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Cancer is one of the most complex diseases affecting human 
beings and, despite the advances that have been made in molecular 
and cell biology, it is still unclear how cancer cells progress through 
carcinogenesis to acquire metastatic ability [1]. It is known that cancer 
is a clonal disease caused by the uncontrolled growth of a single 
genetically damaged cell, and that the malignant daughter cells within 
a clone interact with each other and their normal neighbouring cells in 
a microenvironment that influences tumour progression and invasion 
[2]. Furthermore, it is clear that cancer operates at different levels of the 
human hierarchical organisation, and evolves through a series of states 
(or possible pattern configurations) and transitions between states [3].

Most molecular biology-based studies reflect the reductionist view 
that genomic changes are all that is necessary to transform a normal 
cell into a neoplastic cell, a “conviction” that is based on the fact that 
the genome carries the information relating to all cell processes [4,5]. 
However, although this approach provides a still fundamental means of 
generating knowledge, there are a number of intriguing questions that 
remain to be answered. How many distinct regulatory pathways within 
each type of target cell need to be disrupted before the cell becomes 
cancerous? Is the same set of cell regulatory pathways disrupted in all 
of the neoplasias affecting humans? If we knew all of the molecular and 
cellular reactions occurring within a living normal cell and its tumoral 
counterpart, would we understand that cell? 

Cartesian reductionism attempts to explain the variety of natural 
phenomena on the basis of the behaviour of a limited number of 
elements that are subject to simple but rigorous laws, and the progress 
that has been made in molecular and cell biology clearly shows that 
it has been a powerful driving force in science. However, there is still 
much to be done before what we know can be transformed into an 
understanding of the highly complex nature of genes, sub-cellular 
organelles, cells, tissues, organs, systems, and the body as a complete 
hierarchical system. The completion of the various genome projects 
has underlined the need to be able to approach systemic complexity 
more effectively, including the complex processes underlying the onset, 
progression and metastasis of cancer. 

Human cancer is highly heterogeneous: there are more than 100 
distinct types of human cancer, and various subtypes can be found inside 
specific organs. This genetic and phenotypical variability is the main 
cause of the self-progression and treatment response of a neoplastic 
disease [6], although the asynchrony [7] and self-progression of a 
cancer cell population suggests that the extent to which each neoplastic 
cell shares the properties of a normal cell differ in time and space [3]. 
The individual cells in a clonal population may respond differently 
(or not all) to the same stimulus, and this variability can also have 
important implications: [8] for example, although chemotherapy often 
reduces tumour size at first, it can give rise to severe adverse effects that 
lead to other complications [9]. It has also been shown that patients in a 
heterogeneous population can have a multiplicity of genetic variations 
that respond differently to a given medical intervention, and that the 
same treatment may benefit some but be harmful to others. 

Carcinogenesis is a process affecting anatomical structures that have 
a virtually infinite number of parts and are governed by a large number 
of temporo-spatially different biological sub-processes (i.e. multi-scale 
causality). This means that: a) the relationships between the parts are 

not linear; b) the variables influencing the behaviour of the process are 
interrelated in a complex manner; c) the individual components are 
systematically heterogeneous; and d) small alterations in the variables 
can lead to completely different outcomes. All of these characteristics 
are reflected by differences in the progression or therapeutic response 
of human cancers, and the fact that histopathology does not always 
reveal their underlying biological behaviours. Every cancer treatment 
can be seen as a filter that removes the sub-population of sensitive 
cancer cells while allowing the insensitive sub-populations to escape. 

In order to understand human cancer as a complex system 
involving many interacting components, it is necessary to establish the 
type of data that needs to be collected at each level of organisation, 
the boundary conditions for describing the disease (i.e. a perturbed 
system), and the technologies and approaches that are most capable 
of identifying its underlying biological behaviour [10]. We need to re-
analyse traditional clinical concepts critically, reinterpret the clinical 
significance of failed therapies in terms of complexity, and consider 
multi-scale causality [11,12] and cancer heterogeneity [13-16] when 
generating new medical interventions. It is likely that more can be 
discovered about the underlying behavioural characteristics of cancer if 
it is seen as a system that is dynamically complex in time and space, and 
reaching a quantitative understanding of this complexity will require 
the joint contributions of mathematicians, biologists and clinicians. 
Such a multidisciplinary approach can help to clarify old concepts, 
categorise our current knowledge, and suggest alternative methods of 
discovering new and clinically useful biomarkers.
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