Wellcome Open Research 2022, 7:151 Last updated: 13 MAY 2022

REVIEW

Conceptualising and assessing health system resilience to
shocks: a cross-disciplinary view [version 1; peer review:
awaiting peer review]
Sharif A. Ismail 1, Sadie Bell1, Zaid Chalabi2, Fouad M. Fouad3,
Reinhard Mechler4, Andrada Tomoaia-Cotisel5,6, Karl Blanchet 7,
Josephine Borghi1
1Department of Global Health and Development, London School of Hygiene & Tropical Medicine, London, WC1H 9SH, UK
2Institute for Environmental Design and Engineering, University College London, London, WC1E 6BT, UK
3Faculty of Health Sciences, American University of Beirut, Beirut, Lebanon
4Advanced Systems Analysis Program, International Institute for Applied Systems Analysis, Laxenburg, A-2361, Austria
5RAND Corporation, Santa Monica, 90401-3208, USA

6Department of Public Health, Environments & Society, London School of Hygiene & Tropical Medicine, London, WC1H 9SH, UK
7Geneva Centre of Humanitarian Studies, University of Geneva, Geneva, 1211, Switzerland

v1

First published: 13 May 2022, 7:151
https://doi.org/10.12688/wellcomeopenres.17834.1

Open Peer Review

Latest published: 13 May 2022, 7:151
https://doi.org/10.12688/wellcomeopenres.17834.1

Approval Status AWAITING PEER REVIEW
Any reports and responses or comments on the

Abstract
Health systems worldwide face major challenges in anticipating,
planning for and responding to shocks from infectious disease
epidemics, armed conflict, climatic and other crises. Although the
literature on health system resilience has grown substantially in
recent years, major uncertainties remain concerning approaches to
resilience conceptualisation and measurement. This narrative review
revisits literatures from a range of fields outside health to identify
lessons relevant to health systems. Four key insights emerge. Firstly,
shocks can only be understood by clarifying how, where and over
what timescale they interact with a system of interest, and the
dynamic effects they produce within it. Shock effects are contingent
on historical path-dependencies, and on the presence of factors or
system pathways (e.g. financing models, health workforce capabilities
or supply chain designs) that may amplify or dampen impact in
unexpected ways. Secondly, shocks often produce cascading effects
across multiple scales, whereas the focus of much of the health
resilience literature has been on macro-level, national systems. In
reality, health systems bring together interconnected sub-systems
across sectors and geographies, with different components,
behaviours and sometimes even objectives – all influencing how a
system responds to a shock. Thirdly, transformability is an integral
feature of resilient social systems: cross-scale interactions help explain
how systems can show both resilience and transformational capability
at the same time. We illustrate these first three findings by extending
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the socioecological concept of adaptive cycles in social systems to
health, using the example of maternal and child health service
delivery. Finally, we argue that dynamic modelling approaches, underutilised in research on health system resilience to date, have
significant promise for identification of shock-moderating or shockamplifying pathways, for understanding effects at multiple levels and
ultimately for building resilience.
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Introduction

Improving understanding of how health systems respond to
shocks – such as infectious disease epidemics, armed conflicts or climatic events – has become a pressing issue. The
West African Ebola outbreak in 2014–16, and more recently the
coronavirus disease 2019 (COVID-19) pandemic, have spurred
interest in health system preparedness, shock responses, and
ways in which resilience to future events might be enhanced1–3.
There is also a strong imperative for transformational change
in health systems to bolster future resilience to climatic
events given that the health sector is the fifth largest emitter
of greenhouse gases globally and potential vulnerabilities to
climate-related shocks are both substantial and rising4.
Efforts to strengthen resilience must recognise that health
systems are not simply the side-by-side collection of “all
organizations, people and actions whose primary intent is to
promote, restore or maintain health” as stated in the original
World Health Organisation (WHO) formulation5. Relationships
between system elements at all levels from citizens to international organisations, and across sectors (beyond health) are
fundamental to the functions that health systems perform and
to achieving health outcome improvements5–7. Risk-based
approaches that have been a mainstay of preparedness and
response work to date assume some predictability in both shocks
and system responses; they also prioritise stability and control
within structures that are conceptualised in hierarchical terms8.
By contrast, social systems – including health systems – are complex. Interdependencies within and between them imply high
levels of uncertainty in the response to future events, reducing
the utility of probabilistic approaches for managing risk9.
Resilience thinking offers approaches for better managing
uncertainty10. However, conceptualisations of resilience – and
the nature of its relationship to other concepts such as vulnerability, fragility, responsiveness and sustainability – remain
under development11–16, and recent reviews of the health literature
have identified a series of limitations11,17–22 including, firstly, a
lack of consensus on definitions of resilience, and a tendency to
consider, interchangeably, responses to very different kinds of
shock. Clarifying the kind of shock a system faces is important
not only in differentiating acute events from the chronic stressors (e.g. workforce shortages) facing many health systems
worldwide, but also for understanding the scope of potential
shock effects11. Secondly, existing health systems research
emphasises mechanisms for absorbing or adapting to shocks
but rarely considers transformational change (i.e. wholesale
structural change or goal re-orientation). Thirdly, and relatedly, existing research has engaged only to a very limited
extent with health system learning and the contribution this
can make to resilience. Finally, all studies and disciplines
highlight a need for better tools for resilience assessment and
measurement17,18 including enabling robust appraisal of health
system performance and proper targeting and evaluation of
resilience-bolstering interventions. Existing health system
resilience assessment and measurement tools are index-based
rather than dynamic, inconsistent in their choices of indicators
and have not been widely evaluated20,23.

Over the past 20 years, valuable insights regarding resilience
have emerged from disciplines, including environmental science,
economics, industrial engineering, organisational theory, disaster studies and urban studies, which are relevant for health.
This paper draws on recent literature on system shocks and
resilience in these disciplines to guide health systems researchers interested in resilience and its measurement. The review
considers several aspects of resilience: conceptualisation of
shocks, definition and conceptualisation of resilience as well as
attributes and behaviours of resilient systems, and approaches to
assessment and measurement of resilience.

Defining and conceptualising shocks

There is no consensus definition of system shocks in the
literature on health system resilience, but two main areas of
research can be identified. On the one hand are studies concerned with immediately recognisable shocks such as pandemics,
natural disasters, national or international financial crises and
armed conflict (e.g. 19). On the other hand, are studies concerned with the effects of chronic, largely internal stressors
(e.g. workforce shortages, payment delays, or policy changes),
drawing primarily on insights from local or regional health
systems particularly in sub-Saharan Africa24,25.
Shock conceptualisation in other fields, particularly in
socioecological systems (SES – an approach to conceptualising natural systems that links ecological and social or institutional subsystems to better explain the effects of resource
management) and in economics, offers insights for health systems researchers in three main areas: [i] the need for clarity
on shock intensity and scope, [ii] specifying the relationship between a shock and a system of interest, and [iii] the role
of path dependencies in shaping shock effects.
Clarity is needed regarding shock intensity and scope to prevent conflation of truly acute events with long-term stressors
or trends that may bring about very different dynamics within
a system (potential trajectories following a shock, or series
of shocks, are illustrated in Figure 1). In ecology, “disturbances” or “perturbations” encompass the disruptive effects of
human activities and sudden climatic changes leading to rapid
population loss, among other events26, and close attention is paid
to the duration and intensity of impact27. Scale effects emerge
strongly from work in economics, where the impact of both
acute events and chronic stressors (e.g. financial crises or
economic recessions, oil price shocks or fiscal policy changes
due to geopolitical events) are considered but with an emphasis
on effects at multiple geographical scales, especially on regional
economies28–30.
Cross-scale effects are also important in work on “systemsof-systems” (i.e. systems whose elements are themselves subsystems) in engineering, helping to explain how and why
a shock may affect a given system as it does. In this view,
component sub-systems are focused on discrete objectives or
outcomes, but their activities and behaviours are complementary with other sub-systems within the whole system. For
example, subsystems in health could be defined by function
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Figure 1. Relationship between the nature of a shock, prior resilience state of the system, and impact. “Critical functionality”
here refers to a key outcome measure of interest that captures overall system performance. In panel A, a low magnitude disturbance hits a
resilient system and both the impact and recovery trajectories are tight. In panel B, despite a high magnitude disturbance, a resilient system
recovers quickly. In panel C, a low magnitude disturbance hits a low resilience system and recovery is sluggish. In panel D, a high amplitude
disturbance hits a low resilience system with severe initial impact and recovery is sluggish. In some instances a disturbance of this size might
be sufficient to cause transformation with either positive (panel E) or deleterious (panel F) effects on critical system functionality, however
defined. Panels A-F all show varying effects of a single shock. Panels G and H illustrate potential trajectories in the face of sequential shocks
of varying magnitude. In panel G, a series of low amplitude shocks progressively degrade system performance but recovery is achieved.
In panel H, an initially low amplitude shock is followed by a much larger one from which recovery is limited (Figure adapted by permission
from Springer Nature from Ref 9, © 2014).

(e.g. medicines logistics and supply chain systems, or primary
care service delivery systems), or by scale of operation
(e.g. local, regional, national). Taken together, these systemsof-systems are capable of tasks that component sub-systems
could not achieve individually, but also of generating emergent behaviours in the system as a whole, arising from the
activities of the individual sub-systems31. With respect to
shocks, existing literature identifies a spectrum from massive

shocks outside the boundaries of a system that disrupt all
sub-systems within it, to localised disruptions that affect
component sub-systems (and perhaps arise from within them)
but not the whole31,32.
The question of whether a shock should be considered external (exogenous) or internal (endogenous) to the boundaries of
the system is a recurrent theme across literatures. Even where
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shocks are considered exogenous, there may be important
relationships with the system: the size of a disturbance influences risk to the system in the immediate term (alongside other
factors such as prior preparedness and vulnerability); and
overall effect and impact on recovery trajectory depends on
underlying structures and processes. Some work in socioecology distinguishes between external drivers of change
(the fact of the shock) and internal system variables that are
vulnerable to them, and which in turn control the dynamics of
other variables within the system. Walker et al., for instance,
contrast “fast” (variables of core concern in a system, that
change rapidly) and “slow” (background variables that change
much more slowly) system variables that can interact to produce quite different effects, amplifying some shocks, dampening others33. Contemporary work on systems-of-systems
considers both truly exogenous shocks (e.g. external to the
system but affecting inputs, and with the potential to disrupt
all intra-system elements as a result), and endogenous shocks
originating from local disruptions or even emergent behaviours
from within the system that have deleterious effects31.
Finally, a key contention from studies on SES is that shock
effects are path dependent34. The nature and the scope of the
response may depend on the phase of what is known as the
“adaptive cycle” a system finds itself at the point a shock occurs.
Adaptive cycle theory – applied not just to socioecological
systems but to social systems more broadly – suggests that systems do not tend to a fixed and stable equilibrium point per se
but instead move through phases over their life cycle, from rapid
growth, through conservation to collapse (“creative destruction”) and finally renewal or re-organisation35. The implication
is that the impact of a shock is likely greater at specific points
in the cycle when systems are unstable. Similar arguments
regarding the importance of path dependencies emerge from
wider research on the health effects of disruptive political and
economic shocks, where studies suggest that pre-crisis exposure to health risk factors (alcohol, tobacco consumption etc),
as well as the strength of social capital and the robustness of
social protection systems are important in explaining differential
health outcome trends arising from economic crises as diverse
as the Great Depression in the 1930s and post-Communist
transitions in Russia and Eastern Europe in the 1990s36.
In summary, consideration of shock timing, scope and effects
at different system levels are all likely to yield useful insights
in terms of system elements and pathways influencing resilience. In particular, the prior state or configuration of a system
matters, both in terms of vulnerabilities but also the presence of
elements with the potential to amplify or potentially dampen
shock effects. Finally, health system resilience assessment and
measurement approaches may benefit from closer attention to
the dynamic effects shocks produce within systems.

Defining and conceptualising system resilience to
shocks
Resilience definitions and attributes

Table 1 shows the diversity in conceptualisation of resilience
across fields, from emphasising persistence and equilibration

(e.g. in classical ecology and industrial engineering) through
to adaptation, learning and self-organising capability (economics and socio-ecology). In the health systems literature as in
work on SES and other social systems, however, there is some
consensus regarding key characteristics of resilient systems.
These include “hard” attributes such as availability of material
and human resources, and the existence of collateral pathways (in health system terms, the existence of multiple mechanisms through which, for example, medical products or
health services can be delivered) – echoed in some work in
engineering32. Effective information management is also vital
in both engineering and social systems12,32,37,38, although there
is less clarity on best approaches. For health systems, for
example, the balance between formal surveillance and softer,
more immediate data from human intelligence systems in
shaping system responses has emerged as an area of debate
in humanitarian settings and in the context of COVID-19
responses39,40.
“Soft” attributes include networking and connectivity (or collaboration in human systems)26, key determinants of shifts
from one phase to another in the adaptive cycle in SES41, and
of how effectively an industrial engineering system-of-systems
operates42. However, trade-offs (e.g. between efficiency and
adaptability in systems, between addressing immediate issues
versus structural issues) are important, and networking between
elements can undermine system resilience if the degree of
connectivity is such that structures become too rigid to enable
change41,43. In social systems, effective governance and leadership are important in maximising the potential of networking
and connectivity between the actors of the system for resilience, but empirical studies of resilience governance and system
leadership have been few including in health, although existing health research does identify attributes including legitimacy
and knowledge management as important19,37,38.

Resilience as an outcome or as a process?
Resilience can be understood as a process or an outcome, or
both. While much work in industrial engineering and socioecology, for example, measures resilience directly as an outcome (e.g. by trying to quantify the scale of disturbance a
system can sustain and still return to a defined steady state),
outcome-focused analyses of resilience in health systems are
rare. This perhaps reflects unease about the normative implications of measuring resilience as an end in itself rather than
changes in desired health outcomes, but also the intrinsic
difficulty of identifying summary measures of resilience given
the diversity of health systems functions11. In this section,
we argue that in the absence of broadly accepted summary
measures for health system resilience, conceptualizing resilience as a process is likely to prove more fruitful for health
systems researchers.
Existing health systems research distinguishes three processes
contributing to resilience, drawing on the literature from socioecology: [i] absorption (no structural change occurs; the
shock is simply accommodated using existing structures and
pathways – sometimes referred to as persistence in the urban
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Process by which economy withstands, adjusts
and/or recovers from “market, competitive or
environmental shocks”, if necessary by adaption, to
return its prior developmental path or to move to a
new, sustainable path

Development resilience as the capacity over time
of a person, household
or other aggregate unit to avoid and overcome
stochastic poverty traps in the face of various
stressors and in the wake of myriad shocks.

System ability to sustain disruptions without
discontinuity in the system’s function (or with as
rapid a restoration as is possible if discontinuity
does occur)

Maintenance of positive adjustment under stress
so that an organisation emerges strengthened
and more resourceful

Economics

Development
studies

Industrial
engineering

Organisational
theory

Distinction between organisational “software” and “hardware”
in explaining resilience
Normative interpretation of resilience (i.e. as a desirable
state).

System behaviour under “normal” conditions offers key
insights on behaviour under duress
A system has an identifiable, and single equilibrium state
Normative interpretation of resilience (i.e. as a desirable state)

Predominantly micro-level agency but can be aggregated up
to macro-level, and increasing emphasis on systemic factors
affecting vulnerable to adverse development outcomes.

Often regional or local focus for investigation
Interest in sustainability (or for purer macroeconomic
studies, conventional markers such as GDP) as end-states for
“developmental pathways”
Dispute over the exogenous/endogenous nature of shocks

Learning and innovation are central to resilience in SES
systems
Multiple equilibrium states are possible (even desirable)
No explicit normative judgement on resilience

Ability of a system to maintain or rapidly return to
desired functions in the face of a disturbance, to
adapt to change, and to quickly transform systems
that limit current or future adaptive capacity

Anticipate, absorb, cope,
recover, persist, transform
(the latter largely in
research, not yet in
implementation), agency

Self-organisation, planning,
adaptation

Reliability, restoration,
(system) failure, safety,
efficiency, controllability,
(early) detection

Adaptation, selforganisation,
transformation, role of
agency

Vulnerability, recovery,
robustness, adaptability

Adaptation, learning,
innovation, transformability,
tipping points

Resistance, buffer capacity,
persistence, robustness

Multi-level focus linking micro- through to macroSustainability, recovery,
perspectives
adaptability, re-organisation
Focus on temporal dynamics
Normative interpretation of resilience (i.e. as a desirable state)

System capacity to absorb disturbances and
re-organise while undergoing change in order to
maintain the same essential function, structure
and feedbacks

Socio-ecology

Equilibration of systems and the speed with which it is
possible to return to stable-state
Magnitude of disturbances
No explicit normative judgement on resilience

Adaptation, selforganisation, emergence
(and clustered terms e.g.
“collapse”?)

Urban studies

System ability to withstand a disturbance while
maintaining essential functions and relationships

(Classical)
ecology

Predominantly macro-/meso-level focus on systems, but
also a body of literature that addresses micro-/meso-level
(organisational) perspectives.
Predominantly normative interpretation of resilience, with
some exceptions.

Common, linked terms

Multi-level resilience (with a large body of literature focusing
on micro- and community-level perspectives).
Predominantly normative interpretation of resilience.

Varied depending on the tradition (in other
disciplines) on which studies draw

Health

Conceptual focus(es)

Climate/disaster System capability to resist, absorb, accommodate
risk studies
and recover from hazard events and trend after
exposure, in a timely and efficient way plus
increasingly capacity for transformation

Summary definition

Field

Table 1. Definitions, terms and concept clusters linked to resilience in the literatures across research fields.
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studies literature); [ii] adaptation (where certain, circumscribed
structural or pathway changes occur to respond to the shock);
and [iii] transformation (in which learning is harnessed to fundamentally alter the structure of the system and strengthen
it for the future, with or without goal re-orientation)19,49. The
focus in empirical health research has predominantly been on
absorption and adaptation, ranging from studies of effects of
shocks on critical health outcomes or utilisation of essential
services through to changes in service delivery models and
coping strategies of health care workers17,51–53. Studies of transformational change in health systems are largely absent, a deficit
perhaps linked to a misperception that resilience theory prioritises stability over the pursuit of just and equitable health
outcomes for populations17,54. Finally, none of this work explicitly links these processes in a conceptually coherent theory
of how and why system resilience arises.
Thinking on adaptive cycles in social systems, however, emphasises system learning, adaptation and reorganization, and
positions transformability (i.e. the capability to create new
structures or reorient system goals when conditions make

continuation of existing arrangements impossible) as a fundamental attribute of resilient systems55. In its original formulation, the adaptive cycle incorporated four stages – system
growth, equilibrium, collapse and reorientation – in a feedback
loop. Equilibrium was achieved when the maximum potential
of a socioecological system was reached, and with the highest level of connectedness between system elements56. Recent
adjustments to this formulation for application to social systems
have recognized that connectedness can, in extremis, undermine
the durability of a system by reducing flexibility to changing
circumstances, but have also emphasized that, if we consider
a specific scale of analysis, a system operating at that scale
is subject to pressures from elsewhere that may amplify or
constrain the potential for change57,58. An appreciation for multiscale dynamics and cross-linkages – or “panarchy” – is therefore
fundamental to understanding how a system can be both resilient
and concurrently show transformational capability45,57–60.
Figure 2 applies this thinking to a health case study: the
maternal and child health system in any given country, chosen because this is frequently among the first domains in which

Figure 2. Visual representation of the adaptive cycle applied to a national maternal and child health system. Looking at the focus
system in the centre of the diagram, there is steady but uneven improvement in the under-5 child survival rate as system processes and
behaviours become progressively more institutionalized, towards an equilibrium point (K). A crisis or shock (red triangle) can be absorbed
provided its effects are within a certain threshold, and in this case the system rapidly returns to the general upward trajectory in child survival
(green line). If the shock impact exceeds a critical threshold, the system will move towards a zone of instability (Ω) during which structures
and processes are disrupted (yellow line). A period of innovation (α) may give rise to system renewal, restructuring or reorientation and
return to an upward trajectory (r), but pathways to this can be variable (orange lines). If no innovation occurs, further decline may ensue
leading potentially to irrevocable declines in child survival (red line). The key points of vulnerability – and conversely maximal opportunities
for change – are α and Ω; these are also the critical interaction points at which processes in linked systems (in this case the national health
governance system at macro-level, and primary care service delivery system at micro-level) at other scales could push the maternal and
child health system towards transformation (Figure adapted from reference number 57; the original figure on which it draws is licensed
under CC BY-NC 4.0).
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health service use and population health outcomes begin
to be affected in the event of a shock61–65. We can think of
the maternal and child health system as bringing together
population demand and service supply dynamics. In this visualization, the system enters a period of growth (point r) at the
initiation point of a new form of structural organization (e.g. due
to introduction of systemic reform). There is then an upward trajectory as changes become progressively more institutionalized,
population reach increases and service performance (in this
case proxied by improvement in the under 5 child survival rate
rate) improves. As the figure shows, however, this trajectory
is rarely linear and there may be periodic setbacks followed
by periods of improvement (black scribble line). At the
point of maximal institutionalization of the reformed system
structure (K), further growth potential tails off and improvements
in under 5 child survival begin to stagnate.
Periodic shocks of varying magnitude may occur at any point
along this pathway but, provided they are small enough, these
are managed by the system using existing reserves and processes (e.g. surge service capacity, or redeployment of healthcare
workers to areas where demand is highest), so that there
is a rapid return to the overall upward trajectory for child
survival (green line). Beyond a certain threshold, however
(grey dashed line), the existing system structure begins to
become unstable and rules or pathways governing predominant modes of service delivery begin to break down (yellow
line through Ω to α). In systems with sufficient capacity and
capability to innovate, there may be a period of rapid testing
of alternative approaches, such as new service delivery models or task-shifting for healthcare workers (α), leading – if
successful – to a new period of outcome improvement based
on a renewed or reorganized system structure and associated
behaviours. Pathways to this renewal or reorganisation can be
variable, however, with some leading to marked initial declines
in child survival (orange lines). Without this, however, further
declines in institutional capability to deliver services risk
progressive or even sudden declines in under-5 mortality over
time (red line).
How a system behaves across this cycle is determined at least
in part by pressures from the larger-scale and smaller-scale
systems with which it interacts (e.g. geographically or hierarchically) – and this is where the potential for transformative
change arises. In work in socio-ecology, environmental science
and urban studies, transformation has been conceptualised
either as changes in mechanism (e.g. completely new activities,
shift in geographical scale or intensity of an existing activity, or a values-based reorientation in delivery), or changes in
system objectives over time and space66,67. In the modified
adaptive cycle in Figure 2, changes in system structure and
behaviour arising from within the system alone are likely to be
absorptive or at most adaptive; transformative change will
typically require resources, or a “push”, from outside the maternal and child health system. These cross-scale interactions have
the greatest potential for impact – either positive or negative –
at points α and Ω – when the system is unstable. If the shock
is national in scope, then there may be critical losses in, for

example, health financing or leadership capacity nationally
that accentuate the overall impact of the crisis at point Ω on the
maternal and child health system. There may also be destabilizing effects at the micro-level, such as loss of income for
service users, that reduce service uptake and the likelihood of
sustained improvements in under-5 child survival returning.
At point α, on the other hand, innovations from linked but
smaller-scale systems (e.g. new local-level outreach service
models) or macro-scale systems (e.g. mobilization of emergency funding to support service delivery nationally, changes
in leadership or governance reforms) may combine in new
ways to enable transformative change within the maternal
and child health system57,68.
What specifically prompts transformational change? There
is a large body of evidence (e.g. from development studies)
demonstrating that shocks can act as spurs to transformative, and positive, change for better long-term outcomes14.
In socioecological and environmental systems, transformations may occur through the combined effect of external pull
factors (e.g. to respond to a demonstrable need outside the
system) and within-system forces – which may be top-down
(e.g. active management) or bottom-up (e.g. collective action) –
overcoming opposing forces58,69. Crucially, resilience is necessary for a transformational path to be maintained once change
in this direction begins to occur69. Transformations need not
have positive effects: there is a large literature in ecology on
deleterious, even catastrophic ecosystem transformations due
to disruption, for example70. The extent to which a change
can be seen as transformative also depends on the scale of
analysis. A transformative change in service delivery models
at a local level, for instance, is unlikely to materially affect the
macro-level structure of a system, though local effects can be
substantial45.
There are three main implications from this work for health
systems researchers. First, focusing on resilience processes
rather than outcomes liberates resilience thinking from at least
some of the normative constraints for which it has been criticised, and offers alternative avenues for assessment and measurement in the absence of broadly agreed metrics or indices
for health system resilience. Second, research designs that
adopt multi-level perspectives on system responses are much
more likely to yield meaningful insights on the sources of
resilience (or otherwise) to shocks, and to identify transformational changes that may occur even in the absence of
whole-system reconfiguration. Finally, both of these insights
suggest that dynamic approaches that incorporate feedback
are likely to be central for future work on operationalizing
resilience – the subject of the next section.

Assessing and measuring system resilience

Operationalisation is a particularly challenging area of resilience
research. It is helpful to distinguish assessment, which is
intended to inform management interventions principally by
identifying risks, opportunities and alternative strategies to
change (sometimes as a precursor to purposeful transformation);
and measurement, which is concerned with early detection
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of change for situational awareness purposes44,71. Four main
approaches to operationalisation can be identified in the literature (highlighted in blue in the summary Figure 3): the use
of [i] qualitative conceptual frameworks; [ii] semi-quantitative
indices or metrics of resilience; [iii] conventional quantitative
(statistical) approaches; and [iv] systems modelling. In this
section, we describe and critically assess the potential of each
of these approaches for quantification of health system resilience. Drawing on the material on adaptive cycles presented
above, we argue that dynamic modelling approaches are likely to
offer the greatest benefit for health systems researchers in future.

Methodological approaches in health systems research
Qualitative approaches – in which conceptual frameworks are
used to guide investigation of resilience – are by far the most
common in health systems research, but even in the empirical
literature, few studies use frameworks to guide their analyses17.
Those that do typically reference either [i] a framework
inspired by insights from ecology, focused on resilience
governance38; [ii] frameworks linked to the WHO building
blocks which consider dimensions of resilience at whole-system level20,72; or [iii] a framework drawing on organisational
theory, but emphasising absorptive, adaptive and transformative
approaches to managing chronic stressors73. Variants of

these approaches exist but with few applications in health
so far74, although there is some work applying the absorbadapt-transform triumvirate to resilience75,76.
A second strand of health systems research uses semiquantitative indices in which existing process and outcome
measures are repurposed as proxies for resilience72. Recent
work by WHO Europe repurposes common health system
metrics (e.g. level and geographical distribution of health
sector spending; health worker remuneration and absenteeism;
the existence of contingency plans) to build a picture of
health system reserve and capacity to respond to shocks that
enables iterative monitoring23. Indicator-based approaches have
also been applied to assessment of vulnerability and health
system resilience to climatic events, including with a view to
ex ante “stress-testing”77–79. These approaches have advantages of simplicity and analytic familiarity but are limited by
a high level of abstraction that reduces scope for empirical
application (for conceptual frameworks), and because they do
not capture dynamic behaviour. The primary means for gathering
information on changing system behaviours over time is through
iterative indicator assessment, but static frameworks offer no
information on pathways affecting these behaviours or on
cross-scale effects influencing them44.

Figure 3. Simple classification of approach to resilience assessment and measurement. The four broad approaches to assessment
and/or measurement considered in detail in the main text are highlighted in blue below, with specific methodologies highlighted in the
right hand column (Adapted from Ref 12, with permission from Elsevier).
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General quantitative measures used in other fields
General quantitative measures have been used in socio-ecology,
environmental science and industrial engineering to directly
measure resilience attributes such as robustness or elasticity,
but have not to date been applied in health systems research12,44.
General measures have been applied – for example – to
assessment of infrastructure resilience (e.g. transport), to measure
system robustness, rapidity of recovery after a shock and
redundancy among other characteristics. These measures provide an indication of how a system would respond to a shock
but do not account for the probability of that shock occurring
in the first place. For this, probabilistic approaches are preferred and have been used to evaluate infrastructure responses
in the event of earthquakes, for example12. In SES, quantitative
assessment of skewness or increasing variance from stable
points for system critical variables can provide early signs of
an impending transformation from one stable equilibrium to
another as a disturbance pushes a system closer towards a threshold point, as can critical slowing down (CSD) i.e. increasing
delays in system recovery from disturbances as a threshold point is reached71,80. However, quantitative measures
are not always reliable indicators of change, a drawback of
metrics-based approaches that has long been recognised in the
wider health systems literature81. The crudity of general measures also means the risks of false alarms can be high, or
conversely that other behaviours signalling an impending change are missed; research in SES shows that a sudden,
catastrophic shock may, for example, result in transformation
without a preceding slowing down80. Finally, these approaches
give little insight into system structure, or dynamic behaviours.
Integrative approaches to resilience assessment and measurement that combine quantitative indicator use with mapping and
other methods may be better for identifying system attributes
contributing to resilience over time80, but these too do not
capture networking or dynamic behaviour.
Modelling approaches
Structural modelling approaches provide methods not only for
delineating system structure and linkages across levels, but
also for identifying leverage points for action that may contribute to preserving, sustaining, and strengthening resilience.
They can also be used in a wide variety of ways, from theory
generation in terms of the kinds of principles and processes
governing system behaviour, through to structurally realistic
models that to inform policy or management of social systems82.
Here, we consider three mixed-methods approaches for exploring system resilience: network analysis, System Dynamics
Modelling (SDM) and Agent-Based Modelling (ABM).
Network analysis can help identify components of networks
with critical effects on system resilience and linkages between
these. There is some – albeit limited – track record of applying these approaches to health system questions. Empirical
work looking at the effect of a system shock on managerial
decisions in a regional eye health system in Ghana, for example, showed that transformational changes in network organisation reduced overall resilience while simultaneously improving
responsiveness to the needs of particular stakeholders in the

system – emphasising that resilience is subjectively experienced,
and that outcome selection matters83. Computational modelling
of national-level primary healthcare network resilience in
Austria showed that following a shock (in this case resulting
in large and sudden reductions in the size of the physician
workforce) there can be distinct thresholds beyond which the
ability of providers to maintain coverage of essential services is
compromised84. Elsewhere, recent work in engineering has
considered the amplifying effects of connections between
multiple, related networks (“network-of-networks”) when faced
with shocks, especially where there are many feedback and
feed-forward connections. This work highlights the need to
identify and protect, or grant greater autonomy to, critical
nodes that can shape network responses to shocks as a means
of bolstering resilience42. However, network analysis has
limited capacity for modelling dynamic behaviour, for which
approaches such as SDM and ABM are more appropriate.
System dynamics has been defined as “the use of informal maps
and formal models with computer simulation to uncover and
understand endogenous sources of system behaviour”85, and
has been applied in a number of empirical studies on resilience
in health. Typically, SDM involves production of a qualitative
representation of the dynamics contributing to a problem of
interest (a causal loop diagram or CLD) with an emphasis
on feedback processes, which may then be translated into a
simulation model with stocks and flows. The few existing
SDM studies on health system resilience have predominantly
used CLDs to represent system structure (including important
variables, system boundaries and feedback loops), and have
highlighted the importance of decentralised decision-making,
institutional learning, accurate and timely information flows,
and path dependencies in determining the extent to which
systems have been able to respond to shocks75,76,86. Applications
of SDM in other fields have focused on participatory engagement in policy development to support system resilience, and
quantification of resilience metrics such as robustness, time
to recovery from shocks and elasticity, although broader
insights from these works are obscured by varying resilience
definitions among other limitations87,88.
ABM focuses on how agency between diverse individuals or
institutions, as agents, can give rise to dynamic behaviours.
It offers a promising avenue because of its ability to address
effects related to network structure and heterogeneity between
agents, although there are important trade-offs to consider in
terms of time and resource intensity (including computational
power) for modelling using ABM by comparison with SDM,
which typically models at aggregate rather than individual
level89. In practical terms, applications to both engineering90
and social systems including to SES have so far been few91–93.
One study applying ABM to analysis of health system resilience was identified for this review, considering local-level
service responses to earthquakes in the United States, and more
specifically interdependencies between services including health
that might affect response effectiveness94. This study demonstrated significant interdependencies between health service and
education providers at local level, suggesting that the integrity
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of social service provision can be highly vulnerable even to
relatively small disruptions.
A particular attraction of SDM and ABM is their flexibility
in use, on the one hand, for hypothesis testing and exploration of new modes of working, and on the other in being
linked to a greater or lesser degree to empirical data to inform
real-world governance and management approaches82. In reality, both resilience assessment and measurement are likely
necessary to give a rounded sense of system resilience spanning
structure and dynamics44,80. Modelling approaches by definition
offer heuristics for system behaviour overall, and outputs
should be interpreted with reference to empirical or observational research, over and above validation approaches commonly
integral to the model development process91.

Conclusions

What can health system researchers investigating system resilience learn from advances in other fields? Two major domains
of resilience research offer the most relevant insights: (i) work
on social systems particularly in development, disaster, environmental and urban studies; and (ii) emerging thinking on systemof-systems in engineering. Work in both domains emphasises
the importance of cross-scale interactions and transformability –
both largely neglected topics in health systems research.
Four general lessons can be drawn from the literature considered here. Firstly, research on resilience should clearly
describe shock characteristics such as intensity, duration, geographical scope, and try to identify system elements amplifying
or conversely dampening shock effects. Without this, it is
very difficult to properly interrogate shock effects.
Secondly, most empirical research on resilience in health
continues to use flat perspectives on health system structure
(in particular, the building blocks approach) addressing single
levels of analysis and taking a uniform view on where system
boundaries lie (principally, national boundaries). This framing is
problematic for analysis of shocks such as climatic events or
armed conflicts that can produce cascading effects at multiple health system levels within and across jurisdictions. The
system-of-systems and network-of-networks approaches allow
us to frame shock responses very differently, recognising that

health systems combine interconnected sub-systems (both
sectoral and across geographies) with different elements, behaviours and even objectives. Medicine supply chain sub-systems,
for example, likely operate in fundamentally different ways
from health governance and accountability sub-systems. As
part of the reckoning with the impact of COVID-19, however,
there is also growing recognition of the need to consider
connectedness with broader societal systems, including economic, environmental and social ones, in bolstering health
system resilience to future shocks of global scale7. The methodological corollary of these observations is the need for
mixed-methods research designs that interrogate resilience at
multiple levels and across sectors.
Third, transformability should be considered an integral
(rather than incompatible) property of resilient systems.
Recent theoretical work applying the concept of an adaptive
cycle in social systems reinforces the importance of links
between systems across scales, and also provides a new way
of thinking about how and when transformational change
arises that can, as we have seen, be readily applied to health
systems57,58,60. Work on SES and urban systems also emphasises
that, once a crucial tipping point has been reached and transformational change towards a new equilibrium state begins, resilience is a prerequisite for momentum to be maintained and
transformation to realised.
Finally, although approaches to assessment and quantification of health system resilience remain nascent, modelling
approaches including network analysis, SDM and ABM
have significant potential to advance research in this domain.
These three approaches have been applied to a very limited
extent in health but can provide valuable insights on critical
system elements through which shock effects are most likely
mediated. SDM and ABM also capture dynamic behaviour in
a way that conventional quantitative approaches cannot, to identify processes underpinning resilience and potential leverage
points for intervention. Health systems researchers have an
opportunity to lead the advancement of resilience research across
fields, through application of these methods.

Data availability

No data are associated with this article.

References
1.

Kieny M, Evans DB, Schmets G, et al.: Health-system resilience: reflections on
the Ebola crisis in western Africa. Bull World Health Organ. 2014; 92(12): 850.
PubMed Abstract | Publisher Full Text | Free Full Text

2.

Legido-Quigley H, Asgari N, Teo YY, et al.: Are high-performing health
systems resilient against the COVID-19 epidemic? Lancet. 2020; 395(10227):
848–50.
PubMed Abstract | Publisher Full Text | Free Full Text

3.

Haldane V, De Foo C, Abdalla SM, et al.: Health systems resilience in
managing the COVID-19 pandemic: lessons from 28 countries. Nat Med.
2021; 27(6): 964–80.
PubMed Abstract | Publisher Full Text

4.

5.
6.
7.

Haldane V, Morgan GT: From resilient to transilient health systems: the
deep transformation of health systems in response to the COVID-19
pandemic. Health Policy Plan. 2021; 36(1): 134–5.
PubMed Abstract | Publisher Full Text | Free Full Text
WHO: Everybody’s Business: strengthening health systems to improve
health outcomes. Geneva: WHO; 2007.
Reference Source
Frenk J: The Global Health System: Strengthening National Health Systems
as the Next Step for Global Progress. PLoS Med. 2010; 7(1): e1000089.
PubMed Abstract | Publisher Full Text | Free Full Text
Wernli D, Clausin M, Antulov-Fantulin N, et al.: Building a multisystemic

Page 11 of 13

Wellcome Open Research 2022, 7:151 Last updated: 13 MAY 2022

understanding of societal resilience to the COVID-19 pandemic. BMJ Glob
Health. 2021; 6(7): e006794.
PubMed Abstract | Publisher Full Text | Free Full Text
8.

9.

Goldin I, Mariathasan M: The Butterfly Defect: how glbalization creates
systemic risks, and what to do about it. The Butterfly Defect. Princeton:
Princeton University Press; 2014.
Reference Source
Linkov I, Bridges T, Creutzig F, et al.: Changing the resilience paradigm. Nat
Clim Chang. 2014; 4(6): 407–9.
Publisher Full Text

Int Syst Conf. 2017; 759–65.
Reference Source
32.

Uday P, Marais K: Designing resilient systems-of-systems: a survey of
metrics, methods, and challenges. Syst Eng. 2015; 18(5): 491–510.
Publisher Full Text

33.

Walker BH, Carpenter SR, Rockstrom J, et al.: Drivers, “Slow” Variables,
“Fast” Variables, Shocks. and Resilience. Ecology and Society. 2012; 17(3): 3.
Reference Source

34.

Del Giudice M, Buck CL, Chaby LE, et al.: What Is Stress? A Systems
Perspective. Integr Comp Biol. 2018; 58(6): 1019–32.
PubMed Abstract | Publisher Full Text

35.

Carpenter S, Walker B, Anderies JM, et al.: From Metaphor to Measurement:
Resilience of What to What? Ecosystems. 2001; 4(8): 765–81.
Publisher Full Text

36.

Stuckler D, Basu S, Suhrcke M, et al.: The health implications of financial
crisis: A review of the evidence. Ulster Med J. 2009; 78(3): 142–5.
PubMed Abstract | Free Full Text

37.

Lebel L, Anderies JM, Campbell B, et al.: Governance and the capacity to
manage resilience in regional social-ecological systems. Ecol Soc. 2006;
11(1).
Reference Source

38.

Blanchet K, Nam SL, Ramalingam B, et al.: Governance and capacity
to manage resilience of health systems: Towards a new conceptual
framework. Int J Heal Policy Manag. 2017; 6(8): 431–5.
PubMed Abstract | Publisher Full Text | Free Full Text

39.

Naimoli JF, Saxena S: Realizing their potential to become learning
organizations to foster health system resilience: opportunities and
challenges for health ministries in low- and middle-income countries.
Health Policy Plan. 2018; 33(10): 1083–95.
PubMed Abstract | Publisher Full Text

40.

Bowsher G, Bernard R, Sullivan R: A Health Intelligence Framework for
Pandemic Response: Lessons from the UK Experience of COVID-19. Health
Secur. 2020; 18(6): 435–43.
PubMed Abstract | Publisher Full Text

41.

Xu L, Kajikawa Y: An integrated framework for resilience research: a
systematic review based on citation network analysis. Sustain Sci. 2018;
13(1): 235–54.
Publisher Full Text

42.

Gao J, Liu X, Li D, et al.: Recent progress on the resilience of complex
networks. Energies. 2015; 8(10): 12187–210.
Publisher Full Text

10.

Zevenbergen C, Gersonius B, Radhakrishan M: Flood resilience Subject Areas :
Author for correspondence : Philos Trans R Soc A. 2020; 78(2168): 20190212.

11.

Turenne CP, Gautier L, Degroote S, et al.: Conceptual analysis of health
systems resilience: A scoping review. Soc Sci Med. 2019; 232: 168–80.
PubMed Abstract | Publisher Full Text

12.

Hosseini S, Barker K, Ramirez-Marquez JE: A review of definitions and
measures of system resilience. Reliab Eng Syst Saf. 2016; 145: 47–61.
Publisher Full Text

13.

Diaconu K, Falconer J, Vidal N, et al.: Understanding fragility: Implications for
global health research and practice. Health Policy Plan. 2020; 35(2): 235–43.
PubMed Abstract | Publisher Full Text | Free Full Text

14.

Deubelli TM, Mechler R: Perspectives on transformational change in climate
risk management and adaptation. Environ Res Lett. 2021; 16(5).
Publisher Full Text

15.

Saulnier DD, Blanchet K, Canila C, et al.: A health systems resilience research
agenda: moving from concept to practice. BMJ Glob Health. 2021; 6(8): e006779.
PubMed Abstract | Publisher Full Text | Free Full Text

16.

Moser S, Meerow S, Arnott J, et al.: The turbulent world of resilience:
interpretations and themes for transdisciplinary dialogue. Clim Change.
2019; 153(1 – 2): 21–40.
Publisher Full Text

17.

Biddle L, Wahedi K, Bozorgmehr K: Health system resilience: a literature
review of empirical research. Health Policy Plan. 2020; 35(8): 1084–109.
PubMed Abstract | Publisher Full Text | Free Full Text

18.

Fridell M, Edwin S, von SJ, et al.: Health system resilience: what are we
talking about? A scoping review mapping characteristics and keywords. Int
J Health Policy Manag. 2020; 9(1): 6–16.
PubMed Abstract | Publisher Full Text | Free Full Text

19.

Blanchet K, Diaconu K, Witter S: Understanding the Resilience of Health
Systems. In: Health Policy and Systems Responses to Forced Migration.
Switzerland: Springer; 2020; 99–117.
Publisher Full Text

43.

20.

Kruk ME, Ling EJ, Bitton A, et al.: Building resilient health systems: A proposal
for a resilience index. BMJ. 2017; 357: j2323.
PubMed Abstract | Publisher Full Text

Siegenfeld AF, Bar-Yam Y: An Introduction to Complex Systems Science and
Its Applications. Complexity. 2020; 2020.
Publisher Full Text

44.

21.

Grimm PY, Oliver S, Merten S, et al.: Enhancing the Understanding of
Resilience in Health Systems of Low- and Middle-income Countries: A
Qualitative Evidence Synthesis. 2021; (x): 1–13.
Publisher Full Text

Quinlan AE, Berbés-Blázquez M, Haider LJ, et al.: Measuring and assessing
resilience: broadening understanding through multiple disciplinary
perspectives. J Appl Ecol. 2016; 53(3): 677–87.
Publisher Full Text

45.

22.

Nuzzo JB, Meyer D, Snyder M, et al.: What makes health systems resilient
against infectious disease outbreaks and natural hazards? Results from a
scoping review. BMC Public Health. 2019; 19(1): 1310.
PubMed Abstract | Publisher Full Text | Free Full Text

Folke C, Carpenter SR, Walker B, et al.: Resilience thinking: Integrating
resilience, adaptability and transformability. Ecol Soc. 2010; 15(4): 20.
Publisher Full Text

46.

Keating A, Campbell K, Mechler R, et al.: Disaster resilience: what it is and
how it can engender a meaningful change in development policy. Dev Policy
Rev. 2017; 35(1): 65–91.
Publisher Full Text

47.

Barrett CB, Constas MA: Toward a theory of resilience for international
development applications. Proc Natl Acad Sci U S A. 2014; 111(40): 14625–30.
PubMed Abstract | Publisher Full Text | Free Full Text

48.

Lade SJ, Haider LJ, Engström G, et al.: Resilience offers escape from trapped
thinking on poverty alleviation. Sci Adv. 2017; 3(5): e1603043.
PubMed Abstract | Publisher Full Text | Free Full Text

49.

Barasa E, Mbau R, Gilson L: What Is Resilience and How Can It Be Nurtured?
A Systematic Review of Empirical Literature on Organizational Resilience.
Int J Health Policy Manag. 2018; 7(6): 491–503.
PubMed Abstract | Publisher Full Text | Free Full Text

50.

Meerow S, Newell JP, Stults M: Defining urban resilience: A review. Landsc
Urban Plan. 2016; 147: 38–49.
Publisher Full Text

51.

Witter S, Wurie H, Chandiwana P, et al.: How do health workers experience
and cope with shocks? Learning from four fragile and conflict-affected
health systems in Uganda, Sierra Leone, Zimbabwe and Cambodia. Health
Policy Plan. 2017; 32(suppl 3): iii3–iii13.
PubMed Abstract | Publisher Full Text

52.

Fukuma S, Ahmed S, Goto R, et al.: Fukushima after the Great East Japan
Earthquake: Lessons for developing responsive and resilient health
systems. J Glob Health. 2017; 7(1): 010501.
PubMed Abstract | Publisher Full Text | Free Full Text

53.

Sochas L, Channon AA, Nam S: Counting indirect crisis-related deaths in
the context of a low-resilience health system: The case of maternal and
neonatal health during the Ebola epidemic in Sierra Leone. Health Policy
Plan. 2017; 32(suppl_ 3): iii32–iii39.
PubMed Abstract | Publisher Full Text

54.

van de Pas R, Ashour M, Kapilashrami A, et al.: Interrogating resilience in

23.

Thomas S, Sagan A, Larkin J, et al.: Strengthening health systems resilience:
Key concepts and strategies [Internet]. Health Systems and Policy Analysis
-Policy brief 36. Copenhagen: European Observatory on Health Systems and Policies.
2020.
PubMed Abstract

24.

Barasa EW, Cloete K, Gilson L: From bouncing back, to nurturing emergence:
Reframing the concept of resilience in health systems strengthening.
Health Policy Plan. 2017; 32(suppl 3): iii91–4.
PubMed Abstract | Publisher Full Text | Free Full Text

25.

Gilson L, Barasa E, Nxumalo N, et al.: Everyday resilience in district health
systems: emerging insights from the front lines in Kenya and South Africa.
BMJ Glob Health. 2017; 2(2): e000224.
PubMed Abstract | Publisher Full Text | Free Full Text

26.

Fraccascia L, Giannoccaro I, Albino V: Resilience of Complex Systems: State
of the Art and Directions for Future Research. Complexity. 2018; 2018: 1–44.
Publisher Full Text

27.

Standish RJ, Hobbs RJ, Mayfield MM, et al.: Resilience in ecology: Abstraction,
distraction, or where the action is?. Biol Conserv. 2014; 177: 43–51.
Publisher Full Text

28.

Ramey VA: Macroeconomic Shocks and Their Propagation. Handbook of
Macroeconomics. 2016; 2: 71–162.
Publisher Full Text

29.

Martin R, Sunley P: On the notion of regional economic resilience:
Conceptualization and explanation. J Econ Geogr. 2015; 15(1): 1–42.
Publisher Full Text

30.

Briguglio L, Cordina G, Farrugia N, et al.: Economic vulnerability and
resilience: Concepts and measurements. Oxford Dev Stud. 2009; 37(3):
229–47.
Publisher Full Text

31.

Summers MP, Barker SG: On the Resilience of Systems of Systems. Annu IEEE

Page 12 of 13

Wellcome Open Research 2022, 7:151 Last updated: 13 MAY 2022

health systems development. Health Policy Plan. 2017; 32(suppl_ 3): iii88–90.
PubMed Abstract | Publisher Full Text

76.

Jamal Z, Alameddine M, Diaconu K, et al.: Health system resilience in the face
of crisis: Analysing the challenges, strategies and capacities for UNRWA in
Syria. Health Policy Plan. 2020; 35(1): 26–35.
PubMed Abstract | Publisher Full Text

77.

Ebi KL, Vanos J, Baldwin JW, et al.: Extreme Weather and Climate Change:
Population Health and Health System Implications. Annu Rev Public Health.
2021; 42: 293–315.
PubMed Abstract | Publisher Full Text | Free Full Text

78.

Ebi KL, Boyer C, Bowen KJ, et al.: Monitoring and evaluation indicators for
climate change-related health impacts, risks, adaptation, and resilience.
Int J Environ Res Public Health. 2018; 15(9): 1943.
PubMed Abstract | Publisher Full Text | Free Full Text

79.

Ebi KL, Berry P, Hayes K, et al.: Stress testing the capacity of health systems
to manage climate change-related shocks and stresses. Int J Environ Res
Public Health. 2018; 15(11): 2370.
PubMed Abstract | Publisher Full Text | Free Full Text

55.

Walker B, Holling CS, Carpenter SR, et al.: Resilience, adaptability and
transformability in social-ecological systems. Ecol Soc. 2004; 9(2): 5.
Publisher Full Text

56.

Gunderson LH, Holling CS: Panarchy: understanding transformations in
human and natural systems. Washington DC: Island press; 2002.
Reference Source

57.

Fath BD, Dean CA, Katzmair H: Navigating the adaptive cycle: an approach
to managing the resilience of social systems. Ecol Soc. 2015; 20(2): 24.
Publisher Full Text

58.

Chaffin BC, Garmestani AS, Gunderson LH, et al.: Transformative
Environmental Governance. Annu Rev Environ Resour. 2016; 41(1): 399–423.
PubMed Abstract | Publisher Full Text | Free Full Text

59.

Olsson P, Galaz V, Boonstra WJ: Sustainability transformations: a resilience
perspective. Ecology and Society. 2014; 19(4): 1.
Publisher Full Text

80.

60.

Chaffin BC, Gunderson LH: Emergence, institutionalization and renewal:
Rhythms of adaptive governance in complex social-ecological systems.
J Environ Manage. 2016; 165: 81–7.
PubMed Abstract | Publisher Full Text

Dakos V, Carpenter SR, Van Nes EH, et al.: Resilience indicators : prospects
and limitations for early warnings of regime shifts. Philos Trans R Soc Lond B
Biol Sci. 2015: 370(1659); 20130263.
Publisher Full Text | Free Full Text

81.

61.

Kotsadam A, Østby G: Armed conflict and maternal mortality: A micro-level
analysis of sub-Saharan Africa, 1989-2013. Soc Sci Med. 2019; 239: 112526.
PubMed Abstract | Publisher Full Text

Witter S, Palmer N, Balabanova D, et al.: Health system strengthening—
Reflections on its meaning, assessment, and our state of knowledge. Int J
Health Plann Manage. 2019; 34(4): e1980–9.
PubMed Abstract | Publisher Full Text

62.

Wagner Z, Heft-Neal S, Bhutta ZA, et al.: Armed conflict and child mortality in
Africa: a geospatial analysis. Lancet. 2018; 392(10150): 857–65.
PubMed Abstract | Publisher Full Text | Free Full Text

82.

63.

Brolin Ribacke KJ, Saulnier DD, Eriksson A, et al.: Effects of the West Africa
Ebola virus disease on health-care utilization - A systematic review. Front
Public Health. 2016; 4: 222.
PubMed Abstract | Publisher Full Text | Free Full Text

Schlüter M, Müller B, Frank K: The potential of models and modeling for
social-ecological systems research: The reference frame ModSES. Ecol Soc.
2019; 24(1).
Publisher Full Text

83.

64.

Moss WJ, Ramakrishnan M, Storms D, et al.: Child health in complex
emergencies. Bull World Health Organ. 2006; 84(1): 58–64.
PubMed Abstract | Publisher Full Text | Free Full Text

Blanchet K, James P: The role of social networks in the governance of health
systems: the case of eye care systems in Ghana. Health Policy Plan. 2013;
28(2): 143–56.
PubMed Abstract | Publisher Full Text

84.

65.

Mallett LH, Etzel RA: Flooding: what is the impact on pregnancy and child
health? Disasters. 2018; 42(3): 432–58.
PubMed Abstract | Publisher Full Text

Lo Sardo DR, Thurner S, Sorger J, et al.: Quantification of the resilience of
primary care networks by stress testing the health care system. Proc Natl
Acad Sci U S A. 2019; 116(48): 23930–5.
PubMed Abstract | Publisher Full Text | Free Full Text

85.

66.

Kates RW, Travis WR, Wilbanks TJ: Transformational adaptation when
incremental adaptations to climate change are insufficient. Proc Natl Acad
Sci U S A. 2012; 109(19): 7156–61.
PubMed Abstract | Publisher Full Text | Free Full Text

Richardson GP: Reflections on the foundations of system dynamics. Syst Dyn
Rev. 2011; 27(3): 219–43.
Publisher Full Text

86.

Few R, Morchain D, Spear D, et al.: Transformation, adaptation and
development: relating concepts to practice. Palgrave Commun. 2017; 3(1):
17092.
Publisher Full Text

Ager AK, Lembani M, Mohammed A, et al.: Health service resilience in Yobe
state, Nigeria in the context of the Boko Haram insurgency: a systems
dynamics analysis using group model building. Confl Health. 2015; 9(1): 30.
PubMed Abstract | Publisher Full Text | Free Full Text

87.

68.

Sundstrom SM, Allen CR: The adaptive cycle: More than a metaphor. Ecol
Complex. 2019; 39: 100767.
Publisher Full Text

Herrera de Leon HJ, Kopainsky B: Do you bend or break? System dynamics
in resilience planning for food security. Syst Dyn Rev. 2019; 35(4): 287–309.
Publisher Full Text

88.

69.

Elmqvist T, Andersson E, Frantzeskaki N, et al.: Sustainability and resilience
for transformation in the urban century. Nat Sustain. 2019; 2: 267–273.
Publisher Full Text

Herrera H, Kopainsky B: Using system dynamics to support a participatory
assessment of resilience. Environ Syst Decis. 2020; 40: 342–355.
Publisher Full Text

89.

70.

Scheffer M, Carpenter S, Foley JA, et al.: Catastrophic shifts in ecosystems.
Nature. 2001; 413(6856): 591–6.
PubMed Abstract | Publisher Full Text

Rahmandad H, Sterman J: Heterogeneity and network structure in the
dynamics of diffusion: Comparing agent-based and differential equation
models. Manage Sci. 2008; 54(5): 998–1014.
Publisher Full Text

90.

71.

Li T, Dong Y, Liu Z: A review of social-ecological system resilience: Mechanism,
assessment and management. Sci Total Environ. 2020; 723: 138113.
PubMed Abstract | Publisher Full Text

Stroeve SH, Everdij MHC: Agent-based modelling and mental simulation for
resilience engineering in air transport. Saf Sci. 2017; 93: 29–49.
Publisher Full Text

91.

72.

WHO: Health Systems for Health Security. Geneva: WHO; 2021.
Reference Source

73.

Gilson L, Ellokor S, Lehmann U, et al.: Organizational change and everyday
health system resilience: Lessons from Cape Town, South Africa. Soc Sci
Med. 2020; 266: 113407.
PubMed Abstract | Publisher Full Text | Free Full Text

Egli L, Weise H, Radchuk V, et al.: Exploring resilience with agent-based
models: State of the art, knowledge gaps and recommendations for coping
with multidimensionality. Ecol Complex. 2019; 40: 100718.
Publisher Full Text

92.

74.

Hanefeld J, Mayhew S, Legido-Quigley H, et al.: Towards an understanding of
resilience: responding to health systems shocks. Health Policy Plan. 2018;
33(3): 355–67.
PubMed Abstract | Publisher Full Text | Free Full Text

Gotts NM, van Voorn GAK, Polhill JG, et al.: Agent-based modelling of socioecological systems: Models, projects and ontologies. Ecol Complex. 2019; 40
Part B: 100728.
Publisher Full Text

93.

Zhuo L, Han D: Agent-based modelling and flood risk management: A
compendious literature review. J Hydrol. 2020; 591: 125600.
Publisher Full Text

75.

Alameddine M, Fouad FM, Diaconu K, et al.: Resilience capacities of health
systems: Accommodating the needs of Palestinian refugees from Syria. Soc
Sci Med. 2019; 220: 22–30.
PubMed Abstract | Publisher Full Text

94.

Hassan EM, Mahmoud H: Healthcare and education networks interaction as
an indicator of social services stability following natural disasters. Sci Rep.
2021; 11(1): 1664.
PubMed Abstract | Publisher Full Text | Free Full Text

67.

Page 13 of 13

