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ABSTRACT

On a global scale, many major rural health issues have
persisted for decades despite the introduction of new
health interventions and public health policies. Although
research efforts have generated valuable new knowledge
about the aetiology of health, disease and health inequities
in rural communities, rural health systems remain to be
some of the most deprived and challenged in both the
developing and developed world. While the reasons for this
are many, a significant factor contributing to the current
state of play is the pressing need for methodological
innovation and relevant scientific approaches that have the
capacity to support the translation of novel solutions into
‘real world’ rural contexts. Fortunately, complex systems
approaches, which have seen an increase in popularity in
the wider public health literature, could provide answers
to some of the most resilient rural health problems in
recent times. The purpose of this article is to promote the
value and utility of a complex systems approach in rural
health research. We explain the benefits of a complex
systems approach and provide a background to the
complexity sciences, including the main characteristics

of complex systems. Two popular computational methods
are described. The next step for rural health research
involves exploring how a complex systems approach can
help with the identification and evaluation of new and
existing solutions to policy-resistant rural health issues.
This includes generating awareness around the analytical
trade-offs that occur between the use of traditional
scientific methods and complex systems approaches.

INTRODUCTION

The field of complexity science engenders
its own lexicon, theories and concepts. We
have therefore provided the following key
definitions and explanations to assist the
reader with an understanding of the material
forthcoming.

Terms and definitions

Complex systems are found across the micro
(eg, biological), meso (eg, individual) and
macro (eg, social) levels of the physical and
natural world. Complex systems include
biological systems, the earth’s atmosphere
and climate, ant colonies, diseases, political
entities, the stock market, rainforests, organ-
isations and corporations, and pertinent to
this article, rural health systems. A complex
system is:

," Jason Thompson,?** Andrew Brown,® Geoff Argus'®

...made up of many heterogenous el-
ements; these elements interact with
each other; the interactions produce an
emergent effect that is different from the
effects of the individual elements; and
this effect persists over time and adapts
to changing circumstances. (Lukeand
Stamatakis, p.2)"

In attempting to map and understand
complex systems, systems modellers and
analysts often attempt to identify leverage
points. Leverage points are key places within
a complex system where a small interven-
tion can produce a large (positive) effect on
the system’s outcome. Leverage points are
frequently counterintuitive, meaning that
change is often required to be enacted in the
opposite direction to produce the intended
outcome. The points of greatest leverage
within a system may not necessarily be obvious
at first glance or may even exist beyond initial
conceptualisations of a system.

The silver bullet, the miracle cure, the
secret passage, the magic password, the
single hero who turns the tide of history.
We not only want to believe that there are
leverage points, but we also want to know
where they are and how to get our hands
on them. Leverage points are points of
power. (Meadows, p.145)?

Background and purpose

The purpose of this article is twofold. First,
to encourage new ways of thinking about
how rural health issues and health inequal-
ities are created, maintained and prevented
through a systems research lens; and second,
to promote the value and utility of a complex
systems approach in this space. Although
the article is written with the rural health
researcher in mind, the content may also be
interesting to a wider BM] Open readership,
including clinicians, service providers, stake-
holders and policy-makers tackling the results
of failed and/or troubled healthcare systems.
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Why rural health?

Rural health is a multidisciplinary area of study within
the field of public health that has largely been neglected
from a funding and research perspective.3 While specialist
research groups and university departments around the
world—Australia, Canada, USA, New Zealand, UK and
Europe—are producing excellent (traditional) work
in the area of rural health,*® the disparities in health
outcomes and health inequalities between urban and
rural communities continue to persist in the face of new
health interventions and policies.”™ While the reasons
for this are many, including factors related to geography,
healthcare access, service provision, workforce reten-
tion, cultural sensitivities and wider political systems,” it
is these authors’ opinion that the rural health research
field is also in drastic need of scientific innovation if it is
to seriously tackle the complex global challenges that it
faces. The answers we seek, and the change that is desired
for rural communities by way of research and advances
in knowledge, may lie in the field of systems research
and complexity science and its many diverse approaches,
methods and models.

TRADITIONAL METHODS IN A COMPLEX WORLD

Against a backdrop of increasing global interconnected-
ness, a growing number of researchers have questioned
whether clinical and epidemiological methods can alone
identify effective solutions to the most resilient public
health problems in recent times.'"'® Arguments have
centred around the fact that randomised controlled trials
(RCTs) and experimental study designs, considered to be
the ‘gold standard’ approaches for assessing causality, are
only able to quantify the efficacy of a targeted individual-
level health intervention."™ ' Attempts to ‘scale-up’
evidence-based clinical and behavioural interventions
and deliver them into complex, uncontrolled, real-world
settings without consideration of the broader sociopo-
litical context is known to erode their fidelity, adoption,
maintenance and effectiveness.'” **

While the traditional Person, Intervention, Compar-
ison, Outcome (PICO) framework has been met with
considerable success and should continue to be applied
to address well-defined causal research questions, the very
act of controlling for background noise; the collapsing
down of complexity; the reliance on data at the expense
of theory; and desire to increasingly sharpen the effect
of individual-level health interventions is not optimal
for all health problems, social contexts and circum-
stances.'” "% 1920 The occurrence of health and disease
across populations, including rural communities, can
also be viewed as a product of the complex interactions
that occur among biological, behavioural, societal, envi-
ronmental and political determinants.'’ ' *' This line of
thinking encourages debate around what exactly consti-
tutes ‘a cause’ from a scientific perspective, and where
within ‘the system’ the most appropriate leverage point
may be.'"!!

Analytical reductionism can only deliver on so much
if the goal of research is to: (1) ask questions about the
effectiveness of upstream interventions that exert their
effect on downstream factors and health outcomes over
an extended timescale; and/or (2) ask questions about
how new or existing solutions can be supported or
degraded in context of the wider health system and its
behaviour.' 271822 Complementary research approaches
are required to explore the intermediate and distal path-
ways that shape population health, and by definition rural
health, from a broad perspective.

From reductionism to complexity
In response to the need for system-level evaluations of
health interventions, there has been a recent groundswell
of interest in epidemiology and public health around
the use of complex systems approaches from the field of
complexity science.' 2127 Complex systems approaches
are used to study discontinuous relations, complex forms
of non-linear feedback between factors across multiple
levels, networks between people, groups and their envi-
ronment, and processes of exchange between individual
actors in systems that give rise to emergent macro-level
system behaviours.! 10 2! #7052 There is mounting
evidence to suggest that a complex systems approach can
be of practical assistance in both explaining mechanisms
driving adverse health outcomes and system behaviour
and also determining where and how to intervene
through optimal leverage to achieve positive population
health outcomes.'® 22> %7

Despite growing momentum around complex systems
approaches, their specific application to issues contained
within rural health has received a lack of attention
aside from a few notable exceptions, including systems
mapping”™ and dynamic modelling®® studies. Complex
systems approaches may help to identify new rural health
solutions, identify key leverage points to address workforce
issues such as provider maldistribution and shortage,37
support cost-benefit decision-making, and contribute
to the evaluation of existing strategies given competing
priorities and the balancing of limited resources. While
the use of a complex systems approach may not neces-
sarily differ methodologically between urban, semi-urban
and rural health contexts, the contribution of systems
research in rural health specifically lies in the generation
of new evidence and knowledge to complement tradi-
tional scientific inquiry.

WHAT IS COMPLEXITY SCIENGE?

Complexity science is a discipline that attempts to under-
stand and respond to problems that are dynamic and
unpredictable, multidimensional and comprise various
interrelated actors and Components.38 Researchers who
study complexity, and by extension complex problems,
focus on the interactions among various elements within
a complex system, rather than on the role and contribu-
tion of those elements in isolation.?®*
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Figure 1

Map of the complexity sciences. Redrawn and modified from Castellani and Gerrits.*® The full colour depiction with

associated scholars in the corresponding fields can be viewed at: https://www.art-sciencefactory.com/complexity-map_feb09.
html. The five traditions are: (1) dynamical systems theory; (2) systems theory; (3) complex systems theory; (4) cybernetics; and
(5) artificial intelligence. Rural health is indicated from ~2022 onwards leaving open the possibility of applying complex systems

approaches to contemporary issues in this space.

Where appropriate, complexity science proponents will
advocate for a systems thinking perspective over a reduc-
tionist one, as doing so is to consider the whole system,
and multiple interacting elements of it, as the primary
unit of analysis.”® *** % This affords insight into how the
constituent elements of a complex system converge in
context of a much greater whole, which is useful when
attempting to make sense of resilient, persistent and
policy resistant problems.'?

Mapping the complexity sciences

Complexity science incorporates multiple traditions,
disciplines, methods, techniques and analytical tools. The
Map of the Complexity Sciences™ (figure 1) shows the histor-
ical progression of five major intellectual traditions over
several decades. The ‘map’ shows that there is no single,
unified understanding of what complexity science is
when it is subjected to formal investigation and analysis.”
Which complex systems approach to adopt depends on
many factors, including available resources, individual
expertise and the type of problem to be examined.

CHARACTERISTICS OF COMPLEX SYSTEMS

There are discernible characteristics that are universal to
all complex systems. Type 2 diabetes mellitus (T2DM),
a significant issue in the Australian rural health sector,
is selected to elucidate the key concepts (table 1). This
section elaborates in greater detail on the definition

of a complex system provided at the opening of the
Communication.

TWO COMPLEX SYSTEMS APPROACHES

In the health sciences, two complex systems approaches,
agent-based modelling (ABM) and system dynamics (SD)
modelling, are gaining popularity due to their capacity to
capture and communicate the behaviours and dynamics of
complex systems® *'=** (table 1). Rural health researchers
are encouraged to explore how ABM and SD modelling
may help with the identification, implementation and
evaluation of new and existing strategies within complex
rural health systems.

Agent-based modelling (ABM)

ABM is a type of microsimulation whereby interactions
between synthetic populations of individual agents (eg,
molecules, cells, healthcare professionals, patients) can
be observed within a computational environment.” **
Ideally, these interactions at the individual-level produce
various macro-level patterns and complex behaviours
that can grow, reflect or explain real-world phenomena.”
Agents can learn, adapt and respond to change based on
the programming of demographic, lifestyle and environ-
mental characteristics.” Empirical data and/or expert
theories can be used to instantiate ABMs depending
on the modelling purpose (eg, prediction, description,
explanation).*! #**
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Methodologically, ABM can be performed hundreds
or even thousands of times and the modelled outputs
compared under different hypothetical scenarios." *’
ABM is an in-silico laboratory that has the capacity to
evaluate the potential effectiveness of health policies over
time."" * For example, ABM could be used to estimate
the incidence rate of T2DM within a virtual rural commu-
nity following the implementation of various hypothetical
health interventions and policies under changing envi-
ronmental conditions. The reader is referred to several
comprehensive resources covering the origins, purpose
and use of ABM," ** #7241 % jpcluding issues pertaining
to the ilf;/_elopment, verification and validation of simu-
lations.™ ™

System dynamics (SD) modelling

The first phase of SD modelling may involve the develop-
ment of a causal loop diagram (CLD).*>™ ***® A CLD is
a qualitative model that describes the conceptual, causal
relationships between variables that comprise a complex
system. There are two types of causal loops in a CLD:
reinforcing loops and balancing loops."™™* Reinforcing loops
(labelled ‘R’ in models) produce exponential growth and
decay patterns, whereas balancing loops (labelled ‘B’ in
models) act to stabilise the system (ie, balancing loops
are referred to as ‘goal-seeking’ loops). The combined
effect of two or more loops in a CLD can create either
stable or unstable equilibrium within a complex system.

~.

Gap between

Rural health
workforce
required

actual and
required

workforce
+ —

I
I
I
:
)
I
:
:

Turnover rate

Causal Loop Diagram (CLD)

Behaviour

Short-term (workforce
hiring shortage)
solutions
Short-term fix
@
Rural health
Long-term workforce
unintended +
consequence —

Time delays between system elements can further trigger
oscillation and other unpredictable behaviours. Concep-
tual behaviour over time (BOT) graphs can visualise such
patterns.” Figure 2 presents a ‘fixes that fails’ system
archetype structure” and the associated BOT graph
applied to the rural health workforce shortage problem.

A CLD is a useful standalone tool for visualising
complexity and conceptualising relatively simple
behaviours, including how the various parts of a system
(eg, agents, factors, processes) interact to explain or
create a problem.* There are very few examples of CLDs
applied specifically in rural contexts,”™ and further
applications are warranted. Despite their holistic point
of reference, CLDs are still only static representations
and conceptual errors and complex behaviours are often
only realised when models are translated into a dynamic
format, such as SD modelling.

SD modelling is computational method that can be used
to explore the structure and dynamics of both simple and
complex systems.*” **°! The method is capable of simu-
lating non-linear behaviours of complex systems over
time, primarily using differential equations and related
mathematical formulae.”*' > SD modelling incorporates
the same features from a CLD, such as variables, feedback
loops and time delays; however, stocks and flows are also
included in the representation to allow for the accumu-
lation and depletion of key elements over time” (eg,

Narrow time window

Longer time window H

Quick fix
applied

Initial threshold of tolerance

Problem
symptom
Unintended
consequence

Time

Behaviour over time (BOT)

Figure 2 A causal loop diagram (CLD) (left) that theoretically explains the behaviour of the rural health workforce over time
(right) framed through the lens of a “fixes that fails’ systems archetype.® Polarity indicators, positive (+) and negative (-),
indicate that variables move in the same direction or move in opposite direction, respectively. Reinforcing loops and balancing
loops are represented with the notation (R) and (B), respectively. Time delays are shown by two dashed lines. The fixes that

fail system archetype in figure 2 explains that the immediate problem of a rural workforce shortage is giving rise to short-term
hiring solutions. For example, under a return of service obligation scheme, health professionals may be required to spend a set
numbers of years working in rural locations following government/state supported training. While the short-term intervention
appears to improve the situation under a narrow time horizon, over the long run, the solution is equally increasing turnover rate
within the rural health service sector, making the shortage worse. Political cycles and/or changes to governments may explain
the archetypal fixes that fail system structure. Researchers should consider transforming the CLD into a stock and flow diagram
(SFD) as a basis to simulate complex system behaviours using system dynamics (SD) modelling.
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Figure 3 Stock and flow diagram (SFD) (left) created based on the fixes that fail causal loop diagram (CLD) (figure 2). For the
purpose of this article and to demonstrate SFD, the variables ‘Rural health workforce’ and ‘Unintended consequence’ from the
initial CLD are hereby represented as ‘stocks’ (square boxes) that can accumulate and drain based on inflows (ie, ‘Recruitment’
and ‘Accumulating consequences’) and outflows (ie, ‘turnover’). To reflect the delay in decision-makers perception of the

gap, an additional stock is incorporated, titled ‘Perceived gap between required and actual rural health workforce’. The same
balancing and reinforcing loops from the CLD indicate that while the short-term solution is helping to correct the symptomatic
problem (ie, balancing loop (B)), it is also part of a greater reinforcing (exponential growth (R)) loop that eventually makes the
problem worse due to the effect of the growing unintended consequence. The simulated behaviour over time graph indicates
that the short-term hiring solution does indeed initially increase the number of rural health workers. Over time the fix can no
longer control the shortage, to the point that the fix actually contributes to it. Loop dominance quickly shifts from the balancing
loop to the reinforcing loop. Understanding system behaviour using dynamic systems science approaches is vital for identifying
counterintuitive behaviours and identifying optimal system leverage from a cost-benefit standpoint, especially as CLD, SFD and

SD models grow in size and complexity.

inventory, money, assets, employees—the rural health
workforce). SD modelling has the capacity to reveal the
complex processes and pathways that give rise to emer-
gent system behaviours at a macro-level. It is a useful
complex systems approach for understanding counter-
intuitive behaviours within complex systems as a basis to
identify potential leverage points for health-related inter-
ventions and policies. As with ABM, a range of existing
data sources can be used to paramterise and calibrate
simulations. For example, in terms of Australian rural
health, there is a huge research opportunity around using
the readily available and comprehensive National Health
Workforce Data Tool,52 along with other data sources, to
instantiate models and forecast various rural health system
behaviours. The reader is directed to two papers using SD
modelling, one examining the implementation of clean
cooking interventions in rural India,36 and another that
compared the demand and supply of Australian radiolo-
gists over 40 years under various scenarios (though not
exclusively rural focused).”

Figure 3 presents a reformulation of the fixes that
fail workforce CLD (figure 2), this time as a stock and
flow diagram (SFD) to allow for quantitative simulation
(Vensim PLE V.9.3.0x64). Figure 3 demonstrates that it
is far better to work on identifying and implementing the
fundamental solution to the workforce problem than it
is to invest in quick fixes to correct the shortage, even if
this initially comes at a greater cost to time, expenses and

resources. Vensim code provided in online supplemental
material 1.

METHODS THAT ARE FIT FOR PURPOSE

Complex systems approaches are not intended to act as a
replacement for traditional scientific methods well-suited
to simpler problems (eg, PICO problems) in the health
sciences. The analytical trade-offs associated with both
reductionist and complex systems approaches must be
acknowledged. To describe these, we refer to the desid-
erata precision, fit, generality and realism as reported by
Ip et al”

Clinical and epidemiological methods have the advan-
tage of being able to score relatively highly across statis-
tical dimensions of precision and fit, although they equally
score lower in measures of generality and realism. The
inverse is generally true for complex systems approaches
which tend to place a greater reliance on theory relative
to data.”” Examples are shown in figure 4.

Precision and fit can be thought of as the capacity of
a model to produce precise numerical outputs, and to
make quantitative predictions based on historical data,
respectively.” Realism on the other hand, explains the
accuracy to which a systems model has face validity,
describes the world qualitatively, and agrees with expert
mental models. Generality is the extent to which a model
has external validity across domains.”
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provides an excellent overview of key terms and concepts and enters into greater detail. (A) Simple linear regression analysis;
(B) agent-based model (ABM) of estimated disease incidence; (C) system dynamics (SD) model of health service costs to health
service utilisation; (D) causal loop diagram (CLD) or a socioecological model of a health system. We note that while four simple
examples are shown, there are many different traditional statistical approaches and complex systems approaches, including
multiple variations within the approaches themselves, that would produce different results across the four dimensions.

An example multi-method complex systems approach

The main point conveyed by figure 4 is that there is a
trade-off with respect to all four analytical desiderata.”
Satisfying all four concurrently is not possible via a
single application, the outcome of which depends on
the research question(s), project goal, use of data and
approach. Fortunately, a multi-method complex systems
approach could provide a promising way forward in rural
health research.

To illustrate, sacrificing precision and fit for gener-
ality and realism is not necessarily a detriment if the first
phase of a research programme involves mapping all
agents and factors from across the ‘rural health system’
that contribute to a health or health system outcome.
In this regard, static systems modelling, such as CLDs or
socioecological models, could be a useful starting point to
conceptualise complexity and generate a rich picture of
the problem and the key agents and factors involved as a
means to direct subsequent analyses.” ™ The next step in
the research programme might involve the use of a ‘top
down’ computational method, such as SD modelling, to
reveal how non-linear system dynamics and behaviours
drive change and shape health outcomes, thereby
increasing quantitative precision. The third and final
phase may drill down further into key parts of the rural
health system via the use of an ABM, to understand the

complex processes that give rise to health or health system
outcomes, although from a ‘ground up’ perspective that
appreciates individual exchanges of information, labour
and skill between health professionals and health system
managers. This three-step progression from CLD to SD to
ABM may act as a simple framework by which rural health
researchers can become comfortable and familiar with
systems modelling approaches into the future.

The many uses of complex systems approaches

From the above, it is concluded that unlike traditional
clinical and epidemiological methods, which are used
exclusively to test well-defined and falsifiable a priori
causal hypotheses, there are many different reasons to
use a complex systems approach.

Static complex systems methods, such as CLDs and
socioecological models,? 27 %0 3595 39474853 .3y he used to:
1. Synthesise large of evidence and/or

information.

2. Offer a ‘big picture’ perspective to, for example, sup-
port analysis and intervention design.

3. Ilustrate complex causal feedback, theorise system dy-
namics and identify possible leverage.

4. Generate new hypotheses and identify gaps in knowl-
edge.

amounts
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5. Inform an understanding of the range of factors that
contribute to an outcome.

6. Gain an understanding of the problem ‘envelope’ or
system boundary.

7. Facilitate co-design, participatory and group model-
building initiatives.

Computational complex systems methods, such as ABM
and SD modelling,1 20293236 3741465153 1y he used to:

1. Explain and forecast the emergence of various patterns
and systems phenomena (eg, survival rates, impact of
health policies, direction of effect of interventions).

2. Understand the mechanisms that drive the behaviour
of complex systems.

3. Simulate the dynamics of a problem to observe how
factors, structures and systems behave over time.

4. Conduct multiple in-silico ‘what if’ experiments that
otherwise would not be possible in situ (ie, policy com-
parative analyses).

TOWARDS A COMPLEX SYSTEMS APPROACH IN RURAL HEALTH
RESEARCH
Adopting a complex systems approach in rural health
research would recognise that real, long-term change within
rural communities is only created when systems and processes
are redesigned and reconfigured, and not necessarily when
a single “fix’ or individuallevel health intervention is imple-
mented."” * The role of subject matter expertise and causal
theories explaining health generation in rural settings would
play a greater role in complexity science applications relative
to a traditional scientific approach.'’* The triangulation of
various sources of data across multiple system levels and from
the perspective of various stakeholders would feed into the
development of models to enrich understanding of where to
intervene in rural health systems."®* Involving rural health
communities, consumers, service providers, stakeholders
and policy-makers in the development of conceptual systems
models would provide a sense of ownership and transpar-
ency of the model-construction process to ensure that the
resulting solutions are endorsed long—term.43

Under a complexity framework, rural health
researchers would ask not whether a specific intervention
works; but rather, how new or existing solutions could be
supported or degraded by the wider system.'” ** When
rural health systems are mapped, modelled and under-
stood, it is possible to identify where key leverage points
may be and how to best to manipulate them through a
multidisciplinary effort.” '"® These points of leverage may
be found across all levels of the complex rural health
system; however, further interrogation of the outputs
would expose optimal targets for interventions and
solutions given limited resources and competing priori-
ties. To achieve this, the use of static and computational
methods from the complexity sciences, such as CLD,* **
SD modelling® * and ABM***' ** can be used to conceptu-
alise and simulate the non-linear behaviours of complex
rural health systems. Doing so will offer original data and
evidence to complement traditional forms of scientific

inquiry to translate effective new rural health interven-
tions and policies. Indeed, a particularly important issue
in rural health that systems methods could be applied to
includes the widespread maldistribution, dispersion and
shortage of medical and allied health professionals.” *
Understanding the complex interrelationships between
various system wide factors that are driving this problem
with the aim of identifying optimal systemic leverage
given the presence of counterintuitive behaviour is a
major future research opportunity for the systems-based
(computational) modelling community.

The field of implementation science has become
important in marrying the outcomes of complex systems
thinking and real-world objectives for better health
outcomes.” * * Implementation science, which is
increasingly integrating realist evaluation theories,”* has
seen a tremendous uptake in the application of complex
systems approaches as it allows a better understanding
of what works, for whom, when and why.17 125 The inte-
gration of complexity science, implementation science
and realist evaluation frameworks is also an encouraging
future direction for rural health research.

CLOSING REMARKS

Rural health researchers are encouraged to consider how
adopting a complex systems approach could provide a new
spark in a field that desperately requires scientific inno-
vation and complementary methods. By taking a systems
thinking perspective, rural health researchers can begin
to explore, model and understand the myriad of factors
and interactions that contribute to health outcomes and
health system issues at scale, both within and between
different rural communities. The qualitative and quanti-
tative systems modelling methods described in this article
will be highly useful should they find their way into the
rural health researcher’s methodological and analytical
toolkit—though the appropriate training and learning
elements are to precede novel applications to ensure best
practice principles are adhered to. The present authors
welcome this challenge and embrace the possibilities that
are derived from adopting new ways of thinking about,
and scientifically approaching, rural health issues.
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