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Health care is undergoing a profound technological and digital transformation and has become increasingly complex. 
It is important for burns professionals and researchers to adapt to these developments which may require new ways of 
thinking and subsequent new strategies. As Einstein has put it: “We must learn to see the world anew.” The relatively 
new scientific discipline “Complexity science” can give more direction to this and is the metaphorical open door that 
should not go unnoticed in view of the burn care of the future. Complexity science studies “why the whole is more 
than the sum of the parts.” It studies how multiple separate components interact with each other and their 
environment and how these interactions lead to “behavior of the system.” Biological systems are always part of 
smaller and larger systems and exhibit the behavior of adaptivity, hence the name complex adaptive systems. From the 
perspective of complexity science, a severe burn injury is an extreme disruption of the “human body system.” But this 
disruption also applies to the systems at the organ and cellular levels. All these systems follow the principles of 
complex systems. Awareness of the scaling process at multilevel helps to understand and manage the complex 
situation when dealing with severe burn cases. This paper aims to create awareness of the concept of complexity and 
to demonstrate the value and possibilities of complexity science methods and tools for the future of burn care 
through examples from preclinical, clinical, and organizational perspectives in burn care.

Burn care has undergone a revolutionary development in 
recent decades. Where survival from a severe burn was an 
exception in the western world, it now has become the rule 
even for victims at the extremes of age.1 This progress has 
been facilitated by many relevant developments in science, 

medicine, nursing, microbiology, welfare (hygiene), en-
gineering, and computer science. Care no longer focuses 
solely on survival and wound healing, but also to a large 
extent on the quality of life, psychological well-being, and 
reintegration of patients into society. Age and comorbidities, 
notably multifactorial chronic diseases, such as diabetes and 
obesity adversely influence the disease process and recovery 
of the patients.2 Burn care thus has become more com-
plex. Although many burn care professionals do not realize 
this, working in a burn center means working in a complex 
adaptive system amid many other complex adaptive systems.

From the perspective of complexity science, the body 
can be considered as an operating complex adaptive system 
consisting of many complex adaptive systems on smaller 
scales (like organs, tissues, cells) and larger scales (society). 
The body’s systems are normally in balance and show re-
covery through self-organization and buffering. In a severe 
burn, multiple systems which are dynamically interconnected 
can become noticeably unbalanced leading to burn shock, 
acute renal failure, and/or psychological derailment, for ex-
ample. Complex systems can be present at different levels and 
complexity science can also be used for research purposes to 
study processes at the cellular, physical, and societal levels. 
The individual cell is already a complex system with its own 
metabolism, division, communication, migration, DNA as-
sembly, and so on. From a metalevel, human individuals can 
be studied as a complex system where every person is part of 
human networks and have interaction. It, therefore, means 
that not only burn care itself, but also the burn research can 
benefit from it.

This perspective paper is written to lift the tip of the veil in 
terms of the added value of complexity science for the future 
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of burn care and its research. The aim is to raise awareness of 
the concept of complexity and the interesting similarities of its 
concept at macro-scale (society), human scale (patients), or 
microscale (like the cellular level). This will help to understand 
the overall processes of systems which burn care professionals 
have to deal with. The ultimate goal would be to improve 
burn care for the benefit of the individual patient. The basic 
principles of complex systems and complexity science will be 
discussed and their potentials for health care professionals via 
realistic examples.

COMPLEXITY SCIENCE AND COMPLEX 
SYSTEMS

Complexity Science
Complexity science is a relatively young science that can play 
an important role in scientific progress and understanding of 
the more complex physical, biological, and social systems than 
the traditionally applied reductionist thinking.3 It must be ac-
knowledged that the classic reductionist approach has led to 
many scientific advances and discoveries in the past like ana-
tomical dissection has provided a lot of knowledge about the 
components and structure of the human body. The reduc-
tionist approach means to understand “the whole” by studying 
individual components; however, it misses the interaction be-
tween the individual components. This interaction is crucial 
in many systems such as in biology where the whole is more 
than just the sum over all components. This is what makes 
complexity science so relevant in this modern era because it 
takes a more holistic view of systems. Complexity science sees 
natural systems as “open,” with boundaries that are not always 
evident, constantly adapting to the pressure of the environ-
ment.4 It regards small components as part of a larger whole 
and it accounts for the interactions between the components 
that give complex behavior. Knowledge and application of the 
principles of complexity theory make many situations more 
understandable and provide opportunities for adaptation and 
anticipation.5 On the other hand, understanding the principles 
of complex systems does not make the systems completely pre-
dictable, but it allows quantification of uncertainty in outcomes 
given different perturbations or signals affecting the state.

Complex (Adaptive) Systems
Complex systems, such as the human immune system, the 
neural network of our brains, the body itself, the Internet of 
Things, the global economy, stock markets, and traffic are 
omnipresent and are part of our daily life. Although totally 
different in subject matter, these systems show remarkable 
similarities in their structure and dynamics, which is so typical 
for complex systems.

There is no uniform definition for the concept of com-
plex systems, but it can be described as systems in which large 
networks of components with no central control and simple 
rules of operation give rise to complex collective behavior, 
sophisticated information processing, and adaptation via 
learning or evolution.6

Complex systems have structural and dynamic character-
istics. The structure contains multiple components, organ-
ized into networks that interact within the network and other 
networks at different levels, which is called multi-scaling. 

Dynamic features of such systems are nonlinearity, emergence, 
unpredictability or limited predictability, and buffering. 
Table 1 lists the most relevant features.

In biology, most complex systems are adaptive in nature. 
Such systems are called complex adaptive systems.7 The body 
is a complex adaptive system made up of many complex 
adaptive systems such as the immune system. The immune re-
sponse of the body shows typical characteristics of a complex 
adaptive system because it consists of multiple actors, that is, 
“agents” (eg, cytokines, immune cells) acting independently 
to tackle a threat (inflammation). Depending on the task at 
hand, they influence the state of the body’s immune system 
and give rise to stable and meta-stable conditions, thereby 
exhibiting self-organization. These conditions emerge be-
cause of the agent interactions and cannot be attributed to the 
action of a single entity. The new system states in turn alter the 
agents themselves thus resulting in co-evolution of the system 
and actors involved. Such complex adaptive systems are not 
restricted to microscopic systems. They also spontaneously 
evolve at meso-level, (the human body) and at macroscopic 
level (such as the structure of a care organization and even on 
a global scale). Figure 1 illustrates the range from microscopic 
to macroscopic level of interest to health care professionals.

The world has recently been confronted with the perfect ex-
ample in this: the COVID-19 pandemic is a clear, noticeable, 
and sensible example of a complex adaptive system. A small 
incident at the end of 2019, where the coronavirus SARS-
CoV-2 infected the first human somewhere on the globe, be-
came a worldwide problem within only a few months. This 
example distinctly shows the nonlinearity of the system re-
sponse and clearly demonstrates another characteristic of 
complexity: multi-scaling. Initially, the virus started evolving 
at its own (cellular) micro-level, then exploited a human body 
at macro-level, and the infections cascaded to disrupt a much 
larger system, the society, even beyond health care, including 
aviation and the whole global economy.

We have already established that the burn injury affects a 
patient as a complex system at multiple levels. So, it is time 
to have a closer look to provide examples from different 
perspectives:

 - Clinical perspective on interventional strategies which 
would arise from treating burn care as a complex 
system, to improve medical decision-making and ap-
plied clinical research. It is also relevant to consider the 
organizational (meta-)perspective: the structure and dy-
namics of the burn care team that work in a complex 
system of hospital organization and the general health 
care system.

 - The perspective of fundamental research. In this manu-
script, we will take a closer look at the biological (micro-
scopic) perspective: understanding processes at cellular 
and tissue levels with system biology and computational 
tools, which are available to model and simulate the 
complexities associated with burn wound healing.

COMPLEXITY IN THE PERSPECTIVE OF 
BURN CARE

A severe burn injury is a major life event for every patient 
that will affect physical, mental, and social functioning. In the 
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Dynamic features of such systems are nonlinearity, emergence, 
unpredictability or limited predictability, and buffering. 
Table 1 lists the most relevant features.

In biology, most complex systems are adaptive in nature. 
Such systems are called complex adaptive systems.7 The body 
is a complex adaptive system made up of many complex 
adaptive systems such as the immune system. The immune re-
sponse of the body shows typical characteristics of a complex 
adaptive system because it consists of multiple actors, that is, 
“agents” (eg, cytokines, immune cells) acting independently 
to tackle a threat (inflammation). Depending on the task at 
hand, they influence the state of the body’s immune system 
and give rise to stable and meta-stable conditions, thereby 
exhibiting self-organization. These conditions emerge be-
cause of the agent interactions and cannot be attributed to the 
action of a single entity. The new system states in turn alter the 
agents themselves thus resulting in co-evolution of the system 
and actors involved. Such complex adaptive systems are not 
restricted to microscopic systems. They also spontaneously 
evolve at meso-level, (the human body) and at macroscopic 
level (such as the structure of a care organization and even on 
a global scale). Figure 1 illustrates the range from microscopic 
to macroscopic level of interest to health care professionals.

The world has recently been confronted with the perfect ex-
ample in this: the COVID-19 pandemic is a clear, noticeable, 
and sensible example of a complex adaptive system. A small 
incident at the end of 2019, where the coronavirus SARS-
CoV-2 infected the first human somewhere on the globe, be-
came a worldwide problem within only a few months. This 
example distinctly shows the nonlinearity of the system re-
sponse and clearly demonstrates another characteristic of 
complexity: multi-scaling. Initially, the virus started evolving 
at its own (cellular) micro-level, then exploited a human body 
at macro-level, and the infections cascaded to disrupt a much 
larger system, the society, even beyond health care, including 
aviation and the whole global economy.

We have already established that the burn injury affects a 
patient as a complex system at multiple levels. So, it is time 
to have a closer look to provide examples from different 
perspectives:

 - Clinical perspective on interventional strategies which 
would arise from treating burn care as a complex 
system, to improve medical decision-making and ap-
plied clinical research. It is also relevant to consider the 
organizational (meta-)perspective: the structure and dy-
namics of the burn care team that work in a complex 
system of hospital organization and the general health 
care system.

 - The perspective of fundamental research. In this manu-
script, we will take a closer look at the biological (micro-
scopic) perspective: understanding processes at cellular 
and tissue levels with system biology and computational 
tools, which are available to model and simulate the 
complexities associated with burn wound healing.

COMPLEXITY IN THE PERSPECTIVE OF 
BURN CARE

A severe burn injury is a major life event for every patient 
that will affect physical, mental, and social functioning. In the 
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acute phase, the impact of the injury and the complexity of 
the body’s response is illustrated by the systematic (hyper)
inflammatory response, known as burn shock, which occurs 
within hours after injury. This is a complex condition where 
cytokines and other inflammatory mediators are released at 
the site of injury which will act on many organ systems and 
become systemic.8 Alongside the inflammatory mediators, 
stress hormones such as catecholamines and cortisones are 
released by the adrenal glands. A  severe burn injury results 
in an abnormal uncontrolled distributive shock response.9,10 
Microvascular changes such as increased vascular permeability 
and hydrostatic pressure will take place. A  fluid shift occurs 
from intravascular to extracellular which leads to hypovo-
lemic shock with low blood pressure and high pulse as well 
as edema at the same time. This will result in Inadequate ox-
ygen delivery to organs and insufficient elimination of tissue 
metabolites.

From the point of view of complexity science, this system-
atic inflammatory response can be described as a nonlinear 
reaction in which a multicomponent network structure has 
become out of equilibrium. If a burn shock is not treated ap-
propriately, it will have an impact on many organs and may 
even lead to death. By using the system biology approach, 
new ways to address the gap between basic scientific knowl-
edge and therapy for sepsis can be explored.11

At skin level, on a burn wound, a burn shock may lead 
to burn wound progression by inadequate tissue perfusion 
and poor elimination of tissue metabolites.12 In other words, 
better shock treatment in the acute phase may lead to better 

scar quality in the long term in which case it will ultimately 
lead to a better quality of life and even a better reintegration 
of a patient into society.

In daily clinical practice, it is useful to be aware of the com-
plexity of the situation. If we want to calculate and predict 
a priori the number of ventilation days in an intensive care 
unit for a 60-year-old man with 67% burned body surface and 
inhalation injury, we will most likely arrive at an inaccurate 
estimate. Why is it so difficult to predict accurately? Firstly, 
because countless numbers of other measurable and immeas-
urable relevant parameters also influence the disease process, 
and secondly, because the medical team is constantly acting on 
the changing parameters. And that is exactly what a multidis-
ciplinary team at a burn center must do every day, where such 
complex situations must be constantly dealt with. Why is it 
then that the concept of complexity science is not recognized 
and embraced widely? This can be explained, at least in part, 
by the dated organizational foundations of hospitals that have 
functioned well in the past when health care was less complex. 
Modern, often technical, and ICT-oriented companies do not 
have this inhibiting lead from the past. In the technological 
world, startups are finding their own way to new organiza-
tional structures where the employees have more autonomy, 
there is a higher adaptability and higher efficiency. They make 
the networking and complexity concepts work for them and 
if they are successful and want to grow, they can adapt and 
expand. Therefore, the modern hospital systems should adapt 
and organize themselves to handle such complexities both 
at the clinical and organizational levels.13,14 The value-based 

Figure 1. Multi-scaling in health care. The figure illustrates the range from microscopic to macroscopic level of interest to health care professionals 
which ranges from the smallest (molecular) level to human (patient) level even up to society and global level. All the processes at all these levels 
work as complex (adaptive) systems.
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health care approach is therefore interesting as it favors to 
center multidisciplinary care around one medical condition 
and enables personalized care.15 Complex burn care is ideally 
suited for this approach.

In the long term, the impact of the thermal injury is il-
lustrated by the physical, mental, and social aspects during 
rehabilitation. Reintegration into society and a quality of life 
comparable to the population without burns are the highest 
possible long-term goals of our treatment. It is already ob-
vious that the patient’s recovery path to this goal cannot be 
explained from linear causal models. We know, for example, 
that there is no single factor that is consistently predictive 
of quality of life after a burn accident apart from gender.16 
Although the quality of life after burns is affected by the se-
verity of burns and the psychological response to the trauma.17

The eventual recovery of the patient might be explained 
by complex interactions between etiological, systems biology 
(how does your body adapt after burns), biomedical, health 
system, treatment, psychological, social, environmental, and 
behavioral factors. Interesting is the important role of coping 
self-efficacy in the recovery from traumatic stress following 
burn injuries.18 A preliminary model by our group showed the 
complexity that a burn wound entails for the patient which is 
summarized in Figure 2.

Decision-support models and interactive computer-based 
systems may help with making decisions, utilizing available 
patient data and clinical knowledge. For example, by mapping 
essential nodes/ variables of an individual patient, a prediction 
can be made of recovery over time, and how much, where, 
and what support is needed for that recovery. This approach 
has also been advocated in the psychological sciences.19,20

If we want to get a better picture of whether and how the 
quality of the care provided from the patient’s point of view 
influences the long-term patient-relevant outcome (ie, value-
based health care), complexity science may provide us with 
new insights and a cross-chain way of looking and acting. The 
patient, their health care environment, and society are com-
plex systems, and the care provided in a burn center is a vari-
able in relation to many others. For the benefit of the patient, 
it is therefore also relevant to collaborate with systems outside 

of a burn center, such as employers, social security systems, 
mental health care may be needed to achieve the best possible 
outcome for each patient.

Severe burn injuries have to be treated multidisciplinary, 
and physical, psychological, and social aspects have to be taken 
into account from the beginning of the treatment.21 The pur-
suit of providing the most effective, personalized care for the 
individual patient while taking all these aspects into account 
is a major challenge for burn care teams. Worldwide, many 
different treatments are used in burn care for many different 
situations, and it is hardly known which treatment is superior 
to another for which indication.

In general, teams mostly stick to their handling of choices 
based on experience gained in their burn center. Having 
experience with a product is a good thing, but it makes 
implementing new, potentially promising treatments difficult 
because there is always an experience lag. For each new treat-
ment, a learning curve is inevitable, and this curve will create 
some barriers to implementation.

To create more consistency in treatments, national and in-
ternational organizations have developed and implemented 
evidence-based guidelines to aid in all sorts of medical deci-
sion-making. Various international guidelines have now also 
become available for burn care.22,23

Although guidelines have been developed with good 
intentions, it can be said a priori that their role in burn care 
is limited. In fact, care must be taken not to over-apply 
the guidelines for complex burns. Why can we say this so 
confidently?

The clinical reality in a burn center is mostly too complex to 
be compressed into a guideline. When developing guidelines, 
the clinical situation is often simplified to a kind of linear cau-
sality, which often leads to overly simple decision-making 
processes. The evidence for the guideline comes from arti-
ficially controlled research that does not fit the realities of 
practice.24 There is a growing number of treatment options, 
and more and more patients have one or more multifacto-
rial chronic diseases. This makes doctors and patients increas-
ingly uncertain about the choices they make in the field of 
diagnostics and treatment.25,26

Figure 2. Model of factors and interactions for recovery of a burn patient. Stock and flow diagram representing the system of outcome after burn 
injury in perspective of the patient. The diagram is based on a causal loop diagram.
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To anticipate the increasing complexity, burn centers 
should collaborate more intensively and work as a node in the 
network so that data and knowledge can be shared. Now some 
countries have a national outcome registry but ultimately 
and ideally this should become an international network.27 
By using such (inter)national outcome registers in combina-
tion with value-based health care, it is possible to establish 
the value of care for patients at group level, but also to tailor 
treatment to each individual need. A plan-do-check-act cycle 
at patient level would enable to adjust and optimize the after-
care of each patient and at cohort level for analysis.

Organizational Perspective of Burn Care Team and 
Complexity
The work in burn centers worldwide is performed by multi-
disciplinary teams nowadays. This is a truly significant prog-
ress because burn patients became too complex to be treated 
effectively by a single specialist.21 Therefore, it has been 
suggested to organize burn care teams as complex adaptive 
systems.28 A plea has been made to evolve toward a nuanced 
system thinking where there is a continuous learning situation 
with stronger feedback loops and where system behavior can 
also be unbalanced, creating momentum for change.29

More frequently, the term “interdisciplinary” has been used 
instead of “multidisciplinary,” probably because it places more 
emphasis on the necessary interaction between team members 
(this might be considered a tautology). In line with complexity 
leadership, we embrace the term “metadisciplinary,” whereby 
each team member has their responsibility and will act based 
on their expertise, but he/she is also able to think for the en-
tire group and other team members. It makes the team adapt-
able and able to respond well to new situations. Although it 
is more efficient to adapt strongly to real-time changes, the 
natural tendency of people faced with complexity is still to re-
spond hierarchically and manage change from above.30 Health 
care itself is intrinsically dynamic, but it often appears to be 
at a stable state, because of deep-seated behaviors, cultures, 
and politics that tend to cause inertia.31 Institutions that focus 
more on complexity leadership build more adaptability in 
their systems and enable adaptive responses and emergence.

The role of new technological developments will certainly 
also play a major role in the changes in health care in the 
future. The COVID-19 pandemic demonstrated this well: 
forced by all restrictions, technologies for video calling and 
online teaching are being implemented at high speed. This 
brings about a crucial change in the way health care is or-
ganized. “Never let a good crisis go to waste” is a saying of 
Winston Churchill in the mid-1940s and fits perfectly into 
the current situation. Other technologies for monitoring 
parameters of the patient at the ICU or nowadays even at 
home also are being implemented.

Complexity is also a useful framework for optimizing safety 
and disaster management from a medical perspective.32 It is 
useful to look at developments in aviation where complexity 
science and disaster management are already more common-
place. The reason for this is that a disaster in aviation has 
much more impact. Many people die in a plane crash, in-
cluding the flight crew. This is an important difference be-
tween aviation and health care because in health care there 
is no risk of a (near) fatality for professionals. In that respect, 

the COVID-19 pandemic is, again, exception to the rule be-
cause health workers are also at risk. The many disasters and 
fatalities from the past provided an intrinsic motivation in avia-
tion to deal with safety and disaster management in a different 
way. At first, it was assumed that the pilot was mostly respon-
sible for a crash. But disaster research showed that the pilot’s 
actions were only part of the bigger picture, and there were 
many factors that contributed to a tragic accident. In other 
words, the complexity of a disaster is better valued, so that the 
essence of the problem is better understood. An important 
conclusion was that accidents cannot just be explained by an 
error of the pilot, this way of thinking is far too simple. A par-
adigm shift followed and lead to more restorative questions 
to ask “how did it happen?” and “what are the needs of the 
persons involved?” instead of “who did it?” 33 The evaluation 
of the plane crashes played an important catalytic role toward 
just culture in aviation. Just culture is intended to address the 
anxiety about blame-free approaches on the one hand, and 
concerns about people’s willingness to continue reporting 
safety-related matters on the other hand.33

Medical situations are usually much more complex than in 
aviation. Health care can use the lessons learned in aviation 
and emulate aviation in its resourcing of staff who specialize 
in human factors and related psychological aspects of patient 
safety and staff well-being.34

COMPLEXITY IN THE PERSPECTIVE OF 
FUNDAMENTAL RESEARCH

Significant advances have been made in recent years in preclin-
ical burn wound research, for example, investigating cellular 
and molecular processes responsible for burn wound healing 
and scarring.35–37 However, knowledge culminated from tra-
ditional preclinical studies alone, which are normally focused 
on just a small part of the entire mechanism, has limited the 
ability to sufficiently understand the underlying mechanism to 
predict system behavior.

Traditionally, biological systems were studied 
reductionistically, by taking them apart and collecting knowl-
edge about the small subsystems. For instance, one of the 
main focuses has been the role of the tumor growth factor 
(TGF)-β in both wound healing and scar formation. Three 
isoforms were found, that is, TGF-β1, TGF-β2, and TGF-
β3 with overlapping functions. Initially, it was suggested 
that TGF-β1 was responsible for fibrotic scarring, whereas 
TGF-β3 was related to scarless wound healing (seen in fetal 
wounds). However, the reality appears to be far more com-
plex, and it is unlikely that simply altering the ratio of TGF-β 
isoforms will lead to scarless wound healing.38 This is because 
a burn wound is a complex systemic phenomenon at multiple 
levels. When a variant or pathway of a factor is discovered that 
could play a role in burn wound healing, a new subvariant/
subpathway appears to be lying underneath, and this dis-
covery process goes on and on. Of course, data generated 
from studies focusing on a part of the system, investigating 
subsystems, are very important. However, to integrate small 
parts into a larger whole, whereby all kinds of related bio-
logical facts are combined in a model to better understand 
the complexity of the entire biological system of burn wound 
healing, the systems biology approach is crucial.
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To understand processes in the body’s response to a burn 
injury at a preclinical level, the systems biology approach can 
be employed. This approach uses preexisting data from the lit-
erature combined with newly generated data from laboratory 
experiments to develop representative models (eg, dynamic 
computational models) for processes involved in burn wound 
healing (eg, the postburn immune response).39,40

Using computational modeling, many small puzzle pieces 
of data about burn wound healing can be investigated to re-
veal and visualize hidden patterns and connections, which 
cannot be inferred directly by the human brain, which can 
result in new insights and better understanding. This will 
be described in the next section: “Perspective on the com-
putational tools.” For this, it is crucial that there is a good 
interaction between preclinical burn wound research (eg, 
tissue engineering and organogenesis) and systems biology/
complexity science in order to get more insight into the com-
plexity of burn wound healing by investigating the “commu-
nication” and interactions between the cells and molecules 
within the burn wound (as shown in Figure 3).

Computational Tools to Model Burn Wound 
Complexity
Numerical modeling and simulations have been used in 
various fields to understand and predict the dynamics of 
complex systems.41–44 The scale or scales associated with 
the system should be considered before deciding on which 
computational tools to employ for the modeling process.

Burn wound healing is a multiscale process. The tem-
poral scales (ie, time-related scales) involve microseconds for 
cytokines and other factors secretion, seconds for solute dif-
fusion, minutes for immune cell chemotaxis, hours for blood 
clotting and necrosis, days for vascularization, and weeks for 
scar formation and months up to years for systemic inflam-
mation reduction. Similarly, the spatial scales (ie, scales re-
lated to space) involve, proteins and factors at nanometer 
level, cells at micrometer level, and organs at decimeter level. 
A single computational tool may not suffice to handle these 
multiscale processes and interactions. However, an ensemble 
of numerical methods may be coupled at various scales to 

Figure 3. Model of factors and interactions for burn wound healing dynamics. Causal loop diagram displaying the complexity of burn wound 
healing by investigating the interactions between the cells and molecules within the burn wound.
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decode the underlying phenomena driving the healing 
process.

Computational models have already been developed for 
fibroblast migration and collagen deposition during wound 
repair,45 wound contraction,46–48 and hypertrophic scar for-
mation.49,50 Moreover, hypotheses and several “what if” 
scenarios can be tested, so that preclinical experiments can be 
adapted accordingly.51–54 Therefore, it is crucial to develop 
preclinical in vitro models for burn wound healing also, for 
new data generation, validation, and improvement of com-
putational models. In the past years, human physiologically 
relevant tissue-engineered skin models have been developed 
for wound healing advanced therapy medicinal products 
(ATMPs) and in vitro assays.55–58 These models can be used 
for validation and improvement of computational models and 
to collect new preclinical data. However, skin substitutes do 
not contain all skin cell types and therefore do not fully rep-
resent original skin physiology. A few of such major compu-
tational methods are discussed in the forthcoming sections.

Network Analysis
Most proteins and factors secreted by cells are interdependent 
for expression, and their actions are dependent on the actions 
and concentration levels of one another. One efficient way to 
handle such intricacies in numerical modeling is through net-
work analysis models. In these models, the factors (proteins) 
are treated as nodes that are connected to other nodes through 
paths. These paths indicate an interaction between the factors 
or the cells expressing the factors. The expression levels can 
be quantified using weighted paths, where the probability of a 
factor stimulating another factor depends on the direction and 
weight of the path.59,60 Thereby, a snapshot of the network at 
any instant represents the state of the system and its associated 
paths. Such a network construction will enable the probing of 
systems to check for network robustness or resilience. One ex-
ample would be varying the weight of path between mast cells 
and histamine to evaluate its impact on the initial response 
to wound-site inflammation. Similarly, network analysis can 
enable the identification of suitable target candidates for inter-
vention, through the identification of crucial nodes in the net-
work which may help reduce inflammation for better healing 
process or inhibiting shock.

System Dynamics Models
Complex systems are dynamical systems that vary based on the 
state changes and path changes occurring in the system. Since 
the process involved in these systems are functions of mul-
tiple actors, the system can be modeled using a set of mathe-
matical equations. In a wound immune response model, the 
actors would encompass the immune cells, epithelial cells, 
and tissue at the wound site. The cells express cytokines and 
chemokines to attract other cells to the wound site. For in-
stance, damaged skin cells secrete damage-associated mo-
lecular patterns (DAMPs) at wound site, skin-resident 
(immune) cells become activated and secrete inflammatory 
factors which recruit neutrophils, the neutrophils secrete 
pro-inflammatory cytokines, which attract macrophages to 
the tissue, macrophages get activated in tissue and further 
secrete cytokines attracting more neutrophils. This cascade 

process can be defined using (partial) differential equations, 
which describe the space-time-dependent concentrations of 
the pro- and anti-inflammatory cytokines, neutrophils, and 
macrophages. Such methods have already proven to be ef-
fective in modeling the immune response in cardiovascular 
patients. Most of the data used in such models are collected 
and analyzed as part of the existing clinical workflow.61 Even 
in conditions where the development of such quantitative 
models is not feasible, causal loop diagrams can come in useful. 
In short, causal loop diagrams describe positive and negative 
associations between the factors involved in the system dy-
namics. Thus, they can offer a way to qualitatively analyze the 
dynamics involved. It is important to notice that the system 
dynamics models are temporal scale-dependent, and a single 
set of equations may model for only one timescale. To over-
come this timescale limitation, multiple sets of equations op-
erating at different timescales may be coupled. For example, 
cytokine secretion can be modeled with equations operating 
in microseconds, and recruitment of individual macrophages 
can be modeled with equations in minute scale. From a math-
ematical perspective, this large difference in timescales results 
into a stiff system, which poses many numerical challenges. 
The cytokine secretion model can be solved until the con-
centration of cytokines reach a steady state. This concentra-
tion can be assumed to be the concentration after 1-minute 
interval, during which period there is no significant change 
in macrophage recruitment. Thus, the output from secretion 
model can be used as an input for macrophage recruitment 
model at every 1-minute interval. The resultant model is a 
time-coupled multiscale model.

Agent-Based Models
A primary limitation of the network analysis and system dy-
namics models is the absence of spatial information in the 
models. Spatial data play a critical role in the determination of 
the outcomes of burn wound healing process. The presence 
of vasculature, proximity of blood vessels, size, and geom-
etry of wounds all play a critical role guiding the dynamics of 
the healing and scar formation process. Agent-based models 
act as a powerful tool to model the location-based actions 
of the actors involved in the system.62,63 In these models, 
cells can be considered as agents which are free to move 
around in a fixed discrete simulation domain. In the case 
of scar formation modeling, these agents may be fibroblasts 
and granulocytes exhibiting chemotaxis to various sites in a 
wound and secreting collagen for the repair process. The spa-
tial output generated from this model would provide greater 
insight into spatial patterns arising from the scar formation 
process. The agent-based models can be further combined 
with multiscale system dynamics models to explore the en-
tire dynamics involved in burn wound process from immune 
response to vasculature development to scar formation.64 
Furthermore, these models can be further developed to de-
fine effective interventional strategies. The ability to rapidly 
assess the efficacy of interventional strategies for burn wounds 
is an urgent need. Preclinical in vitro models available in the 
literature are limited in their ability to define the temporal 
effects of interventions/therapies on simultaneous multicel-
lular interactions. Integrating biological and computational 
modeling approaches can overcome this limitation. Patients’ 
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specific information can be introduced into the computa-
tional model to predict the effect of interventions (eg, topical 
treatments; surgical interventions) on state evolution.

Computation Fluid Dynamics and Solute Dynamics
In addition to handling biological cells and factors, it is also 
necessary to simulate the physics/biophysics enabling such 
cells and factors to interact within the body.65,66 These ena-
bling interactions could be simple diffusion of the secreted 
factors within the tissue or more complex blood flow trans-
port of factors from various organs to the diseased tissues. 
There are various sophisticated models available in the liter-
ature to model and predict the outcome of such transport 
processes at different spatial and temporal scales. For instance, 
by simulation of the blood flow, one can investigate drug up-
take pharmacodynamics and postburn thrombosis.

CONCLUDING REMARKS

With this perspective paper, we have set out the concept of 
complexity science and have given examples from the preclin-
ical, clinical, and organizational perspectives in burn care. It 
has been shown that complex adaptive systems are not well 
known and understood, yet they are ubiquitous.

It is a utopia to obtain full grip on complex adaptive sys-
tems. Once we accept that unpredictability and uncertainty 
are part of our world, it will be much easier to deal with and 
embrace it. This certainly applies to burn care because of its 
complex and multidisciplinary nature. The complexity sci-
ence perspective will lead to a deeper, more holistic, under-
standing because the whole is more than the sum of its parts. 
The emergence of the multiple interactions between the parts 
was missing in many equations so far in general but also in 
burn care. In this perspective, complexity science might be an 
excellent guide for the future of burn care.
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