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Abstract

Biological complexity at a molecular and physiological level is dynamically translucent and requires a system-
wide computational approach to possibly elucidate underlying mechanisms for medical and public health applications.
Functional dynamics is ideal to study molecular functions given biological functions are dependent on the dynamic
nature of networks it operates within. However, environmental factors significantly affect the molecular dynamics
in biology, which still needs to be incorporated in study of functions for medical applicability. Through technological
innovation medicine is seeing a potential shift in demand for personalized interventions, which has not been fully
realized yet. Also the applicability of functional dynamics’ utility seems not visible in healthcare systems. This article
addresses the above mentioned issues, challenges in translation/implementation using the example of the “virtual
patient” developed through the pilot EU flagship project ICT Future of Medicine, and provides possible solutions
and insights of new and existing scientific data, infrastructures and frameworks like the Learning-Adapting-Leveling
model to make it feasible including policy-wise by incorporating best practice guidelines developed through the
Public Health Genomics European Network and tries to touch upon its consequential impact. As a result, we see that
real time integration in healthcare requires early-on involvement of all stakeholders as well as taking into account
health policy issues, which is addressed by the proposed Learning-Adapting-Leveling model and the best practice
guidelines. Furthermore, environmental factors and exposome properties need to be taken into consideration, which
the pilot ICT Future of Medicine has been taken into account. We now possibly see a shift from stratified medicine
through personalized medicine and possibly towards individualized medicine. This coupling of the pilot project ICT
Future of Medicine by integrating the Learning-Adapting-Leveling model to resolve real-time integration issues and
considering policy-wise the best practice guidelines has set the stage for it to potentially revolutionize the healthcare
system as a whole.

the functional molecule and the network itself is required for execution
of the function as separated, may not work. Furthermore, large well
connected networks are least affected to perturbations compared to not
so well connected networks, however the prior can be fragile if the most
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Technology transfer influential nodes are corrupted. This is all being in a highly dynamic,

. constantly adapting and changing environment and at different levels
Introduction (molecular, cellular and tissues). A very nice review to this end has been
The complexity of biology written by Kitano already in 2002 [7]. What adds to the complexity

of the network is that previously unconnected diseases or genes seem

Over the progression of scientific knowledge and discovery  related and have not yet been medically classified accordingly [8].

especially in the field of genome-based information and technologies

(encompassing all-omics, for example genomics, transcriptomics, Systems approach

proteomics, metabolomics, etc. and their interaction with
environmental factors), we come short of understanding the complexity
of the highly dynamic molecular human biology with all permutations
and combinations of interactions and physiology itself; rather we are
only able to grasp the complexity of it. What makes the molecule level
biology far complex is that not only does function rely on the molecule
(genes, proteins, transcription factors, metabolites, etc.) itself, but also
relies with the combination of network of interactions (for example
gene-gene, gene-protein, protein-protein, 1 protein-12 proteins, etc.)
it is attached. This can constitute feed-back/forward control [1,2],
modularity [3], redundancy [4] and multitasking [5]. The function of
operation can also be dependent on the structure of the molecule and/
or the structural stability of the network [6] and localization. Certain
molecules can act as genetic switches among others. Inhibiting a
molecule (say gene) may not inhibit the function itself, but being linked
to a stable network and/or complimentary genes can compensate. Also
networks can be unaffected to perturbations as complimentary yet
unrelated networks can stand in. In addition to that the combination of

From the above, what can be understood is that although single
gene/protein research is still required to gather information about
function and processes, a more holistic approach is needed to elucidate
the functional complexity of a system, which is the human. This also
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implies for drug discovery and targeting as well as therapy. Through
—omics based research, we now know that functionality or execution of
a process is dependent upon multiple molecules and networks and no
one molecule or network can work on its own, therefore can be viewed
as a system. Drug targeting now requires consequences to the network
(or so called side-affects). The data generated by this information,
especially in biological systems impracticably large, consequentially
make it dependent on computational power to store, analyze and
interpret it unlike what was previously thought to be localized to
the wet lab. This has been evident from the very basic of biological
computing in BLAST [9] to data analysis [10,11], among others [12-
14]. This convergence of biology and computation power has been
recently discussed [15], stating the fact that the two fields have been
alongside each other for quite some time and rely on each other for
inspiration.

Systems biology is defined as an integrative, interdisciplinary
approach to biological science that is built around the concept of
close integration of computational methods, technology development
(including -omics) and global measurement and analysis of biological
systems [16], and seem to be the future to this holistic or system-
wide approach. Functional dynamics within systems biology as a field
on its own greatly corresponds to the study of biological systems as
the latter being dynamic is a key in its function. The challenge for
functional dynamics and systems biology as a whole is to integrate
not just biological complexity previously mentioned above but also
take into consideration external environmental interactions with the
biological system at different levels which can significantly impact
(through mutations, single nucleotide polymorphisms, change in
network behavior, etc.) the biological system. From epigenomics/
epigenetics, we now know that genome-based information and its’
permutations are not the only factor detrimental in health outcomes
but environmental (including chemical, surroundings, lifestyle, social
and economic) factors influence the interactome (complete repertories
of interactions potentially encoded by the genome) [17], of human
molecular physiology through the superimposition of the exposome
(combined exposures from all sources that reach the internal chemical
environment) [18]. With the exposome being in constant contact with
the molecular complex system, one cannot appreciate and predict the
functionality of the dynamics involved without taking into account the
exposome.

Personalized and individualized

With the completion of the human genome project and the post-
genomics era, which started off with transcriptomics, proteomics
and metabolomics among others pointed to the direction of a more
individualized or personalized healthcare effort. As the user or
patient became aware of knowledge through the influx of information
present on the internet and (social) media and related online tools
and digital libraries, the user demands personalized or preferentially
individualized approaches towards his/her medical interventions
and wants to be more involved in the decision making process [19].
Scientific data through research made it possible to predict at a systems
level through simulations and models as well as through identification
of early on biomarkers for diseases. Similarly prevention through early
diagnosis (including family history, risk groups, genetic susceptibility,
etc.) and understanding disease progression in an individual with
reference samples as well as involving the person in the decision making
process brought forward the concept of P4 (predictive, preventive,
personalized and participatory) medicine [20]. However, this was not

followed through contrary to the fact that there is now a gradual shift
towards personalized interventions in the whole arena of healthcare
[21], given the concept of ‘one shoe does not fit all’. This transition also
evolves from genomics focused personalized medicine to personalized
medicine that takes all the relevant factors (including environmental)
into account [21], shifting the paradigm from genomics to a systems
approach in medicine and healthcare.

Given the dynamic nature of molecular life sciences as a large
system (human) as mentioned above, this article aims to touch
upon the challenge of encompassing environmental factors affecting
biological molecular systems in scientific data and address the issue in
personalized medicine of the bottlenecks of real-time integration of
systems biology innovations in healthcare systems.

The Pilot

Computational power in the form of ICT (information and
communication technologies) was driven by large scale physics and
commercial applications where medicine played a small role [22].
This is now changing as more ICT tools are being used and developed
towards medicine. A revolution in ICT can potentially open the door
for functional dynamics studies including systems biology applicability
in healthcare like it did for other sectors.

The challenge remains largely for ICT to develop tools in the form
of hardware and software to compute these already existing large data
sets and ongoing generation of data taking into account the dynamic
nature of the interactome [17], as well as all factors including socio-
economic, environmental and molecular determinants of health
to implement the P4 medicine [20]. The EU pilot flagship project
ITFoM (ICT Future of Medicine) is one of the six pilot projects in the
‘European Future and Emerging Technologies flagships’ and does take
this into consideration. ITFoM aims to develop the virtual counterpart
of an individual pulling the healthcare towards not just personalized
medicine but individualized medicine, given the fact as described
before that ‘one shoe does not fit all’ [21]. The idea is to first simulate
and test drugs/medicines on the virtual patient (ICT-based replicas of
molecular organization of individual humans) and/or gets advice from
this developed ITFoM system and then executing the advice on the
actual patient/individual. This can be accessed by both the individual
and doctor for solutions. ITFoM and related projects of the “virtual
patient” will develop an entirely new ICT that will enable real-time
dynamic models of biochemical pathways, cells, tissues, diseases and
ultimately, the entire human [22]. The strategy will be based on a
common denominator replica [22]. Not only molecular data but all
types of medical dataflow will be integrated in the system as well as
environmental and lifestyle factors and will be a self-learning, follow-
up system with reference datasets.

Implementation

However, like genome-based technologies and system biology,
studies of functions of molecules or networks in dynamic environments
although partly successful, do not see the implementations or direct
use of these generated computational data applications in healthcare
systems. Even if ICT does give a push in the right direction and we are
able to develop the virtual patient there still seems to be a roadblock.
This is given the assumption that the logical roadblock itself viz., the
complexity of data and functionality in a dynamic environment is well
understood or statistically significant and the environmental factors
are acceptably taken into account. Furthermore, the ethical, legal,
economic as well as privacy issues are considered. Although ICT and
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related projects may be the forerunners of taking into account to some
extent ethical, legal, economic as well as privacy and governance issues
there are implications beyond the obvious, which are generally an
oversight and a common mistake of the academic-industrial complex
[23].

ICT tools have been developed for medicine but its practical usage
for most parts is far away. It can be also said that ICT tools developed
for medicine, were limited to just molecular interactions and not taking
into account general medical, environmental and lifestyle factors which
greatly influence the outcome. ITFoM addresses these issues among
others, however, from patterns [24,25], in technological integration in
healthcare systems [26], it seems evident technological diffusion is a
long process [24]. ITFoM and related projects will set the stage for an
ICT revolution in medicine. Learning from history, ICT innovations
like health technologies, in general lack to capitalize on the issues of
healthcare integration or translation, in a timely as well as effective and
efficient manner [24,27,28].

Public health and healthcare systems are a different system
compared to tools (including technologies) developed for them.
Coming back to the oversight or common mistake and the reason for
the above mentioned pattern of delayed implementation, is that when
developing technologies or knowledge discovery for transferring to
healthcare systems, one generally neglects the health policy aspects
of the healthcare system [29]. The commonly used activity for such
translation [30,31], is technology transfer (TT), which is seen as the
activity of the migration of academic discoveries to useful application
in the development of marketable products or processes [32]. When
valorizing new technologies focus is generally to the market itself and
stays there. The push for healthcare implementation stagnates as a result
and can be very long say 20 years [24]. Scientific merit or just evidence
is not sufficient for real time uptake by healthcare. For example, the
technology’s clinical utility, which is a measure of the health care
value provided by the technology [33], is of relevance, as well as the
market authorization, reimbursement and insurance. Unheard terms
like Health Needs Assessment (HNA), Health Technology Assessment
(HTA) and Health Impact Assessment (HIA), collectively known as the
Public Health Assessment Tools (PHAT) [29,34,35], play an important
role in healthcare implementation and are used by health professionals,
doctors, decision makers or policy makers and are detrimental to
insurance and reimbursement policies regarding a technology.

HNA is a systematic method of reviewing the health issues facing a
population, leading to agreed priorities and resource allocation that will
improve health and reduce inequalities [34]. HTA is a multidisciplinary
process that summarizes information about the medical, social,
economic and ethical issues related to the use of a health technology in
a systematic, transparent, unbiased, robust manner. Its aim is to inform
the formulation of safe, effective, health policies that are patient focused
and seek to achieve best value [36]. This corresponds to interventions
and involvement in appraisals making HTA an influential tool to
inform decision-making [29]. HIA is a combination of procedures,
methods and tools by which a policy, program, or project may be
judged as to its potential effects on the health of a population, and the
distribution of those effects within the population [37]. In summary,
HNA identifies health priorities for a given population, HT'A evaluates
the performance of health care technologies and HIA assesses the
effects of policies, programs or projects on the population’s health [34].
The above mentioned terms are generally neglected during technology
transfer resulting in healthcare implementation delay [29].

Recently to resolve the bottleneck or roadblock a new framework
called the LAL (Learning-Adapting-Leveling) model has been
developed addressing healthcare implementation through and to the
end of the technology transfer activity [29]. The LAL model’s core
(Figure 1) lies at the pseudo-parallel initiation of TT and PHAT through
bilateral communication, feedback, public-private partnerships, and
consultation between the two enterprises to adapt, stop or further the
developing relevant technology based on its value to healthcare. Thus
saving time and resources and accomplishes in real time by minimizing
the delay of non or mis-communication between the different fields
i.e. technology transfer and PHAT. Also, early on involvement of all
stakeholders including the academic-industrial complex [23], health
professionals, doctors, insurance companies, policy makers, patient
groups, investors, etc. is within the framework of the model. In addition
the 10 essential tasks of the Public Health wheel [38], which will ensure
genome-based information and technologies, can be integrated into
public health are covered. The LAL model brings two different fields of
work for the first time together, i.e. technology transfer (TT) and the
public health assessment tools (PHAT) and early on involvement of
all stakeholders, public health integration and the value of information
generated [29]. Ethical legal, social, economic aspects and clinical
as well as personal utility [39-41], among others are covered in the
model [29]. The model operates as a feedback mechanism to adapt and
integrate new information and compensate through its collaborative
communication network. It works as an overarching framework
among frameworks within and between difference enterprises.

ITFoM also takes into consideration healthcare integration issues
by following the LAL model in its implementation plan. Although the
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Figure 1: The Learning-Adapting-Leveling (LAL) model-The LAL model is a
framework, which addresses the issue of real-time integration in healthcare
systems. The added value of the model is that for the first time it brings together
technology transfer and the public health assessment tools in parallel working
together by crosstalk (via public-private partnerships or PPPs), giving rise to the
innovation network, and in the process adapting the technology to public health
and society needs. By the time the technology roles out of the TT pipeline,
it is well suited to the conformity of PHAT, and to be taken up by decision
makers (DM). This model takes into consideration, the 10 essential tasks of the
public health wheel in the form of its 3 domains, namely policy development,
assessment and assurance. The model also takes into account the Value of
Information from the perspective of the developing technology’s relevance to
the end consumer, its processing ability or understandability to the user, and
exclusivity like intellectual property rights, which may restrict its wide usage.
This (innovation) network through PPPs has an optimal working function called
the absorption capacity [29].
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LAL model sets the stage for real-time uptake of relevant technologies
and information data for healthcare implementation and the
primordial soup for new policies in that direction, the development
of policies favoring relevant uptake is an important aspect. Based on
these polices which in part are contributed through recommendations
of HTA reports, actual implementation and acceptance of health
technologies or health information in healthcare settings are executed
and for the technologies, reimbursement and market authorization is
released. Policy tools in the form of guidelines have been developed by
the Public Health Genomics European Network [42], (www.phgen.eu )
complimenting ITFoM and the LAL model.

The Public Health Genomics European Network (PHGEN II) is a
European Commission DG SANCO (Directorate General for Health
and Consumer Affairs) supported project and constitutes partners
from all European Member States and observers. The aim of PHGEN
I is to develop European best practice guidelines for quality assurance,
provision and use of genome-based information and technologies by
different stakeholders at an EU level [42]. The scope of PHGEN II is
to assist EU Member States among others to develop relevant policies
for —omics integration in healthcare. These guidelines [42] are a meta
level guidance tool to further develop guidelines and are based around
the 10 essential task of the Public Health Wheel [38], as can be seen
from figure 2, which strives to integrate genome-based information
and technologies into public health. This brings in the field of Public
Health Genomics, which is the responsible and effective translation
of genome-based knowledge and technologies into public policy and
health services for the benefit of population health [43]. With final
dissemination of these guidelines to all Member States and advocacy
for policy implementation as well as set up of PHGEN National Task
Forces will help towards healthcare implementation of ITFoM and the
LAL model.

Discussion and Conclusions

Although functional dynamics as just a field of study can exist as a
research theme within systems biology, however for it to be useful to
medicine, personalized medicine, personalized healthcare and health-
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Figure 2: The 10 essential Public Health tasks—The 10 mentioned tasks are
given in the pie chart divided over the 3 public health domains of assessment,
policy development and assurance, with research being the core in all tasks.
The European best practice guidelines developed by PHGEN were based
around these 10 essential tasks [38].

care as a whole, knowledge generated and subsequent relevant tech-
nologies developed need to be readily absorbed by healthcare systems
in real-time. In order for that to happen the field while embarking on
such an endeavor should not neglect health policy aspects and all stake-
holders involved from an early on stage. The platform is set through IT-
FoM, the LAL model and PHGEN II for scientific, implementation and
policy-wise respectively for healthcare uptake. However, these levels or
steps can be achieved only once stability has been achieved with regard
to the challenges functional dynamics face with biological complexity
as previously stated. Moreover, environmental interactions add on to
this seemingly chaotic, but actually synergistic complexity. ITFoM and
related projects aim to address these two supposedly loose ends.

Another aspect of this implementation is the fact that there is a
shift from the ‘one shoe fits all’ concept of medical classification and
from stratified medicine to personalized and possibly individualized
medicine given the uniqueness and similarities of individuals; and
need to be taken into consideration when advocating for new policies.
The LAL model and PHGEN II supports this shift in priorities and
is already pre-existent within the core concept of ITFoM and related
projects of the “virtual patient”.

Systems biology coupled through the power of ICT seems to be the
future of medical research and beyond given its systemic complexity
and likely will benefit research and application of functional dynamics
through magnifying its computational power and inclusion of
environmental factors as a standard. Studying functions of molecules
and networks without the exposome is indeed incomplete. This
research will eventually push for personalized/individualized medical
as well as health interventions in the future.

Future Prospects

Functional dynamics has a bright future given the incremental
potential of ITFoM through systems biology. This is just not from a
scientific point of view but given the framework of the LAL model and
the policy in place through PHGEN II, active uptake by healthcare is
a possibility. What remains to be seen is how the ITFoM pilot project
develops its models further and integrates data both scientific and
environmental to its new ICT as well as developed infrastructure in
hardware and software. The impact of the translation of this research
and development into healthcare systems is hard to accurately predict
given the semi-theoretical nature of what is currently implied, but
what can be said is once accomplished it will greatly impact and
revolutionize healthcare as a whole. It will change for sure the doctor-
patient relationship. ITFoM tools can be used by both patients and
doctors among others to be decided, however this will change the role
each stakeholder plays and will bring it a new set of ethical, legal and
socio-economic implications and organizational changes currently
immeasurable.
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