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ABSTRACT

The big problems in aging research are of increasing complexity due to
multicausality of chronic diseases and the numerous interactions between
the multiple mechanisms of aging. The frailty concept is a first simple step
forward as an integrative concept that sums up the deficits over multiple
domains. However, for further understanding of the empirical data on this
multicausality and interactions in aging, we need more sophisticated tools
developed in complexity science. Group model building, computational
modeling and network analyses are examples of tools that can push the
frontier of gerontologic and geriatric research into a new era of putting
the pieces together discovered in the detailed omics studies.
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INTRODUCTION

Human beings are “complex systems” when one considers them in
abstract terms as a multicomponent system (1), with many (feedback)
interactions (2). In aging individuals these physiologic interactions also
include the aging mechanisms, that are at least partly non-linear, (3)
history and environment dependent, (4) and of different temporal and
spatial scales (5). The multicomponents can be mechanisms in cells and
organs, but also in the environment (e.g., the patient’s family) that have
impact on the patients’ physical and psychological aging and health.
Together these five preconditions also are the criteria for defining a
complex system according the Nobel prize winner and chemist Ilya
Prigogine, as he formulated these in his probabilistic approach to the
statistics of complex systems [1]. These criteria however have been
embraced only recently by many other researchers in a quest for
transcending the reductionist scientific quest to solve the big
multicomponent societal problems, such as climate change, that we also
face in dealing with the increasing burden of chronic diseases of older
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persons [2,3]. In fact the cumulative deficits model introduced successfully
in aging research yields a solid body of evidence for the fact that the key
topics of aging and age related diseases are related to multiple deficits and
thus multicausality [4]. These multiple deficits of frailty are now starting
to be studied as well by applying advanced network analyses together with
big data analytics [5]. This altogether highlights the start of a new era in
geriatric and gerontological research, in which embracing complexity and
complexity science methods can bring fundamentally new insights in
aging, as it did and still does in other scientific disciplines.

COMPLEXITY SCIENCE

Complexity science (CS) can bring a radical shift in how we think about
many of the dynamic relationships and systems present in our world, in
many scientific disciplines. A bibliometric review of complexity science in
healthcare shows the increasing use of a complex systems lens to describe,
understand and study aspects of healthcare over the past two and a half
decades. This has been carried out successfully in health research across
many countries, among which USA, UK, Australia and Canada are the
leading nations in this research [6]. The rising number of publications
suggests a global move to complement the reductionistic focus by a more
integrated knowledge focus in medical research. Also the number of
citations shows a steep rise over the last 40 years, with last year 228
biomedical publications with “complexity science” in the title, and a linear
increase of citations from 1199 in 2000 to 9510 citations in 2018 (Web of
Science search on December 3rd, 2019). This all provides evidences for the
increasing relevance of complexity science for medical research, and
other scientific domains [7,8].

COMPLEXITY IN AGING

Using tools from analysis of complex systems in mathematical and
physical sciences, improves the understanding of aging biological systems
(e.g., C. elegans) and older patients [9-13]. In physical systems (e.g.,
quantum mechanics), complexity is determined by factors such as the
number of components, the number and quality of the interactions
between them, the degree of scaling, and the structure of the smallest
components. Biological networks are characterized by many of these
factors, as well as by their highly dynamic change in organization,
transformation, and degradation. Interactions occur at many levels on
genetic, proteomic, metabolomic, cellular and organ scale by chemical and
physical signaling [14]. In animals and humans, signaling also occurs at
organism (e.g., by self-reflection) and social scale (e.g., parental advices),
and thus signaling additionally occurs by all sorts of communicational and
behavioral interactions. The multiple frailty related aging mechanisms
that result in an increasing number of deficits add to these interactions.
Together, all these multiscale interactions may occur simultaneously, and
each component participates in several different signaling activities,
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making it rightly called a complex biological system. In our omics era, this
even is a dazzling complexity.

Physical and chemical systems may more easily be reduced to units of
complexity that can be experimented and modeled with. However, this
basic mathematical and computational science of complex systems can
also be translated to higher levels of complexity, multiple scale levels,
including human aging physiology, but still needs to be tested for validity
here. The increasing number of integrative computational modeling
studies on complex chronic health problems such as obesity and diabetes
[15], are an excellent example of the added value of CS methods, and also
hold great promises for other threatening diseases such as Alzheimer’s
disease.

FROM SIMPLE TO COMPLEX

A frequently used approach to understand complexity is to start a
qualitative approach of building multicausal qualitative models by mind
mapping or the more sophisticated group based model building
methodology. This starts with conceptually simple examples of
interactions and gradually adds systems (or agents) that introduce new
levels of interaction complexity [16]. Differences in time scales and spatial
scales however limit what can be taken into account together at this first
CS stage, which can be detailed with empirical network analyses and
computational modeling. As more data on interactions are introduced, it
becomes quickly clear where experimentation options end, and where
new methodologies are needed to understand the system as a whole in
terms of the functional details of individual components.

Notwithstanding this, the clues to improved understanding of many
human diseases, including cancer, diabetes, chronic inflammatory
diseases, and neurodegenerative disorders, lie in understanding the
changed functioning (and malfunctioning) of interactions between
biological components [17,18]. Often malfunctioning of a single organ (or
organ part) does not cause serious problems due to redundancy in the
physiological networks, but the combined effects of multiple
malfunctioning components of an interacting network of organs are
substantial, and life threatening. For example, hippocampal and
prefrontal cortex atrophy are often seen together with white matter
lesions as malfunctioning components or nodes in a dementia
pathophysiology network, only together causing cognition and functional
performance to deteriorate in daily living. An understanding of how
individual (sub)components function is helpful, but not enough to
understand the whole disease severity and the individually emerging
disease presentations. This means that reducing the research focus to
smaller and smaller components, has limits in understanding individual
aging individuals and their huge variation present in clinical practice.
Precision medicine, with a focus on genetic, proteomic and metabolomic
phenotyping, will not be able to forecast treatment effects in complex
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diseases that are determined also by relevant interactions at a higher scale
level. This also requires complexity science’s multiscale modeling and
predictions at a higher level. Biology of aging can be characterized by the
changes over time at different hierarchically organized levels—namely
molecular, cellular, physiological, and functional levels. Detailed
knowledge of these interconnected changes together with their reactions
following pathophysiological stressors is needed to understand the
heterogeneous biology and functional performance outcomes in older
persons [19]. Ongoing progress in big data handling may allow automated
phenotyping in the near future to measure as many age-dependent
phenotypes as possible within individuals over time and using those high-
dimensional phenotypic data to construct dynamic networks that facilitate
aging and disease to be studied with sufficient integration and rigor [20].

CONCLUSION

In medicine, it is only the biology of aging together with the context of
the whole person, that may finally allow to understand pathophysiology,
symptoms and loss of autonomy in an older patient. Detailed knowledge
of pathophysiology helps to answer this question, but still requires
integration of the different parts with the case specific environmental
knowledge. On the other hand, knowledge of the global view itself, and the
knowledge of complex signaling networks, may also improve the
molecular understanding of the interactions at micro levels, as for
example was nicely shown for the study on the molecular genetic and
cellular effects of loneliness [21,22]. Therefore, this new era of applying
complexity science methods can help us make a new jump in
understanding frailty, resilience and aging.
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