remarks.



What role for Mathematics in Life Sciences? 

Å Mathematics is widely acknowledged to be a key ingredient in Physics, at 
least since Newton.

Å The corresponding scientific approach can be summarised as follows :

Å i)  Physical problems  can, and should, be first reduced to their simplest 
forms, which must be  formulated in mathematical terms, and then be 
mathematically studied ( analytically or numerically ).

Å ii) Onion theory : Once the simplest forms have been understood, actual 
physical complexity can be accounted for in a perturbative way, by 
sequentially adding layers of increasing complexity.

Å Key idea : Nature has a core of  simple essential issues , buried beneath 
thick layers of detail.

Å Rutherford́ s dictum : Science divides into Physics and stamp collection.



CONCERNING LIFE SCIENCES ( BIOLOGY, MEDICINE, ...) , 
MATHEMATICS HAS FOLLOWED A MORE ERRATIC WAY.

Å It was declared incompetent to address physiological processes by 
Aristotle, whose influence on western culture remained overwhelming, at 
least until XVIII century.

Å A related idea : the existence of vital principles, different from physical 
laws.

Å The combined effect of Newtoń s approach, infinitesimal calculus and 
Enlightment age  brought Mathematics and Physics back into center stage 
in Life Sciences. Some examples :

Å Lavosieŕs studies on combustion and breathing. 

Å Helmholtź s conservation of energy principle was a consequence of his 
studies on muscle contraction,

Å Mendeĺ s approach was developed as a consequence of his training as a 
physicist in Wien under J. Stefan.

Å Checking  the possible existence of vital principles was  a research subject 
proposed by N. Bohr to his student Max Delbrück. It marked the origin of 
contemporary Molecular Biology   



BONES OF CONTENTION: COMPLEXITY AND THE IMPORTANCE OF 
THEORIES.

Å For a theoretical physicist the  whole Universe could be eventually 
explained by a single unifying theory, involving a comparatively small 
number of equations, if only we were clever enough to obtain them.

Å For many biologists, this is nonsense. No unifying theory of living beings 
can possibly exist, and complexity is indivisible. It cannot be chopped out 
into many elementary complexity (sub)problems.  The whole is much 
more than the sum of its parts.

Å Moreover, predicting something on theoretical grounds is often 
considered useless:

Å Χ.Why do models have only a limited reputation (in Biology )?. My own 
experience is that experimentalists are not very enthusiastic if it turns out  
that a process was correctly predicted. They worked hard to find the basic 
principles by themselves . Frequently, the prediction is then handled more 
as a speculation, if not completely ignored. This is very different to the 
habit in Physics, where an experimental observation would be in no way 
ŘƛƳƛƴƛǎƘŜŘ ƛŦ ƛǘ ƛǎ ǇǊŜŎŜŘŜŘ ōȅ ŀ ǘƘŜƻǊŜǘƛŎŀƭ ǇǊŜŘƛŎǘƛƻƴΧΦΦ 

( Hans Meinhardt )



ARE BIOLOGICAL SYSTEMS TOO COMPLEX TO BE 

FORMULATED IN MATHEMATICAL TERMS?

ωΧ!  .ƻŜƛƴƎ 777 is a truly flying circuit, with over  150.000 different  
modular subsystems, organized through nontrivial protocols to give raise 
to  a complex control systems network, including about  1.000 computers 
ǘƘŀǘ Ŏŀƴ ŀǳǘƻƳŀǘƛŎŀƭƭȅ Ǌǳƴ ŀƭƭ ǾŜƘƛŎƭŜ ŦǳƴŎǘƛƻƴǎ Χ

ωΧ Lƴ ǘŜǊƳǎ ƻŦ Ŏƻǎǘ ŀƴŘ ŎƻƳǇƭŜȄƛǘȅΣ ǘƘŜ  777 is substantially a vast 
ŎƻƴǘǊƻƭ ǎȅǎǘŜƳ ǘƘŀǘ ƘŀǇǇŜƴǎ ǘƻ Ŧƭȅ Χ



ωA consequence of good design is that such complexity 
remains out of sight to passengers , except when they use 
ǘƘŜ ŜƴǘŜǊǘŀƛƴƳŜƴǘ ǎȅǎǘŜƳǎ ŀǾŀƛƭŀōƭŜ Χ

ωHowever, the level of internal activity is staggering. For instance , the data 
recorded on the state of the aircraft during its final tests amount to a human 
genome per minute.

(Csete y Doyle, Science  295, 2000)

The problem lies not so much on complexity, but in the existence of a 
purpose or function. 



AN IDEA: MATHEMATICS  PROVIDES RESULTS IN LIFE SCIENCES 
THAT CANNOT BE OBTAINED OTHERWISE

Mathematics can help in different manners: 

1.- As an experimental tool, able to test hypotheses that are beyond reach

of laboratory technologies.

2.-To identify causality relations (cause-effect) in seemingly confusing actual

data.

3.- To select the best strategy possible to achieve a desired result.



FIRST EXAMPLE
VASCULOGENESIS: FORMATION OF EARLY VASCULATURE IN CHICK 
EMBRYOS

How are vascular networks generated?

Which signaling mechanisms mediate the unfolding of a vascular net?

Why such structures  consistently display geometrical patterns that are

generated according to precise time and space scales?

Joint work with:

A.Köhn (UCM), 

J.M. Pérez-Pomares, A. Mattiotti (School of Biology, Univ. Málaga),

A .Deutsch, W. de Back, J. Starruss (Centre for Advanced Computing, TU Dresden)

éAn experimental tool, able to test hypotheses that are

beyond reach of laboratory technologiesé



A picture by M. Malpighi (1661)
Charles D. Little et al. (2000)

Thevascularsystemis the first fully functional systemformed during
embrionicdevelopment.

Twodifferent processes: vasculogenesisandangiogenesis.



Vasculogenesisgivesraiseto filamentarystructureswith characteristiclengths:
Howdo suchstructuresunfold?



Preliminaries : Vasculogenesis I



Preliminaries: Vasculogenesis II

QH1- / TAL1+ cells :  Endothelial Cell Precursors 

or Angioblast  (Arrowheads)

QH1+ / TAL1+ cells : Endothelial Cell  (Arrows)

Angioblastsdistribute themselves in reticular
patterns. How do they communicate among
themselvesto do that (chemotaxis)?.What role
is playedby signalingcuesand the extracellullar
matrix ( ECM) in that process?

The observed regularity in forms and scales
suggeststhat the processcan be describedin
mathematicalterms.

M.A. Herrero, A. Köhn and J.M. Pérez Pomares (2009) Math Mod Methods Appl Sciences



How to obtain a reticular pattern from a homogenous signal.
Autocrine vs paracrine signaling 

Problem

A mathematical task : 

to propose a possible solution

Extracellular matrix can store and protect signaling cues

Homogeneous signal => heterogeneous pattern? 



n = cell density

v = cell velocity

c =  VEGF concentration

chemotaxis

A mathematical model:  autocrine chemotaxis

HUVEC cells  in vitro    

L. Preziosi et al. (2003) Phys. Rev. Lett. / Serini et al (2003) EMBO J.

autocrine 
production



HUVEC  cells  in vitro simulations

A mathematical model: autocrine chemotaxis 

L. Preziosi et al. (2003) Phys. Rev. Lett. / Serini et al (2003) EMBO J.



Multiscale hybrid models: autocrine chemotaxis 

autocrine

chemotaxis

Merks et al (2004) Lect. Notes Comput. Sc.;   Merks et al (2006) Dev. Biol. 

Merks and Glazier (2006) Nonlinearity;  Merks et al (2008) PLoS Comp Biol.

Cellular Potts Model (cells)
PDE (VEGF)

cell     adhesion cell area

problem: fitting the model requires 
unacceptable parameter values 



Optimization in Radiotherapy

Å Introduction.

Å The linear-quadratic model (LQ). Figures of merit in assessing the efficiency 
of radiotherapy.

Å A model mathematical problem. Medical insight from mathematical 
analysis.

Å What next? Generalizations and concluding remarks.

Joint work with Drs. A. Cappuccio (UCM / Institut Pasteur) , B. García-Archilla

(Univ. Sevilla) J.C. López Alfonso (UCM),  L. Núñez (Hospital Puerta de Hierro, 

Madrid)  

éTo select the best strategy possible to achieve a desired resulté 



RADIOTHERAPY

Selective use of ionization radiations to destroy malignancies


