
502 Pediatric ReseaRch      Volume 73  |  Number 4  |  april 2013 copyright © 2013 International Pediatric Research Foundation, Inc.

Review  nature publishing group

as research institutions prepare roadmaps for “systems 
 medicine,” we ask how this differs from applications of systems 
biology approaches in medicine and what we (should) have 
learned from about one decade of funding in systems biology. 
after surveying the area, we conclude that systems medicine 
is the logical next step and necessary extension of systems 
biology, and we focus on clinically relevant applications. We 
specifically discuss three related notions. First, more interdis-
ciplinary collaborations are needed to face the challenges of 
integrating basic research and clinical practice: integration, 
analysis, and interpretation of clinical and nonclinical data for 
diagnosis, prognosis, and therapy require advanced statistical, 
computational, and mathematical tools. second, strategies are 
required to (i) develop and maintain computational platforms 
for the integration of clinical and nonclinical data, (ii) further 
develop technologies for quantitative and time-resolved track-
ing of changes in gene expression, cell signaling, and metabo-
lism in relation to environmental and lifestyle influences, and 
(iii) develop methodologies for mathematical and statistical 
analyses of integrated data sets and multilevel models. Third, 
interdisciplinary collaborations represent a major challenge 
and are difficult to implement. For an efficient and success-
ful initiation of interdisciplinary systems medicine programs, 
we argue that epistemological, ontological, and sociological 
aspects require attention.

Lessons From systems BioLogy
Here, we discuss the developments that can or should take us 
from systems biology to systems medicine. Although it is easy to 
agree that medicine should embark on that journey, it remains 
unclear which route should be taken. Our own experience and 
analysis of developments in the field of systems biology has 
taught us several lessons of which the following are of central 
importance and which shall be the focus of our discussion: (i) 
many diseases have their origin in cellular malfunction, requir-
ing a deep understanding of the mechanisms underlying cell 
functions; (ii) the emergence of diseases is a nonlinear dynami-
cal phenomenon, requiring quantitative time-resolved monitor-
ing of key biological parameters at the molecular, cellular, and 
physiological levels; (iii) advances in measurement technolo-
gies can generate large-scale, multilevel but also heterogeneous 

datasets, requiring not only new computational platforms to 
manage data but most importantly, requiring new ways of 
thinking, including the application and development of meth-
odologies from the mathematical sciences; and (iv) to address 
clinical questions with statistical, mathematical, computational, 
molecular, and cell-biological methodologies requires strategic 
efforts to motivate and sustain cross- disciplinary collaborations.

Applying systems approaches in a clinical setting, practical, 
i.e., formal/legal and computational issues of data collection and 
sharing are the most immediate challenge and potential threat 
to progress. Although these issues are crucial and most press-
ing, we shall here emphasize the role of mathematical modeling 
as one aspect that is easily forgotten when it comes to setting 
priorities. Although the practical value of mathematical models 
is limited to very specific problems, and then comes with spe-
cific requirements for data collection, it should be noted that 
nonlinear dynamical phenomena can be understood only with 
the help of mathematical modeling as common sense and intu-
ition will inevitably fail this aspect of biological complexity.

Finally, we urge a rethinking of systems biology as it develops 
toward systems medicine. Systems biology, which has emerged 
from a successful alliance of molecular and cell biology with 
computational and mathematical approaches, has been firmly 
set in a reductionist framework. Reductive approaches have 
allowed us to “zoom in” on molecular mechanisms underly-
ing cell functions, accompanied by an ever-increasing degree 
of specialization. The flip side of this endeavor is fragmenta-
tion, data/evidence being tightly linked to a vast array of highly 
specialized technologies and a strong contextualization that 
limits conclusions to specific experimental/biological systems. 
We need to balance the pathway-centric approach, focusing on 
cellular mechanisms, by “zooming out” to actively seek law-like 
principles (e.g., of tissue organization). We believe that “inte-
gration” is a key concept that can serve as a basis for strategic 
developments that motivate a rethinking and the implementa-
tion of systems approaches in medicine.

Systems biology has been firmly established as an interdis-
ciplinary approach, combining experimental work with math-
ematical modeling and computational analyses. The emergence 
of systems biology signaled a shift of focus from the identifica-
tion of cellular components and their molecular characterization 
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toward cell function and the underlying molecular mecha-
nisms. The role of molecules in cell behavior and the role of 
cells within a tissue or an organ are inherently time-related phe-
nomena. Therefore, new approaches were required because bio-
informatics and statistical analyses are not sufficient to explore 
the time-dependent function of cellular systems. Dynamical 
systems theory has since provided the basis for kinetic and 
mechanistic modeling of processes at the subcellular, cell, tis-
sue, and organ level (1). In the current review, we touch upon 
the computational aspects and clinical complexity of data gath-
ering but focus primarily on mathematical modeling and (cell-)
biological complexity underlying many disorders and diseases.

Although there are numerous examples of systems biology 
projects that address biomedical questions, it cannot be denied 
that most of the efforts are easily labeled as “basic research,” often 
being pathway centered with a focus on the subcellular level (2,3). 
Furthermore, we explore the challenges and limitations of mech-
anistic modeling in systems medicine in the following sections. 
Systems biology taught us about biological complexity with the 
practical consequence that in order to improve our understand-
ing of biological (mal)function, one has to gather data from a 
wide range of technologies. There is no privileged perspective, 
level of biological organization, or associated technology. This 
need is carried over to systems medicine where there is then an 
obvious consequence of this development related to the “clini-
cal complexity” of understanding disease: comorbidities—the 
presence of one or more disorders (or diseases) in addition to 
the primary disease or disorder—will require an even broader 
spectrum of data that need to be collected and analyzed.

Systems biology for medical applications does not represent 
the full deployment of systems medicine. Although biomedical 
or even clinically relevant research programs can be addressed 
by basic research, there is a recognized need to “translate” basic 
findings into clinical research. Instead of speaking about “trans-
lational research,” we argue for the “integration of clinical and 
nonclinical data.” The idea is not to translate ideas from one 
domain to another, such as translating advances in material sci-
ence into improved consumer products, but to integrate data 
from in vitro experiments, animal models, and  high-dimensional 
omics data with clinical data on body characteristics and func-
tion, biomarkers, and health history. This process is probably 
close to what Khoury et al. (4) refer to as “knowledge synthe-
sis,” the component of “knowledge integration” nestled between 
“knowledge management” (the  decision-making process for 
which information to include) and “knowledge translation.” The 
broad range and often heterogeneous data sets raise not only 
conceptual challenges; from a computational perspective, suit-
able interfaces are required to visualize and relate the data avail-
able, to allow or prepare a full analysis, selection, and interpre-
tation. An important aspect, that increases the challenge even 
further, is the need to not only track biological parameters of 
patients before and after treatment but also to have available as 
much as possible of the patient’s history. Although many deci-
sions to date are based on single-point-in-time measurements, it 
is technically relatively easy to monitor patients and gather data 
over extended periods of time. Rather than deciding whether 

a patient has passed a statistically determined threshold (com-
paring the patient with the statistics of a population), a systems 
medicine approach ought to exploit the temporal dimension of 
trends in the development of biological parameters for individ-
ual patients. In pediatric research, the argument may be taken to 
the conclusion that the early development of a child determines 
the “initial conditions” for the emergence of disorders or dis-
eases, and in order to allow a personalized diagnosis, progno-
sis, and therapy, one ought to know the trajectory that takes the 
patient into the disease state.

Examples of the clinical complexity, in which the tracking of 
a patient’s molecular and physiological state(s) over an extended 
period of time is of central importance, are chronic diseases or 
disorders. Chronic diseases are a consequence of interactions 
between a body and genome with the environment, includ-
ing lifestyle and other risk/protective factors, throughout a life. 
In the clinic, these diseases express themselves often through 
comorbidities, whereas at the molecular and cell levels, most 
probably identifiable specific mechanisms and their alterations 
are responsible for a loss of physiological function through the 
age of the body. To determine the measures of disease sever-
ity and control, genotypic and phenotypic patient-specific data 
need to be collected.

The outcome of studies in children and adults should there-
fore be prognostic markers that can be used to monitor “early 
warning signals” in patients during their lives. The integration 
of basic research and clinical practice is thus motivated by the 
need for an integration of clinical and nonclinical data. From 
a perspective of systems biology, an important lesson is that 
although many diseases have cellular and molecular bases, it is 
the combination of the cellular environment, the tissue in which 
the disease occurs, and the physiology of the organ or organs 
involved that largely determines pathogenesis and disease pro-
gression. In pediatric research, it also entails normal and abnor-
mal developmental processes (5). Understanding such diseases 
requires not only knowledge of cells and subcellular processes 
but also a conceptual integration of data and models across 
multiple levels of structural and functional organization (6,7). 
This in turn requires an integration of multiple kinds of exper-
tise and data types from molecular and cell biology, physiology, 
clinical medicine, and epidemiology.

Depending on the kind of data (e.g., physiological measure-
ments of body function vs. metabolomic spectra) and on the 
technologies used for data generation (e.g., deep sequencing 
vs. proteomics), a wide range of statistical and computational 
tools are required. Although technology-defined within each 
domain, data analysis methodologies are often well established. 
For their combination, however, new techniques are required 
to relate and interpret heterogeneous data sets. Furthermore, it 
will be essential to design computational platforms to manage, 
share, and integrate clinical and nonclinical data. To this end, 
ontologies and standardization play an increasingly important 
role for the management of data and models. In summary, sys-
tems medicine requires not only the integration of clinical and 
nonclinical data, of basic research and clinical knowledge, but 
also the integration of expertise from a wide range of disciplines. 
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We will discuss the notion of “integration” as a guiding prin-
ciple for the development of a roadmap for systems medicine.

DeCiPHering BioLogiCAL ComPLexity AnD mAnAging 
CLiniCAL ComPLexity reqUires interDisCiPLinArity
Collaborations with bioinformaticians and statisticians have 
a long and successful track record in the medical sciences. 
Mathematical modeling, however, has still not achieved its full 
integration or even acceptance within the biomedical research 
community. An important reason for the success and accep-
tance of statistical and bioinformatical analyses is that they can 
often be conducted separately from the experiments. Following 
the identification and characterization of cellular components 
in the context of bioinformatics, the focus has shifted in recent 
years to the study of mechanisms that determine the function 
of cells in terms of gene regulatory networks, signal transduc-
tion, and metabolic pathways and networks. This shift of focus 
toward an understanding of functional activity and, therefore, 
toward cellular processes required methodologies from sys-
tems theory and, therefore, expertise from fields other than 
computer science and physics. The term “systems biology” 
has become associated with an interdisciplinary approach that 
reflects a practice of data-driven modeling and model-driven 
experimentation. With systems biology, mathematical models 
have become a central element in the formulation of biological 
arguments, and as a consequence, a new quality of interdisci-
plinary collaboration has become necessary. The “modeler” or 
“theoretician” no longer plays a simple supportive role. Instead, 
the construction and analyses of the models require both the 
“experimentalist” and the “modeler” to meet with an equal pas-
sion for a common interest and rely upon each other. The data 
are situated between the experimentalist and the modeler (8). 
To design experiments together and to interpret data together 
requires foremost computational platforms to manage, i.e., 
store, share, and visualize, the data. What is summarized by 
the term “data” here is in fact a vast array of data types, rang-
ing from conventional diagnostics of blood and urine samples 
to patient-specific biological parameters, including hormones, 
endogenous viruses, molecular surface markers, and a range of 
genetic and functional genomic measurements. Although we 
wish to personalize diagnosis and therapy by tracking data for 
an individual to determine the patient’s characteristic base levels 
and developmental trends, biomarkers will play an important 
role in stratifying patient groups to a level at which predictive 
markers can be used for individualized decision making. The 
long-term management of data and the protection of patient 
information from misuse raise enormous technical, conceptual, 
and data protection issues. Rather than exploring these aspects 
further, as important as they are, we shall here focus on one les-
son from systems biology that is equally important for systems 
medicine to reach maturity but may easily be forgotten in light 
of the practical and technical challenges that we face.

New technologies have been a driving force behind advances 
in the life sciences. In practice, technologies are no longer 
considered simply a means to an end. Instead, the technolo-
gies often determine the questions that can be asked. Whether 

microarrays or recent developments in deep sequencing, it 
should not be forgotten that hypotheses about biomedical 
phenomena should come first, and only then, should one 
identify the means to test these hypotheses. Following a tech-
nology-driven phase, biomedical research has to face up to 
the fact that just as technologies are needed to generate data, 
novel methodologies are required to help us interpret the 
data. Data are not facts; facts are a matter for human interpre-
tation in the context of prior knowledge. However, nonlinear 
dynamics and multilevel mechanisms are aspects of biologi-
cal complexity that render common sense and intuition—as 
well developed as they might be—incapable of providing full 
understanding. The value of using the systems theory frame-
work and established tools in systems medicine is that it is a 
way of thinking about the organization and emerging behav-
iors of complex systems.

Although nonlinear dynamics has been a focus of cell- and 
pathway-centric approaches in systems biology, the multilevel 
perspective is going to be the final frontier of systems medi-
cine. High-impact advances in systems medicine will require 
an understanding of how tissue/organ dysfunction at the physi-
ological level is related to cell functions at the molecular level. 
In the human body, properties of the organs and tissues emerge 
from the interactions of components at that level, and at lower 
and higher levels of spatial and temporal organization, both 
influenced by environmental changes. Therefore, it is likely 
that a better understanding of the emergence, progression, and 
treatment of a disease will need to involve novel approaches to 
mathematical modeling (9). To begin understanding structure–
function coupling across system levels instead of (or comple-
mentary to) ontological mechanistic modeling of biochemical 
and biophysical processes, we need a mathematical framework 
that helps us develop epistemological arguments about tissue 
organization. This requires a change in perspective that is less 
gene, pathway, and cell centered but instead puts the search for 
organizing principles back into the spotlight that guides our 
experiments.

Organizing principles are robust generalizations, similar to 
laws in physics that represent instantiations of biological gen-
eral principles governing the evolution of the overall system 
(10). We can arrive at organizing principles through generaliza-
tion—from in vitro to in vivo models, from a model organism 
to humans, from a particular cell type to cells in general, but 
also from inferences achieved with one technology to general 
observations. The search for organizing principles requires 
nonreductive strategies that provide explanations in terms of 
how categories of systems are organized in order to work. As 
a consequence of the underlying biological complexity, sys-
tems medicine must rely on the integration of evidence, data, 
and models across multiple levels of structural and functional 
organization. To this end, strategies are required to (i) develop 
and maintain computational platforms for the integration of 
clinical and nonclinical data; (ii) further develop technolo-
gies for quantitative and time-oriented tracking of changes in 
gene expression, cell signaling, and metabolism in relation to 
environmental influences; and (iii) develop methodologies for 
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statistical analyses of integrated (spare and heterogeneous) data 
sets and mathematical concepts for models that integrate infor-
mation across the multiple levels of structural and functional 
organization of a tissue, organ, or body.

The need to discuss integration in biology and biomedicine 
is becoming more urgent because the amount and variety of 
data required for understanding any given problem is steadily 
increasing. Moreover, many scientific questions require a range 
of expertise from different fields. Therefore, integration across 
disciplinary boundaries is crucial. The expertise for particular 
technologies and experimental systems is rarely found in a sin-
gle laboratory, institute, or country, and this raises the need for 
standards and ontologies that support the sharing and integra-
tion of data and models.

en roUte to systems meDiCine: integrAtion As A 
gUiDing PrinCiPLe
Integration is a combination of activities that provides a more com-
prehensive and coherent picture of complex research problems. 
These activities range from combining data, models, and meth-
odologies to merging explanations and establishing closer con-
nections among disciplines. A recent workshop on “Integration 
in Biology and Biomedicine” explored how integration works and 
how it is perceived by scientists and philosophers (11).

Most biomedical research projects are not capable of address-
ing complex problems directly and in a comprehensive way. 
Virtually all projects—even large-scale collaborative research 
efforts—are forced to “zoom in” on a specific aspect, subsys-
tem, or narrowly defined question. Taking cancer research as 
an example, resistance to cell death is one aspect of under-
standing carcinogenesis and tumor progression. Although a 
very large number of research projects would define their goals 
in these terms, in practice, virtually all projects in molecular 
and cell biology take a reductionist strategy by focusing on a 
particular molecule or a particular (usually single) pathway. 
Often, they use a specific technology in the context of a par-
ticular experimental system, thereby creating a rather narrow 
context in which data can be interpreted.

Biological complexity has forced molecular and cell biology 
into reduction and contextualization, with an ever-increasing 
degree of specialization. What is frequently lost or forgotten 
along this road of reduction, contextualization, and specializa-
tion is the original question that led to such highly focused 
research projects. Strategies and concepts are required that can 
guide the integration of evidence and results into the formula-
tion of theories, hypotheses, and explanatory models (12). At 
present, this process of integration of evidence into the for-
mulation of organizing principles (robust generalizations) is 
left to a few talented authors of leading-edge review articles, 
but these are few and far between. The importance of review 
articles in the life sciences is evidence for the need to develop 
strategies that can guide the search for organizing principles 
that are underlying the (mal)functioning of cellular systems.

Integration of data has always been important in biology and 
biomedicine, but in most cases, it is performed on an ad hoc 
basis, often with a lack of recognition of the importance of the 

insights that integration makes possible. The inclusion of phi-
losophy in the design of roadmaps for systems medicine could 
facilitate crucial reflection on scientific practice and thereby 
aid conceptual development and integrative efforts in interdis-
ciplinary collaborations. The philosopher’s awareness for lan-
guage and argument can also play an active role in the devel-
opment of ontologies, which are central for the development 
of standards that are required to share and integrate data from 
heterogeneous sources and across disciplinary boundaries.

The “Toolbox Project” of Michael O’Rourke and Stephen 
Crowley (http://www.cals.uidaho.edu/toolbox/) is an example 
for the integration of expertise in cross-disciplinary challenges. 
Rooted in philosophical analysis, the Toolbox Project enables a 
structured, questionnaire-based dialogue in which participants 
explore epistemic and conceptual differences of their fields and 
working practice. This yields both awareness for the language 
and culture of their specializations and mutual understanding 
as a basis for effective collaborative research.

Integration requires a strategic effort from the scientific 
community and the funders of science. Without mechanisms 
to encourage truly interdisciplinary large-scale collaborative 
efforts, the forms of integration discussed here will not become 
reality. A common misconception about modeling is that it can 
save time and money and render experimental work unnec-
essary. It is true that a mechanistic model allows simulation 
experiments in which initial conditions, the values of model 
parameters, and even the structure of the model can be var-
ied to explore the behavior of the system under consideration. 
What is often forgotten is the experimental effort required to 
establish the model in the first place. For dynamical systems, 
the experimental effort to generate sufficiently rich, quantita-
tive time course data will usually be far higher than the average 
experiments of the past.

Interdisciplinary projects are likely to take more time than 
a project in a single discipline. This will have consequences 
for the design of PhD programs and the evaluation of career 
performance of scientists. The interdependence among proj-
ect partners makes it necessary that teams are not just a match 
of expertise but a match of minds and hearts dedicated to 
jointly tackling important and difficult biological and medical 
questions. The sociological element of such large-scale efforts, 
which are doubtlessly necessary for medicine to advance, 
brings with it a high risk of failure. Although for systems 
biology, many projects have been characterized by collabora-
tions with typically two partners—an experimentalist and a 
modeler—in systems medicine, teams are expected to cover a 
broader range of expertise. A typical project that aims at inte-
grating data from basic research with patient background data 
and clinical information is likely to require a team involving a 
clinician, a pathologist, a molecular biologist, a computer sci-
entist, an epidemiologist, a statistician, and a mathematician. 
Needless to say, this raises a number of practical challenges, 
and if these problems are not addressed by research-funding 
bodies, such integrative projects are unlikely to occur in the 
first place and less likely to succeed in the long run. For an 
efficient and successful implementation of systems medicine 
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programs, it will thus be valuable to reflect upon epistemo-
logical, ontological, and sociological aspects of highly inter-
disciplinary endeavors.

roADmAP For systems meDiCine
Personalized medicine is frequently considered one of the pri-
mary goals for systems medicine, and it has been argued that 
such a medicine—also required to be predictive, preventa-
tive, and participatory—cannot be achieved by an incremen-
tal evolution but requires a revolutionary change in the prac-
tice of medicine (13). Central to these objectives are systems 
approaches that provide clinicians with access to an integrated 
high-dimensional personal data set of a patient and to enable 
clinicians to link this personal data set to information from 
research databases. In essence, if diseases are conceptualized 
as network perturbations, then patient data need to be looked 
at using the tools of network analysis (14). This vision comes 
along with enormous technical, methodological, and legal chal-
lenges. We therefore focus on only one particular methodologi-
cal challenge related to the conceptual integration of data and 
the role mathematical modeling can play in dealing with bio-
logical complexity.

In recent years, much has been learned about molecular com-
ponents and subcellular processes. Still, one important ques-
tion that remains to be answered is how can we integrate data 
and models across a wide range of spatial and temporal scales? 
Although systems biology is an approach by which biological 
questions are addressed through integrating experiments in 
iterative cycles with computational modeling, simulation, and 
theory (15), systems medicine carries this approach forward 
into a disease-oriented era, driven by clinical and public health 
needs (16).

Mathematical modeling enables the integration of biological 
and clinical data at various levels. The value of modeling lies 
in the fact that it necessitates the statement of explicit hypoth-
eses, a process that often improves our understanding of the 
system under consideration and uncovers critical points of 
poor understanding. Furthermore, simulations of models can 
reveal hidden patterns and/or counterintuitive mechanisms in 
complex systems. Theoretical thinking and mathematical mod-
eling can thus help generate new hypotheses that can be tested 
in the laboratory. Experience has shown that success in systems 
biology was achieved when quantitative data became available, 
and even simple mathematical models have been shown to be 
of practical use. It is very important to recognize that the inter-
disciplinary process leading to the formulation of a model has 
intrinsic value in and of itself (17).

However, before mathematical modeling can be used, data 
need to be made available in quantitative and standardized form 
and be subjected to statistical analyses in order to quantify data 
variability. The data that emerge from these preprocessing steps 
provide the basis for mathematical models. The art of model-
ing lies not in the accuracy of the model but in the explanation 
the model provides and the subsequent argument it enables 
researchers to formulate. This biological argument to which a 
model contributes, in turn, lends credibility and validity to the 

model. As opposed to the use of models in the engineering sci-
ences, we believe that in systems medicine, the main purpose 
of models will not be numerical prediction but enhancement of 
our understanding by managing uncertainty arising from bio-
logical complexity, reflected in heterogeneous data, nonlinear 
dynamics, and the multilevel nature of biological processes.

Data reflecting the patient’s health are as important to thera-
peutic decisions as they are for the development of drugs. A 
successful systems medicine requires advances in understand-
ing the functioning of drugs—their therapeutic value and 
their toxicity. This in turn requires a better understanding of 
 cellular- and tissue-level networks, linked to an individual 
patient’s genome, metabolome, and proteome. It will be nec-
essary to depart from gene-, protein-, and pathway-centric 
approaches (18).

Genomics has played an important role in the life sciences 
and will continue to play a role in systems medicine. Genomics 
itself, however, does not provide a means to unravel the complex 
mechanisms underlying cellular networks, nor will genomics 
data be sufficient to understand the action of drugs, on the basis 
of which we can develop monotherapy or combination therapy, 
or alter the pathophysiology of disease so as to maximize thera-
peutic benefit and minimize toxicity. To this end, an integrative 
approach is necessary, bringing together investigators from com-
putational biology, systems biology, and biomedical engineering. 
Mathematical modeling is only one pillar that is required to sup-
port systems medicine. Statistical analyses and bioinformatics 
tools are equally important and are more widely accepted and 
used in medicine. Systems medicine provides a new challenge to 
interdisciplinary research, something that needs the attention of 
research-funding bodies.

Although roadmaps are being devised for new funding pro-
grams in systems medicine, we are well advised to remember 
that roads emerge as we move along the path toward inte-
grative approaches. In other words, it is impossible to define 
more than the starting points and goals for systems medicine 
(as we have done above). The roads will necessarily remain 
unclear until we allow scientific creativity to take its course. 
Nevertheless, it should be possible to describe a few milestones 
that can be expected to serve as signals that progress has 
been made. Suggested “milestones” (not in order of expected 
achievement) are:

1. Consensus on what defines solid evidence in disease cau-
sation research (etiopathogenetic dimension) and inter-
vention effectiveness research (therapeutic dimension).

2. Consensus on what kinds of data need to be integrated 
to achieve a level of evidence that can be accepted by the 
diverse research communities.

3. Consensus on whether and how intrapersonal (single 
patient) and interpersonal (epidemiologic) data can be 
integrated.

4. Consensus on how best to perform such large-scale, 
interdisciplinary research might require new kinds 
of research institutions integrated in collaborative 
networks.
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