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Abstract

Introduction—Translational systems biology approaches can be distinguished from mainstream
systems biology in that their goal is to drive novel therapies and streamline clinical trials in critical
illness. One systems biology approach, dynamic mathematical modeling (DMM), is increasingly
used in dealing with the complexity of the inflammatory response and organ dysfunction. The use
of DMM often requires a broadening of research methods and a multidisciplinary team approach that
includes bioscientists, mathematicians, engineers, and computer scientists. However, the
development of these groups must overcome domain-specific barriers to communication and
understanding.

Methods—We present four case studies of successful translational, interdisciplinary systems
biology efforts, which differ by organizational level from an individual to an entire research
community.

Results—Case 1 is a single investigator involved in DMM of the acute inflammatory response at
Cook County Hospital, in which extensive translational progress was made using agent-based models
of inflammation and organ damage. Case 2 is a community-level effort from the University of Witten-
Herdecke in Cologne, whose efforts have led to the formation of the Society for Complexity in Acute
Iliness. Case 3 is an institution-based group, the Biosystems Group at the University of California,
San Francisco, whose work has included a focus on a common lexicon for DMM. Case 4 is an
institution-based, trans-disciplinary research group (the Center for Inflammation and Regenerative
Modeling at the University of Pittsburgh, whose modeling work has led to internal education efforts,
grant support, and commercialization.
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Conclusion—A transdisciplinary approach, which involves team interaction in an iterative fashion
to address ambiguity and is supported by educational initiatives, is likely to be necessary for DMM
in acute illness. Community-wide organizations such as the Society of Complexity in Acute llIiness
(SCAI) must strive to facilitate the implementation of DMM in sepsis/trauma research into the
research community as a whole.
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INTRODUCTION

“The scale and complexity of today’s biomedical research problems demand that scientists
move beyond the confines of their individual disciplines and explore new organizational
models for team science. Advances in molecular imaging, for example, require collaborations
among diverse groups—radiologists, cell biologists, physicists, and computer
programmers...”

--NIH Roadmap for Medical Research: Research Teams for the Future (1)

“The current scientific understanding of both physiology and pathophysiologic processes is of
necessity reductionistic (e.g., is knowledge at the gene, gene expression or pathway level) and
does not constitute knowledge at the level of the systems biology of the cell, organ, or whole
organism, and certainly does not reach a systems understanding of the pathophysiology of
particular diseases. Reaching a more systemic and dynamic understanding of human disease
will require major additional scientific efforts as well as significant advances in
bioinformatics....”

--Food and Drug Administration White Paper: Innovation or Stagnation: Challenge and
Opportunity of the Critical Path to New Medical Products (2)

There is a general recognition in the field of critical care that there has been a failure of many
therapies for sepsis and related diseases, and that new approaches should be attempted. The
two statements quoted above demonstrate recognition by both the primary governmental
organization responsible for fostering the science behind the development of new therapeutics
in the U.S. (the National Institutes of Health) and the primary U.S. governmental organization
responsible for safeguarding the delivery of therapeutics to the public (the Food and Drug
Administration) that the complexity* [Footnote: * Terms that are in underlined italics are terms
referenced in the Online Modeling Glossary accesible at http://biosystems.ucsf.edu/Researc/
dictionary.html] inherent to many biological processes presents significant challenges to the
current biomedical research paradigm. The multiple interconnections, parallel pathways, and
feedback loops seen in many biological systems transcend cognitive evaluations of cause and
effect, contributing to the situation referred to by the two quotes above. From within the critical
care community Buchman (3) and Neugebauer (4) recognized in the mid-1990s that the acute
inflammatory system (AIR) behaved in this dynamically complex fashion. However, despite
the recognition that synthesis deserves the same degree of attention and structure as analysis
(4,5), it has proved challenging to identify how this can be accomplished in a formal way.
Systems biology approaches, in which extensive data are combined to understand (and ideally
predict) the behavior of an entire system, shows promise with regards to unraveling this
complexity.
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Dynamic mathematical modeling (DMM) is one aspect of systems biology shared with many
other disciplines, such as physics, chemistry, and engineering, and is central to classical
physiology. More recently, several groups (see below) have attempted to utilize DMM in a
translational fashion, with the idea that the current field of systems biology is oriented more
towards gaining basic insights than to the generation of novel therapies and the streamlining
of clinical trials. While the notion of translational systems biology and DMM may be attractive
in concept to clinicians and researchers in the field of critical illness, significant hurdles stand
in the way. Most bioscientists find themselves in unfamiliar territory when trying to utilize
even basic mathematical modeling tools. Therefore, these efforts need to incorporate
mathematicians, engineers, and computer scientists with whom bioscientists are generally
unacquainted.

The challenge, then, turns to the faciliation and development of collaborative transdisciplinary
teams. However, the compartmentalization of the scientific community has led to disparity
with respect to the language and vocabulary that is used in each community, a fact that was
dramatically evident in one of the first attempts to initiate a transdisciplinary dialog between
biomedical researchers and applied mathematicians in the setting of acute illness initiated
through the University of Cologne/Witten-Herdecke University at the 15t International
Conference on Complexity in Acute IlIness (6). The primary conclusion from that Conference
was that establishing a common basis of communication was of the utmost importance and
that a recurrent, iterative process was needed and would be necessary to reconcile the different
paradigms and expectations from within each community. Despite the growing recognition of
the need for transdisciplinary teams, and of some of the barriers to their development, there is
a paucity of guidance regarding the actual process of their creation (7). Therefore, we present
four case reports of the experiences of interdisciplinary groups of various sizes and interests,
all of which are involved in DMM related to acute inflammation. The report for each group is
divided into their Background, Methodology, Accomplishments, and Limitations and Lessons
Learned..

Case 1: The sole interdisciplinary scientist

Background—The first case is that of Gary An, who was a trauma surgeon in a clinical
setting at Cook County Hospital in Chicago at the time of the initiation of his modeling program
in 1999. Accordingly, his approach to DMM was prompted by clinical observation of the
inadequacies in the treatment of sepsis, and the gulf between the known cellular/molecular
pathophysiology and effective therapeutic options. Personal investigation led to contact with
the concepts of Complexity and Complex Systems Analysis (CAS) and the development in an
interest in DMM. Due to his clinical involvement and lack of formal training in mathematics
or computer science, An sought out methodologies and tools that were amenable to a novice
in both those fields. As a result, he focuses his research on utilizing Agent-based Modeling
(ABM) in the fashion described below.

Methodology—Agent-based Modeling is a modeling technique that consists of viewing a
system as a series of components that can be classified based on their rules of behavior. (For
a more extensive discussion see references 8,9). This modeling technique has an advantage for
modelers not extensively trained in mathematics by allowing agent rule systems to be expressed
as conditional statements (“if-then™) rather than equations. This property of ABM also makes
it well suited to translating the results of basic science research into an in-silico framework.
An uses an ABM software tool, Netlogo (10), which is semantic and similar to natural language.
Like many modelers, An functions without the support of a basic science laboratory;
accordingly, he relies upon published literature for the basis of his models. Additionally, he is
constrained by the properties of Netlogo software which, while it facilitates model construction,
is limited relative to the large computing facilities available to academic institutions or industry.
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His modeling focus is heavily influenced by the use of ABM insomuch it is hierarchical and
class-oriented, primarily treating cells as the core agent level.

Accomplishments—An’s initial models focused on the interaction between endothelial
cells and circulating inflammatory cells (8,9,11-13). These models followed the premise that
disordered systemic inflammation was propagated by interactions at this level and looked at
this interaction as a global proxy for total system behavior. Prompted by the unsuccessful anti-
cytokine sepsis trials in the 1990s, he simulated and prospectively reproduced a series of those
clinical trials using a model based on the state of knowledge at the time of their design (9). The
primary conclusion of this paper was the potential use of DMM/ABM as a “proof of concept”
test early in the drug discovery/clinical trial design process. The endothelial ABM, however,
could not recreate patterns of organ-specific behaviors. Accordingly, he developed an ABM
of an in vitro gut epithelial model (14), which led to combining the systemic communication
endothelial model with more organ-specific epithelial barrier function models for both the gut
(15) and the lung (16), and linked multi-organ failure in an abstracted way (17). In parallel, he
introduced a syntactical grammar to bind together the results from different researchers into a
community-wide, unified whole (18). An also developed a framework for modeling
intracellular signaling and synthetic pathways (19), in order to develop more finely grained
rule systems for cellular agents in trans-hierarchical modular models, and also to provide a
platform for discovering and evaluating intracellular targets for therapeutic intervention (20).

Limitations and Lessons Learned—The limitations affecting An are the paucity of time,
resources, and expertise to perform all the “real-world” tasks necessary to sufficiently
determine the validity and verity of a model, and thus move the model from the conceptual,
qualitative stage to a more applicable, quantitative one. Recognizing these limitations, An has
since moved to an academic environment at Northwestern University. This new environment
is expected to increase access to laboratory reference data sets, the ability to interact with
bioscientists, and entry into the academic network will all be facilitated by the move to
Northwestern, as well as providing the institutional infrastructure and track record that would
be more attractive to funding agencies.

Case 2: The University of Witten-Herdecke/Cologne Experience

Background—The group at the University of Witten-Herdecke in Cologne, Germany
(formerly at the University of Cologne) operates at the other end of the academic and
organizational spectrum, yet was driven by the frustration of Dr. Edmund Neugebauer with
the status quo of sepsis research (21,22). The emphasis of this group has been on attempting
to educate and shift the views of an entire community, with the idea that this could only be
accomplished with leadership from the upper levels of the community’s hierarchy (23,24). In
the critical care community, the role was fulfilled by Timothy Buchman from Washington
University.

Methodology—Starting from the 1990s, Neugebauer and Lefering sought collaboration
within his own institution with the Departments of Traumatology (Tjardes, Maegele) and
Applied Mathematics in Cologne (Seydel), Witten-Herdecke (an der Heyden) and Munich
(Muller), and attempted to increase awareness for the need for synthesis within the shock
research community. An interdisciplinary working group with regular meetings (IAG Math-
Med) was established with regular meetings.

Accomplishments—The research at the University of Witten-Herdecke has taken several

trajectories: efforts to standardize evaluation of the quality of data (meta-analysis and decision
tree approaches on experimental data) (22), the establishment, refinement, and utilization of

national injury/trauma scoring systems (25-27), as well as projects on modeling the auto
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regulation of blood-brain barrier, inflammation and coagulation using DMM. Additionally,
this group spent considerable energy on mentoring and raising awareness for the need to involve
complex systems in critical illness research. Ultimately, and with collaboration with Dr. An
the University of Pittsburgh group (see below), the Society for Complexity in Acute Iliness
(SCAI; www.scai-med.org) and its annual meeting (the International Conference on
Complexity in Acute IlIness [ICCAI; www.iccai.org]) were formed.

Limitations and Lessons Learned—SCAl serves as a center for discussion and
collaboration for the critical care modeling community, and also as a forum for outreach to
integrate modeling into general medical research. To be effective, however, SCAI requires
institutional trans-disciplinary research centers to produce the quality data needed to sway
opinion and provide the basis for accepting DMM as a valid biomedical research tool.

Case 3: The Biosystems Group at the University of California, San Francisco

Background—The Biosystems Group was formed in 1999 by Anthony Hunt as a primary

site for computational systems biology research at UCSF. The primary rationale for its creation
was to facilitate the development of new therapeutic options in the treatment of acute illness
by lowering the boundaries to the application of DMM and simulation towards this goal.

Methodology—The group’s research focuses on new methods for building in silico
analogues of in vitro and in vivo systems. Having a primary focus on education from the outset,
effort was also directed at establishing a means by which student researchers from different
domains could become aware of particular approaches of systems biology, and to access tools
and expertise to assist in their areas of research interest. As such, this group has emphasized
communication among established academic groups to enable evolution and growth of new
ideas and concepts. An intranet framework with an internal “wiki” (http://en.wikipedia.org/
wiki/Wiki) process, similar to the CIRM SharePoint® tool (see below), helps foster
communication and distribution of knowledge within the group. On the research side, the group
relies in part on modeling and simulation frameworks developed for use in other domains
(Mason http://cs.gmu.edu/~eclab/projects/mason/, Swarm http://swarm.org/wiki/Main_Page,
and RePAST http://repast.sourceforge.net/).

Accomplishments—The group quickly came to the same realization described by
Neugebauer above (6): the establishment of a common lexicon was necessary because
ambiguities in terminology strained trans-domain communication. This realization provided
the initial impetus for the development of an online Dictionary of Mathematical Modeling
Terms, whose goal has been to provide a means by which ambiguity could be either resolved
(in circumstances of simple lack of knowledge) or cataloged based on context. The dictionary/
glossary is being utilized in this manuscript for terms that are underlined and italicized, and
can be accessed at http://biosystems.ucsf.edu/Researc/dictionary.html. The Glossary is
constantly evolving, using iterative negotiation to resolve tensions as they emerge from
differences in language use.

As mentioned above their models are designed to be working analogues of referent biological
systems. Components of their in silico liver (28) and in silico hepatocytes (29,30) map logically
to identifiable biological components. Their epithelial morphogenesis models (31,32) are
beginning to be used by wet-lab colleagues to bring clarity to the principles that govern how
this important cell type functions under stress, both in vitro and in vivo.

Limitations and Lessons Learned—Because the BioSystems Group lies on the path from

Case 1 (An) to CIRM in Case 4, it has experienced the challenges of both cases. The structure
of academe facilitates the flow of resources toward the most vigorous of the established
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domains. Insuring the intellectual viability of an interdisciplinary group and its projects
requires more creativity, time, and energy than would be required of a similar research
enterprise within an established domain. The research is transdisciplinary; the methods are
interdisciplinary. Consequently, group members—not the colleagues from different,
established domains—have learned that they need to take responsibility for establishing and
maintaining effective communication between project participants, regarding any aspect of
modeling and simulation. Deliberately designing simulations to be interesting and reasonably
understandable at the model observer level across all of the represented domains has helped
lower barriers to productive communication.

Case 4: The Center for Inflammation and Regenerative Modeling (CIRM), University of

Pittsburgh

Background—The multi-disciplinary team for DMM of acute inflammation had its genesis
at the University of Pittsburgh in 2000, and was formalized into the Center for Inflammation
and Regenerative Modeling (CIRM; www.mirm.pitt.edu) in late 2004. While it was spurred
by a group of individuals, the eventual formation and structure of the CIRM required cross-
departmental collaboration and support among the Departments of Surgery, Critical Care
Medicine, and Mathematics. Important energy towards the establishment of the CIRM was
derived from the interdisciplinary McGowan Institute for Regenerative Medicine
(www.mirm.pitt.edu). Each of the principals involved in the eventual formation of the CIRM
had a fair amount of exposure to another field: a medical doctor with a physics background
(Gilles Clermont), a mathematician with a neuroscience background (Carson Chow), and an
inflammation biologist with a background in mathematics and computer science (Yoram
Vodovotz).

Methods—The CIRM uses both equation-based and agent-based models in its simulations,
which are geared towards rapid translation in the form of simulated clinical trials and
quantitative predictions. The group has also explored basic insights into the biology of
inflammation and organ damage. One mechanism employed at the CIRM in order to increase
the efficiency of the team-based process is depicted in Fig. 1. In order to keep the
interdisciplinary project on task, CIRM investigators use the Microsoft SharePoint®
application and its messaging, tasking, and teleconferencing capabilities. This approach is used
widely in industry.

Accomplishments—The CIRM has concentrated its efforts on translational modeling of
inflammation and organ damage in the settings of sepsis and trauma (33-36), using large
mathematical models to make quantitative predictions and to simulate clinical trials. In
conjunction, however, this group has also utilized smaller models to address basic questions
in acute inflammation (37-39) as well as developing methods for calibration of mathematical
models to data (40). The group at Pittsburgh has established a graduate level course on the
application of mathematical modeling to inflammation (“A Systems Approach to
Inflammation” (http://www.pitt.edu/~cler/mscmp3780/mscmp3780.htm), with the intent to
develop multi-disciplinarily trained researchers for the future. Importantly, this work has been
funded by various funding agencies, including the NIH and Commonwealth of Pennsylvania,
and has resulted in the commercial translation in the formation of a company (Immunetrics,
Inc.) that has begun to bring DMM to the arena of pharmaceutical companies developing sepsis
therapies (41) (Note: GA, YV, and GC are consultants to Immunetrics, Inc.).

Limitations and Lessons Learned—While in many ways the CIRM approach represents
an ideal means of establishing a transdisciplinary research group, it does have some limitations
as a model for others to follow. The individual commitment of each of the founders was
considerable and the latitude allowed them by their respective departments laudable. As
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mentioned above, each had at least some experience in the others’ field of expertise. It may be
argued that the CIRM experience is the exception that proves the rule that it is difficult to find
people willing to invest a large degree of effort into re-educating themselves in a foreign
scientific field. Finally, the porosity of internal inter-departmental barriers that was necessary
for the development of the group is, sadly, atypical for most academic institutions.

DISCUSSION

The experiences described above take place in vastly different environments and at different
scales of organization, but common themes can be identified with respect to the challenges and
the approaches to dealing with them. Furthermore, it is useful to identify the limitations of the
various experiences, and examine how these can be resolved by returning to the common
thematic elements. The following is a list of fostering characteristics at each organizational
level:

1. The Individual: All the researchers involved in this paper have training, either formal
or informal, in disciplines outside their primary area of expertise. This gives them a
broad base of experience that allows then to decide if they are convinced of the utility
of DMM for their own research.

2. The Institution; In all the institutions there was the recognition, either explicit or
implicit recognition of a need for a paradigm shift. However, since institutions are
intrinsically conservative, a catalyst was needed to initiate this reaction/process. In
each case this came from the type of individual noted above. Furthermore, the
institutions needed to have a pre-existing flexibility to act across inter-departmental
barriers, either to foster trans-departmental projects, or allow the development of more
freestanding research centers/groups that could operated outside those barriers.

3. The Community: The larger the organization, the greater the resistance to change.
However, there is recognition that some “new” way of doing things must come to
light. There must be individuals positioned high enough within the organizational
hierarchy (such as Drs. Buchman and Neugebauer) to be able to nurture and shepherd
the basis of a paradigm shift, and there must be institutions available to produce the
quality data to back up the claims. Grassroots support for this effort must also exist:
leaders cannot by themselves create such a paradigm shift.

Each organizational level, however, has limitations, and these are briefly summarized below:

1. The Individual: As mentioned before, the solo practitioner cannot move beyond the
conceptual or prototyping stage due to limitations of time, resources and expertise.

2. The Institution; Inter-departmental barriers and competition result in hierarchies of
priority with respect to funding and resource allocation. It may be difficult to convince
the power structure to allocate scarce resources to novel, and heretofore, untested,
ideas.

3. The Community: The resistance of an organization to change is exponentially related
it its size. The “proof of concept” that is needed to sway such a community requires
the efforts and resources of multiple institutional projects.

Therefore, Figure 2 demonstrates the nested, hierarchical and recursive nature of these
relationships. Individuals must be the catalyst for these endeavors. Institutions provide the
generation of data and establishment of proof. Community level organizations like SCAI
provide cohesion and direction for the introduction and advancement of these concepts as we
move towards a paradigm shift.
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CONCLUSIONS AND FUTURE DIRECTIONS

As the quotes at the beginning of this article point out, biomedical research has reached a
crossroads, and it has become increasingly clear that the road that needs to be taken leads
towards greater cooperation, increased collaboration and widened horizons. The complexity
of the challenges facing the critical care community requires the intellectual resources of the
community as a whole. We hope that the case studies described in this manuscript will provide
guidance in the development of transdisciplinary research groups engaged in translational
systems biology; from the level of stimulating individual exploration to the establishment of
institutional centers and collaborations to utilizing the resources that have been developed for
the entire research community in the form of SCAI. These are exciting times that hold the
promise for systems-level efforts to break through longstanding barriers to therapies in the field
of acute illness. We at SCAI will do our part to support individual intellectual curiosity to
embark on these efforts, as well as to encourage institutional and community-wide support and
nurturing.
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Figure 1. Interdisciplinary mathematical modeling process at the CIRM

Aniterative process of modeling and idea generation is initially established. Modeling is carried
out based on the initial concepts of the initiating investigator and later through the interaction
of the interdisciplinary group (red arrows indicate idea flow). Purple indicates interactive effort

with CIRM personnel.
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Figure 2. Structural Relationship between Multiple Organizational Levels in the Mathematical

Modeling Community

Each organizational level within the modeling community can be seen as having a similar
internal structure. At each level the challenge of integrating the new research paradigm is
addressed using a communication process based on iterative negotiation. These organizational
levels are nested, insomuch the output at each level is the input for the next, higher level
organization. The output of the entire community, as the concepts related to modeling gain
acceptance, then provides positive feedback at the lower levels by increasing individual interest

and supporting institutional commitment.
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