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Abstract

Payment for performance (P4P) initiatives have been employed in low and middle-income
(LMIC) countries as a means to improve the delivery and coverage of maternal and child health
(MCH) services. Despite widespread implementation, there is still a lack of consensus on
whether P4P is an effective initiative that leads to positive, sustained improvement in delivery
of these services. There is a need to employ methods that can evaluate the pathways through
which P4P alters health systems without diminishing the complex behaviour exhibited by health

systems in the evaluation.

Two methods for evaluation of complex systems were used to model the impact of a P4AP
programme on the delivery and uptake of MCH services in Tanzania: causal loop diagrams
(CLDs) and system dynamics modelling (SDM). The CLD represents relationships between
variables that are important when we consider how the health system responds and transforms
under P4P. The CLD was developed using qualitative data from a process evaluation of a P4P
programme in Tanzania and stakeholder consultation. The CLD was then used to build a
quantitative SDM, using primary (stakeholder consultation) and secondary (impact evaluation
of P4P programme, official statistics and reports) data sources. In the SDM, changes in design,
implementation, and context (availability and supply of drugs, access to alternative sources of
funding, staffing) were tested to explore the impact on key outcomes (percentage of women
who received two doses of intermittent preventive treatment during antenatal care and
percentage of women who had a facility-based delivery) and the effectiveness of the

programme.

The CLD pinpoints the key mechanisms underpinning provider achievement of P4P targets,
reporting of health information by providers, and care seeking by the population, and identifies
those mechanisms affected by P4P. For example, the availability of drugs and medical
commodities was critical not only to provider achievement of P4P targets (supply of MCH
services) but also to demand of services and was impacted by P4P through the availability of
additional facility resources. In the SDM, severe delays in payment and change in allocation of
payments (between staff and operations) impacted key outcomes, with changes in contextual

factors (particularly provision of medicine) facilitating or hindering facility performance.

Recommendations for programme design must consider the impact on the holistic system, to
avoid suboptimal programme impact or unintended, negative consequences. Our study shows
how secondary data from an impact and process evaluation can be used to model the health

system and its response to P4P, to improve our understanding of programme mechanisms and



inform the design of more effective future P4P programmes. This work will not only be relevant

for P4P in Tanzania but also generate policy relevant recommendations for LMICs.
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BACKGROUND TO THE THESIS

1 Introduction

Abbreviations: Agent-based modelling (ABM),; Causal loop diagram (CLD); Low- and middle-
income country (LMIC); Maternal and child health (MCH),; Payment for performance (P4P);
System dynamics modelling (SDM).

In this opening chapter, the background information to the thesis is presented, with overall goal,
objectives, ethics clearance and role of the candidate in the wider study that forms the basis for

the thesis.

1.1 Maternal and child health and payment for performance

Globally, maternal and under-five mortality is estimated to have decreased by 45% (Alkema et
al. 2016; UNICEF 2021a) and 61% (UNICEF 2021b) respectively since 1990. Despite this
advancement, there are wide disparities in health outcomes between world regions; 86% of
maternal deaths worldwide occur in South Asia and sub-Saharan Africa (UNICEF 2021a). In
this latter region, 1 in 13 children die before their fifth birthday, and the risk of under-five

mortality is 15 times greater than for a child born in a high-income country (UNICEF 2021b).

Payment for performance (P4P) programmes have been employed globally to promote quality
and demand for health services with an aim of improving maternal and child health (MCH)
outcomes (Das et al. 2016). P4P uses financial incentives to promote certain behaviour in order
to achieve service or health targets (Mannion and Davies 2008). The general mechanisms for
system change in P4P are that giving health workers, facilities and managers this incentive will
increase their extrinsic motivation to achieve set targets, which in turn will increase the quality
and delivery of health services. A higher quality of service will stimulate a higher volume of
patients attending the facility, leading to a continued and sustained increase in patient health and

access to services and improved patient outcomes (Meessen et al. 2011; Njuki et al. 2012).

1.2 Evaluation of payment for performance in low- and middle-income countries

Evaluations of P4P in low- and middle-income countries (LMICs) have focussed on exploration
of programme effect on key health system outcomes, such as health worker motivation
(Bhatnagar and George 2016; Engineer et al. 2016; Shen et al. 2017) and job satisfaction
(Engineer ef al. 2016; Shen et al. 2017), availability of facility resources (Bhatnagar and George
2016; Das et al. 2016; Engineer ef al. 2016), quality of care (Bhatnagar and George 2016; Das
et al. 2016; Engineer ef al. 2016), health worker supervision by managers (Paul ez al. 2014;

Bhatnagar and George 2016; Mayumana ef al. 2017) and community engagement in service
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delivery (Engineer et al. 2016; Mayumana ef al. 2017). In 2012, a Cochrane review exploring
P4P programme impact on health system functioning (Witter et al. 2012) found that the size and
direction of programme effect was mixed, with ‘very low’ quality and quantity of evidence.
Implementation was found to vary widely between settings, making it difficult to determine the

impact of this intervention in LMICs.

A decade later, an update to the original Cochrane review has now been released (Diaconu et al.
2021). Whilst the evidence base for programme effect in LMIC settings has increased, there has
only been a gradual increase in study quality and evidence on effect. Consistent with earlier
review findings, considerable heterogeneity was identified in programme implementation across
different contexts. Crucially, the effect of the programme was found to be dependent on a wide
range of co-existing, interacting elements such as P4P programme design (payment per service
(Witvorapong and Foshanji 2016) vs. target thresholds (Gertler and Vermeersch 2013)),
incentives for facility health workers and district managers (Binyaruka et al. 2015) vs.
community health workers (Kliner ef al. 2015) etc.), any additional provider held funding
(Lagarde et al. 2021), health system and programme context. The authors call for a shift in
research focus towards further understanding on the contextually sensitive pathways to effect
for PAP programmes using dynamic approaches (approaches that account for health system and
intervention complexity in the evaluation). Other reviews that focus on the effect of P4P on
quality of MCH services in LMICs make similar calls for analysis of pathways to effect that
reflect the complexity of the system within which P4P is embedded, together with the
complexity of the programme itself. There have also been calls to explore the influence of
varied design and implementation processes on outcomes. This has been driven by a need to
better understand why there has been mixed effects of P4P on healthcare outcomes (Das et al.
2016) and monitoring of effects beyond those services that were directly incentivised (Patel

2018).

There is a need for an ‘open box’ evaluation of P4P, exploring pathways to impact for the
programme and how changes in the design, implementation and context affect programme
success. A whole systems perspective is required to identify facilitators or barriers to
programme implementation and how these factors become more or less important over time, to

gain knowledge that is critical for optimising further implementation of the programme.

1.3 Systems thinking for health systems research

As complex adaptive systems (Kitson et al. 2017), health systems exhibit extraordinary
intricacy in relationships among highly heterogenous groups (e.g. health workers, patients,

managers) (Paina and Peters 2012). System processes that consist of many inter-connections,
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self-organising and emergent behaviour, non-linearity and linked feedback loops with system
tipping points make health system behaviour difficult to predict (Lipsitz 2012). Interventions
that aim to optimise health system behaviour are themselves complex; programme design may
aim to incentivise stakeholders operating at different levels of the health system, where they
make decisions based on their local context and environment, with data reporting often required
for programme evaluation (Skivington et al. 2021). The overlaying of the intervention on top of
the existing health system structure gives rise to an additional layer of complexity; the pathways
through which the intervention influences system behaviour, dependent on programme design,
implementation and context, will impact success or failure of the programme (Skivington et al.

2021).

Conventional methods for evaluation isolate and quantify individual effects of programmes on
health system behaviour, assuming linear cause effect mechanisms for impact, disregarding the
inherent complex nature of health systems in evaluations (Borghi and Chalabi 2017).
Discounting system complexity when considering programme implementation can also give rise
to unexpected or paradoxical behaviour and suboptimal service quality and delivery outcomes
(Adam et al. 2012; Paina and Peters 2012). Health systems and implementation research require
approaches that can retain system complexity in analysis, such as those that derive from systems

thinking (de Savigny et al. 2017a).

Systems thinking is an approach that encourages exploration of relationships and interactions
between different system ‘agents’ (stakeholders) and system sectors (e.g. financial, political,
social), defining the boundaries and drivers for system behaviour (Gates 2016; McGill ef al.
2021). There are a variety of tools that allow researchers to take a systems thinking approach to
research, with use depending on the research study question (de Savigny et al. 2017b). For
example, if the goal for research is to explore, describe and quantify stakeholder relationships
and engagement, network analysis would be an appropriate tool for the study. If the study
objectives detail identification of system processes to accomplish certain prioritised tasks,
process mapping would be a fitting tool for analysis. If understanding of drivers for suboptimal
or problematic system behaviour and testing solutions to promote desired behaviour is the

research need, system dynamics methodology would be a suitable approach.
1.3.1 System dynamics methodology

When reflecting on the gaps in research identified by the systematic reviews of P4P programme
impact in LMICs, there is clear potential for a systems thinking approach to evaluation,
specifically the system dynamics methodology. System dynamics methodology originated in

business management (Sterman 2000; Shepherd 2014), but now has widespread application
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from environment science to engineering, economics to recycling and waste research (Fiddaman
2002; Ford 2007; Radzicki 2009; Popli et al. 2017; Kunc et al. 2018; Lobontiu 2018). Two
types of macro-level systems mapping and modelling methods are used in system dynamics;

causal loop diagrams (CLDs) and system dynamics modelling (SDM).

Causal loop diagrams

CLDs are static maps that describe relationships and interactions between different system
elements and sectors (Tomoaia-Cotisel et al. 2017). They help to visualise structural drivers for
system behaviour; they can be used ex-ante (e.g. policy design) or retrospectively (e.g. policy
evaluation) to aid identification of system delays and bottlenecks, and facilitators and barriers to
optimal health system behaviour. This holistic systems perspective can yield knowledge on
possible spill over effects to wider parts of the system, and any unexpected or unintended
consequences for policy implementation, preventing suboptimal outcomes. System leverage
points, targets for policies that are expected to induce optimal system behaviour, can be
identified in the CLD and incorporated into the design of policies (Kwamie et al. 2014;
Rwashana et al. 2014). CLDs have also been used outside of policy evaluation to identify
mechanisms for health system resilience (Ozawa et al. 2016; Jamal et al. 2020), drivers for
suboptimal childhood vaccination (Rwashana et al. 2009; Varghese et al. 2014; Kanniyan ef al.
2021) and drivers for refugee and host community demand for healthcare (Noubani et al. 2020;
Zablith et al. 2021).

System dynamics modelling

Where study design calls for testing changes to policy design and evaluation of subsequent
impact on health system behaviour, researchers often combine CLD development with SDM.
These quantitative simulation models are used to investigate macro-level system behaviour,
using differential equations to simulate changes to system variables over time (Pruyt 2017).
They can be used for policy evaluation before costly implementation or service restructuring,
providing a relatively risk-free and low budget route for exploration of health system response
to policies. In a similar vein to CLD methodology, they can help pinpoint system parameters
that are causing bottlenecks or impeding the success of initiatives, unintended or unexpected
outcomes and potential spill over effects to the wider system, with a crucial addition (Ansah et
al. 2014; Rashwan et al. 2015; Mahmoudian-Dehkordi and Sadat 2017). System behaviour is
likely to fluctuate over time as a result of policy design, implementation, context and other such
stimuli; using simulation modelling allows researchers to not only pinpoint ‘where’ bottlenecks
or delays are occurring, but ‘when’ and in response to ‘what’ changes in the wider system and at
various time points. Production of a user-friendly model interface is also possible, facilitating

communication of the model and results to stakeholders responsible for decision-making and

26



policy implementation (Semwanga et al. 2016). SDMs have also been used outside of health
system policy evaluation, to explore drivers for undesirable outcomes in emergency
departments (Lane 1998, 2000), estimating future demand for care (Mielczarek and Zabawa

2016) and reasoning for variation in physician decision-making (Ghaffarzadegan et al. 2013).

1.4 Rationale for PhD

Despite the clear value of using a system dynamics approach for health systems research, there
has been little application of it within LMIC settings, compared to research in high-income
countries. System maps and models can be developed with primary and/or secondary data
sources (including data collected for previous programme evaluations), enabling use in settings
where access to stakeholders is not always guaranteed (e.g. humanitarian settings). It is vital that
further research using a systems thinking approach is undertaken, to further our understanding
of health system functioning in LMICs, and given the greater resource constraints, shed light on

optimal programme designs before costly implementation.

Four studies have used a system dynamics approach to model P4P programmes in LMIC
settings (Meker and Barlas 2015; Alonge ef al. 2017; Renmans et al. 2017; Singh et al. 2021).
Given the existing issues with conventional evaluations of P4P, indicative of low quality of
evidence and mixed effects on health system functioning (Das et al. 2016; Patel 2018; Diaconu
et al. 2021), there is great potential here for further exploration of programme pathways to

effect and generation of recommendations for implementation using system dynamics.

1.5 Goal and objectives

The goal of this thesis is to use a systems thinking approach to further understand pathways to
impact for P4P programmes and recommendations for more effective implementation in low-

income settings. Specific objectives are to:

1. Determine current use and application of systems thinking methods (CLDs and SDMs)
for health systems research, with reflection on use in LMIC health system settings.

2. Identify health system factors and feedback loops that facilitate or hinder the
implementation of P4P programmes and its overall effectiveness.

3. Identify system leverage points which should be considered in the design of P4P
programmes.

4. Explore how variations in the implementation, design and context of P4P could result in
different outcomes to inform future design of P4P programmes.

5. Provide guidance on future health systems research using systems thinking to encourage

uptake in LMIC settings.
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1.6 Thesis outline

The thesis comprises of nine chapters:

Chapter 1 reviews the background information and presents the rationale and structure for the
thesis. This includes the overall goal, objectives, ethical clearances and role of the candidate in

the wider study that forms the basis for the thesis.

Chapter 2 is a systematic literature review (paper) identifying and describing application of
SDM for health systems research, with reflection on current application in low-income settings

and avenues for future research (Objective 1).

Chapter 3 provides background on the study setting (Tanzania), healthcare system (MCH

services) and P4P programme that is the focus of this thesis.

Chapters 4 and 5 provide details on the methodologies employed in this thesis (CLD and

SDM), including data use, model development and validation.

Chapters 6, 7 and 8 are a series of papers that illustrate study results. Chapter 6 is an
application of CLD methodology to further understand pathways to impact for P4P
programmes, identify system delays and bottlenecks that affect service delivery and success of
the programme and provide recommendations for the design of the programme based on key
system leverage points (Objectives 2 and 3). Chapter 7 is a guidance piece for study design
utilising CLD methodology for health systems research in low-income settings, based on the
current literature and the candidates own experience of application (Objectives 1 and 5).
Chapter 8 is an application of SDM methodology, building on the foundation and knowledge
gained from CLD analysis, to explore how changes in the design, implementation and context
of the P4P programme can affect programme success, providing recommendations for future

implementation and design (Objective 4).

Chapter 9 provides a summary of thesis findings and strengths and limitations of the work,

closing with research and policy implications and recommendations.

1.7 Role of the candidate and declaration of funding

For the majority of PhD enrolment, the candidate was a Research Fellow at the London School
of Hygiene and Tropical Medicine on the COSMIC Project (London School of Hygiene and
Tropical Medicine 2022). The project aims to utilise computer modelling to optimise the design
of health system programmes (P4P), to improve MCH service delivery and utilisation in low-
resource settings. It is a 4.5 year project which started in 2018 and is a partnership between the

London School of Hygiene and Tropical Medicine, Ifakara Health Institute in Tanzania,
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University of Zambia, Makerere University, Geneva Centre of Humanitarian Studies and
Kuwait University. The project is funded by the Health Systems Research Initiative grant
(MR/R013454/1), a joint initiative by Foreign, Commonwealth and Development Office, the
Medical Research Council and Wellcome Trust, in collaboration with the Economic and Social

Research Council.

The project objectives pertain to using various modelling approaches, namely CLD, SDM and
agent-based modelling (ABM) to explore pathways to impact for PAP programmes and provide
recommendations for future programme implementation, using Tanzania’s programme as a case
study. The candidate led the systems thinking (CLD and SDM) workstream of the project and
developed the outline of work presented in this thesis, in discussion with the co-principal
investigators for the COSMIC project who were also the candidate’s PhD supervisors. The
project contains an additional workstream, investigating the external validity of the models
originally developed for Tanzania to another comparable setting (Zambia), which the candidate

is also supporting. In relation to this thesis, the candidate:

e Developed the study design used in this thesis, in discussion with the supervision team
and advisory committee.

e Developed the data collection tools and conducted data collection, in discussion with
the supervision team and advisory committee, supported in data collection by a fellow
project researcher.

e Developed study models and led analysis of study results.

e Drafted four first-author research papers, with paper revisions based on co-author
feedback (Chapters 2, 6, 7 and 8).

e Wrote the remaining chapters of the thesis (Chapters 1, 3,4, 5 and 9).

The candidate did not receive funding for PhD study and was self-funded for the entire duration.

1.8 Ethics approval

Ethics approval was sought for this study from London School of Hygiene and Tropical
Medicine Research Ethics Committee (UK), Ifakara Health Institute Review Board (Tanzania),
and Tanzania National Institute for Medical Research. Ethical clearance documentation from
each institute can be found in Appendix 1, with study tools, participant information sheets and

consent forms included in Appendix 2.
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2 Systematic review on the application of system dynamics to model health systems
2.1 Introduction

Abbreviations: Accident and Emergency Department (A&E); Accountable care organisation
(ACO); Agent-based model (ABM),; Caesarean delivery (CD); Cardiac catheterization (CC);
Cardiothoracic surgery (CTS),; Catharina Hospital Eindhoven (CHE); Community health
system (CHS),; Congestive heart failure (COHF),; Discrete-event simulation (DES); Emergency
department (ED); General internal medicine (GIM); Hampshire County Council (HCC);,
Integrated care system (IC); Intensive Care Unit (ICU); Long-term care services (LTC); Low-
and middle-income country (LMIC); Maternal, newborn and child health (MNCH),; Medication
administration process (MAP); Mobile Stroke Unit (MSU); Payment for performance (P4P);
Performance-based payment system (PBPS); Percutaneous Coronary Intervention Centre
(PCI); Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA);
Prospective Health Technology Assessment (ProHTA), ST-segment elevation myocardial
infarction (STEMI), Supportive living (SL); System dynamics model (SDM); Total knee
arthroplasty (TKA), Vaginal delivery (VD),; Venous thromboembolism (VTE).

Chapter 2 of this thesis is a systematic review of the literature, describing current application of
SDM (and ABM) for health systems research, with reflection on use for research in LMIC
settings fulfilling Objective 1 of this thesis:

1. Determine current use and application of systems thinking methods (CLDs and SDMs)

for health systems research, with reflection on use in LMIC health system settings.

The results of the review are presented in a paper, ‘Mathematical modelling for health systems
research: a systematic review of system dynamics and agent-based models’, published in BMC
Health Services Research in November 2019. The chapter appendix contains supplementary
material, including review search terms and further details on selected articles. Evidence of

retention of copyright or use of published materials in this thesis can be found in Appendix 3.

2.2 Research paper 1: Mathematical modelling for health systems research: a systematic

review of system dynamics and agent-based models

(Cover sheet on next page)
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Abstract

Background: Mathematical modelling has been a vital research tool for exploring complex systems, most recently
to aid understanding of health system functioning and optimisation. System dynamics models (SDM) and agent-
based models (ABM) are two popular complementary methods, used to simulate macro- and micro-level health
system behaviour. This systematic review aims to collate, compare and summarise the application of both methods
in this field and to identify common healthcare settings and problems that have been modelled using SDM and
ABM.

Methods: We searched MEDLINE, EMBASE, Cochrane Library, MathSciNet, ACM Digital Library, HMIC, Econlit and
Global Health databases to identify literature for this review. We described papers meeting the inclusion criteria

using descriptive statistics and narrative synthesis, and made comparisons between the identified SDM and ABM
literature.

Results: We identified 28 papers using SDM methods and 11 papers using ABM methods, one of which used
hybrid SDM-ABM to simulate health system behaviour. The majority of SDM, ABM and hybrid modelling papers
simulated health systems based in high income countries. Emergency and acute care, and elderly care and long-
term care services were the most frequently simulated health system settings, modelling the impact of health
policies and interventions such as those targeting stretched and under resourced healthcare services, patient length
of stay in healthcare facilities and undesirable patient outcomes.

Conclusions: Future work should now turn to modelling health systems in low- and middle-income countries to
aid our understanding of health system functioning in these settings and allow stakeholders and researchers to
assess the impact of policies or interventions before implementation. Hybrid modelling of health systems is still
relatively novel but with increasing software developments and a growing demand to account for both complex
system feedback and heterogeneous behaviour exhibited by those who access or deliver healthcare, we expect a
boost in their use to model health systems.
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Introduction

Health systems are complex adaptive systems [1]. As such,
they are characterised by extraordinary complexity in
relationships among highly heterogeneous groups of
stakeholders and the processes they create [2]. Systems
phenomena of massive interdependencies, self-organising
and emergent behaviour, non-linearity, time lags, feedback
loops, path dependence and tipping points make health
system behaviour difficult and sometimes impossible to
predict or manage [3]. Conventional reductionist ap-
proaches using epidemiological and implementation re-
search methods are inadequate for tackling the problems
health systems pose [4]. It is increasingly recognised that
health systems and policy research need a special set of
approaches, methods and tools that derive from systems
thinking perspectives [5]. Health systems encompass a
many tiered system providing services to local, district and
national populations, from community health centres to
tertiary hospitals. Attempting to evaluate the performance
of such a multi-faceted organisation presents a daunting
task. Mathematical modelling, capable of simulating the
behaviour of complex systems, is therefore a vital research
tool to aid our understanding of health system functioning
and optimisation.

System dynamics model (SDM)

System dynamics models (SDM) and agent-based models
(ABM) are the two most popular mathematical modelling
methods for evaluating complex systems; while SDM are
used to study macro-level system behaviour such as the
movement of resources or quantities in a system over
time, ABM capture micro-level system behaviour, such as
human decision-making and heterogeneous interactions
between humans.

While use of SDM began in business management [6, 7]
it now has wide spread application from engineering to
economics, from environmental science to waste and re-
cycling research [8—13]. A SDM simulates the movement
of entities in a system, using differential equations to
model over time changes to system state variables. A stock
and flow diagram can be used to provide a visual repre-
sentation of a SDM, describing the relationships between
system variables using stocks, rates and influencing fac-
tors. The diagram can be interpreted as mimicking the
flow of water in and out of a bath tub [7]; the rates control
how much ‘water’ (some quantifiable entity, resource) can
leave or enter a ‘bath tub’ (a stock, system variable) which
changes over time depending on what constraints or con-
ditions (e.g. environmental or operational) are placed on
the system. Often before the formulation of a stock and
flow diagram, a causal loop diagram is constructed which
can be thought of as a ‘mental model’ of the system [14],
representing key dynamic hypotheses.
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Agent-based model (ABM)

Unlike SDM, ABM is a ground-up representation of a
system, simulating the changing states of individual
‘agents’ in a system rather than the broad entities or
aggregate behaviour modelled in SDM. Aggregate system
behaviour can however be inferred from ABM. Use of
ABM to model system behaviour has been trans-
disciplinary, with application in economics to ecology,
from social sciences to engineering [15-19]. There can
be multiple types of agent modelled, each assigned their
own characteristics and pattern of behaviour [20, 21].
Agents can learn from their own experiences, make deci-
sions and perform actions based on set rules (e.g. heuris-
tics), informed by their interactions with other agents,
their own assigned attributes or based on their interaction
with the modelled environment [22]. The interactions
between agents can result in three levels of communica-
tion between agents; one-to-one communication between
agents, one-to-many communication between agents and
one-to-location communication where an agent can influ-
ence other agents contained in a particular location [22].

Why use SDM and ABM to model health systems?

ABM and SDM, with their ability to simulate micro- and
macro-level behaviour, are complementary instruments
for examining the mechanisms in complex systems and
are being recognised as crucial tools for exploratory ana-
lysis. Their use in mapping health systems, for example,
has steadily risen over the last three decades. ABM is
well-suited to explore systems with dynamic patient or
health worker activity, a limitation of other differential
equation or event-based simulation tools [23-25]. Unlike
discrete-event simulation (DES) for example, which sim-
ulates a queue of events and agent attributes over time
[26], the agents modelled in ABM are decision makers
rather than passive individuals. Closer to the true system
modelled, ABM can also incorporate ongoing learning
from events whereby patients can be influenced by their in-
teractions with other patients or health workers and by
their own personal experience with the health system [21].
SDM has also been identified as a useful tool for simulating
feedback and activity across the care continuum [27-30]
and is highly adept at capturing changes to the system over
time [31]. This is not possible with certain ‘snapshot in
time’ modelling approaches such as DES [32]. SDM is best
implemented where the aim of the simulation is to exam-
ine aggregate flows, trends and sub-system behaviour as
opposed to intricate individual flows of activity which are
more suited to ABM or DES [33].

There are also models that can accommodate two or
more types of simulation, known as hybrid models. Hybrid
models produce results closer to true system behaviour by
drawing on the strengths of one or more modelling methods
while reducing the limitations associated with using a single
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simulation type [27]. The activity captured in such
models emulates the individual variability of patients
and health professionals while retaining the complex,
aggregate behaviour exhibited in health systems.

Health scientists and policy makers alike have recog-
nised the potential of using SDM and ABM to model all
aspects of health systems in support of decision making
from emergency department (ED) optimisation [34] to
policies that support prevention or health promotion
[35]. Before implementing or evaluating costly health
policy interventions or health service re-structuring in
the real world, modelling provides a relatively risk-free
and low budget method of examining the likely impact
of potential health system policy changes. They allow
the simulation of ‘what if scenarios to optimise an inter-
vention [36]. They can help identify sensitive parameters
in the system that can impede the success of initiatives
and point to possible spill-over effects of these initiatives
to other departments, health workers or patients. Per-
haps most important of all, these modelling methods
allow researchers to produce simulations, results and a
graphical-user interface in relation to alternative policy
options that are communicable to stakeholders in the
health system [37], those responsible for implementing
system-wide initiatives and changes.

Study aim and objectives

Given the increasing amount of literature in this field,
the main aim of the study was to examine and describe
the use of SDM and ABM to model health systems. The
specific objectives were as follows: (1) Determine the
geographical, and healthcare settings in which these
methods have been used (2) Identify the purpose of the
research, particularly the health policies or interventions
tested (3) Evaluate the limitations of these methods and
study validation, and (4) Compare the use of SDM and
ABM in health system research.

Although microsimulation, DES and Markov models have
been widely used in disease health modelling and health
economic evaluation, our aim in this study was to review
the literature on mathematical methods which are used to
model complex dynamic systems, SDM and ABM. These
models represent two tenants of modelling: macroscopic
(top-level) and microscopic (individual-level) approaches.
Although microsimulation and DES are individual-based
models like ABM, individuals in ABM are “active agents” i.e.
decision-makers rather than “passive agents” which are the
norm in microsimulation and DES models. Unlike Markov
models which are essentially one-dimensional, unidirectional
and linear, SDM are multi-dimensional, nonlinear with feed-
back mechanisms. We have therefore focussed our review
on SDM and ABM because they are better suited to charac-
terise the complexity of health systems. This study reviews
the literature on the use of SDM and ABM in modelling
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health systems, and identifies and compares the key charac-
teristics of both modelling approaches in unwrapping the
complexity of health systems. In identifying and summaris-
ing this literature, this review will shed light on the types of
health system research questions that these methods can be
used to explore, and what they add to more traditional
methods of health system research. By providing an over
overview of how these models can be used within health
system research, this paper is also expected to encourage
wider use and uptake of these methods by health system re-
searchers and policy makers.

Methods

The review was conducted in compliance with the Pre-
ferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) statement [38].

Search strategy and information sources

The literature on ABM and SDM of health systems has
not been confined to a single research discipline, making
it necessary to widen the systematic review to capture
peer-reviewed articles found in mathematical, computing,
medicine and health databases. Accordingly, we searched
MEDLINE, EMBASE, Cochrane Library, MathSciNet,
ACM Digital Library, HMIC, Econlit and Global Health
databases for literature. The search of health system litera-
ture was narrowed to identify articles that were concerned
with modelling facility-based healthcare, services and
related healthcare financing agreements which had been
excluded or were not the focus of previous reviews
[34, 35, 39-41]. The search criteria used for MED-
LINE was as follows, with full search terms for each
database and search terms used to locate SDM and
ABM literature found in Additional file 1:

(health system* OR health care OR healthcare OR
health service* OR health polic* OR health facil* OR
primary care OR secondary care OR tertiary care OR
hospital*).ab,ti. AND (agent-based OR agent
based).ab,ti. AND (model*).ab,ti.

In addition, the reference list of papers retained in the
final stage of the screening process, and systematic re-
views identified in the search, were reviewed for relevant
literature.

Data extraction and synthesis

The screening process for the review is given in Fig. 1
(adapted from [38]). All search results were uploaded to
Mendeley reference software where duplicate entries
were removed. The remaining records were screened
using their titles and abstracts, removing entries based
on eligibility criteria given in Table 1. Post-abstract re-
view, the full text of remaining articles was screened.
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Cochrane EMBASE MEDLINE P Global Health
Library (n=2) (n=184) (n=108) EconLit (n=12) (n=46)
[ [ I I
Additional
HMIC (n=26) MathSciNet ACM Digital Other systematic records from
(n=540) Library (n=39) reviews (n=38) other sources
(n=1)
Records
All records removed due to
(n=996) duplication
(n=186)
Remaining Records
records removed after
screened for  ——p»] screening
abstracts abstracts
(n=810) (n=741)
Records removed after screening full text,
with reasons (n=44)
Records C
screened for full |—»| (not article) n=14
text (n=69) No access to paper, n=6
Does not model facility-based healthcare, n=8
Primarily a disease/transmission model, n=9
Records Does not describe a SDM, n=5
identified from Describes the qualitative data used to inform a later
review of developed SDM, n=2
references (n=3)
SDM (n=24)
Records retained in final stage of review (n=28) }—7 SDM-DES (n=3)
SDM-ABM (n=1)

\

Fig. 1 a Flow-chart for systematic review of SDMs and b ABMs of health systems (Database research discipline is identified by colour;
mathematical and computing (red), medicine (blue) and health (green) databases). Adapted from PRISMA [38]

Cochrane EMBASE MEDLINE . Global Health
Library (n=4) (n=193) (n=127) EconLit (n=12) (n=67)
[ [ I I
Additional
HMIC (=8 MathSciNet ACM Digital Other systematic records from
(n=8) (n=52) Library (n=72) reviews (n=0) other sources
(n=0)

Records
All records removed due to
(n=535) duplication
(n=196)
Remaining Records
records removed after
screened for | screening
abstracts abstracts
(n=339) (n=316)
Records removed after screening full text,
with reasons (n=15)
Records C
screened for full ——| (not article), n=5
text (n=23) Text was not in English, n=2

Does not model facility-based healthcare, n=1
Primarily a disease/transmission model, n=1
Does not describe a ABM, n=3
Duplicate study/model, n=3

Records
identified from
review of
references (n=3)

ABM
Records retained in final stage of review (n=11) ABM-DES
SDM-ABM (n=1)

Papers retained in final stage of screening were scruti-
nised, with data imported to Excel based on the follow-
ing categories; publication date, geographical and
healthcare setting modelled, purpose of research in
addition to any policies or interventions tested, rationale
for modelling method and software platform, validation
and limitations of model. The results were synthesised
using descriptive statistics and analysis of paper content
that were used to answer the objectives.

The studies were first described by three characteristics:
publication date, geographical setting, and what aspect of
the health system was modelled and why. These charac-
teristics were chosen for the following reasons. Publication
date (Fig. 2) allows us to examine the quantity of SDM
and ABM studies over time. Geographical settings (Fig. 2,
top) allows us to see which health systems have been stud-
ied, as health systems in LMIC are very different from

Table 1 Eligibility criteria for review

those in developed countries. Studies are classified as
modelling health systems in high, upper middle, lower
middle and low income countries as classified by The
World Bank based on economy, July 2018 [42]. Finally, we
examined which aspects of the health system have been
modelled and the types of research/policy questions that
the models were designed to address, to shed light on the
range of potential applications of these models, and also
potential gaps in their application to date.

The analysis of paper content was split into three
sections; SDM use in health system research (including hy-
brid SDM-DES), ABM use in health system research (in-
cluding hybrid ABM-DES) and hybrid SDM-ABM use in
health system research. The quality of selected studies will
not be presented as our aim was to compare and summar-
ise the application of SDM and ABM in modelling health
systems rather than a quality appraisal of studies.

Criteria Inclusion

Exclusion

Type of study/model

Setting

financing arrangements
Publication date Up to May 2019

Language English

Studies that describe the development and
presentation of SDM or ABM or hybrid model.

Facility-based healthcare or related policies/

Poster presentations, conference abstracts, review
papers (reference list reviewed), commentaries,
debate papers, papers that describe the qualitative
data used to inform a later developed model, papers
that only present conceptual SDM or ABM model,
papers that present exclusively a DES model or other
modelling method.

Papers that primarily describe a disease/transmission
model or delivery of non-facility-based healthcare

Other languages
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Fig. 2 Number of articles in the final review by year of publication and economic classification

Results

Study selection

The search initially yielded 535 citations for ABM and
996 citations for SDM of facility-based healthcare and
services (see Fig. 1). Post-full text screening 11 ABM and
28 SDM papers were retained for analysis, six of which
utilised hybrid modelling methods. Three of the hybrid
modelling papers integrated SDM with DES [43—45], two
integrated ABM with DES [24, 46] and one integrated
SDM with ABM [47]. A summary table of selected papers
is given in Table 2.

Descriptive statistics

Publication date

The first SDM paper to model health systems was pub-
lished in 1998 [56] whilst the first publication [66] uti-
lising ABM came almost a decade later (Fig. 2). We
found an increasing trend in publications for both
modelling approaches, with 90.9% (10/11) and 71.4%
(20/28) of all ABM and SDM articles, respectively, hav-
ing been published in the last decade. The first hybrid
modelling article was published in 2010 [43], using
SDM and DES to model the impact of an intervention
to aid access to social care services for elderly patients
in Hampshire, England.

Geographical setting

The proportion of papers that modelled health systems in
high, upper middle, lower middle and low income coun-
tries is presented in Fig. 2. Eighteen (18/28) papers that
employed SDM simulated health systems in high income
countries including England [33, 36, 43, 45, 50, 54, 56, 57]
and Canada [28, 51, 62]. Four SDM papers simulated
upper middle income country health systems, including

Turkey [52, 59] and China [64], with a nominal number of
papers (5/28) focussing on lower middle or low income
countries (West Bank and Gaza [48, 55|, Indonesia [37],
Afghanistan [30] and Uganda [60]). Almost all ABM
papers (9/11) modelled a high income country health sys-
tem, including the US [20, 23, 25] and Austria [65]. Two
(2/11) ABM papers described an upper-middle income
based health system (Brazil [22, 67]). All six articles that
implemented a hybrid SDM or ABM simulated health sys-
tems based in high income countries, including Germany
[44] and Poland [47].

Healthcare setting and purpose of research

The healthcare settings modelled in the SDM, ABM and
hybrid simulation papers are presented in Fig. 3. Health-
care settings modelled using SDM included systems that
were concerned with delivering emergency or acute care
(11/28) [28, 31, 36, 45, 47, 50, 5658, 61, 62], elderly or
long-term care services (LTC)(12/28) [28, 31, 36, 43—45,
49-51, 54, 61, 62] and hospital waste management (4/28)
[37, 48, 52, 55]. Twenty of the SDM papers selected in this
review assessed the impact of health policy or interven-
tions on the modelled system. Common policy targets in-
cluded finding robust methods to relieve stretched
healthcare services, ward occupancy and patient length of
stay [28, 31, 36, 43, 49, 50, 54, 58, 62], reducing the time
to patient admission [33, 53, 61], targeting undesirable
patient health outcomes [47, 58, 60, 63], optimising per-
formance-based incentive health system policies [30, 59]
and reducing the total cost of care [33, 54, 61]. The
remaining eight papers explored factors leading to
undesirable emergency care system behaviour [56,
57], simulating hospital waste management systems
and predicting future waste generation [37, 48, 55],
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Paper/Year/Ref

Purpose

Sector of health system modelled

Key results

Software platform

System dynamics models (SDMs)

Al-Khatib (2016) [48]

Alonge (2017) [30]

Ansah (2014) [49]

Brailsford (2004) [50]

Brailsford (2010)* [43]

Cepoiu-Martin (2018) [51]

Chaerul (2008) [37]

Assess the impact of
key factors on the
hospital waste
management system
and compare the
future total waste
output between
private, charitable
and government
hospitals.

Explore effective
implementation structure

for improving health

system performance
through pay-for-performance
(P4P) initiative.

Assess the impact of
different long-term care
(LTC) capacity policies

on uptake of acute care,
demand for and utilisation
of LTC services.

To determine how
emergency and on
demand care is currently
configured and what
policies could alleviate
pressure on the health
system.

Investigate how local
authorities such as
Hampshire County
Council (HCC) can
improve access to
services and support
for older people, in
particular assess the
long-term impact of
a new contact centre
for patients.

To examine patient
transition from home

to supportive living (SL)
or long term care (LTC)

in persons with dementia
and discern policy impact
on the deficit of nurses
and health care assistants.

To determine key
factors that impact the
management of hospital
waste and predict future
waste output.

- Model simulates hospital

waste management in
Nablus, Palestine.

- Focus on three different

types of hospital (private,
charitable and government
hospitals).

« The model is a generic

representation of the pay
for performance initiative in
primary health facilities in
Afghanistan.

« Generic representation of

LTC utilisation and resources
for care and is not based or
set in a particular health facility.

« Entire healthcare system

that provides emergency
centres etc) in Nottingham,
England.

« HCC system for long-term

care, including a call centre
that older patients can
access to receive advice or
be directed to appropriate
care.

« The Alberta Continuing

Care System comprising
of home living, SL or LTC
services.

+ The model describes

hospital waste
management in the
City of Jakarta, Indonesia.

« The amount of waste

generated heavily
dependent on the number
of beds.

- Waste treatment was

dependent on staff
training and the
enforcement of legislation.

« P4P initiative would likely

have a beneficial impact

on the volume and quality
of health services if correctly
implemented.

+ May prove ineffective if the

impact of gaming is not
mitigated or if the method
for distributing financial
rewards are inadequate.

« Proactive adjustment of

LTC capacity stemmed
the number of acute

care visits but required

a modest increase in staff.

+ Movement of health staff

(through delayed training
or from LTC to the acute
care sector) will impede

the success of this policy.

« Significant impact on

elective hospital admissions
as emergency cases are
currently prioritised.

« Redirecting certain elderly

patients to appropriate
services relieved pressure
on emergency services.

« The number of patients

who contact the call

centre on a second occasion
(having failed to make

contact the first time) where
the health status of the patient
has now deteriorated, fell
drastically after the introduction
of two additional call handlers.

« Introducing benchmarks for

hiring nurses and health
care assistants in SL and
LTC facilities will result
initially in a greater deficit
of staff but will stabilise the
ratio of health professionals
to patients in the long term.

+ Hospital waste disposal

is impacted by the
reluctance of a densely
populated cityto allow
further waste to be
dumped in landfill sites.

+ The simulation indicated that

existing and new landfill sites
will be at full capacity by 2011
and 2020, respectively.

« iThink.

« MATLAB and
Simulink.

« Does not state.

« STELLA.

« SDM is Vensim,

DES model is
Simul8.

« Does not state.

« STELLA.
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Table 2 Summary of studies included at full paper review (SDM) and studies included at full paper review (ABM) (Continued)

Paper/Year/Ref

Purpose

Sector of health system modelled

Key results

Software platform

Ciplak (2012) [52]

De Andrade (2014) [53]

Desai (2008) [54]

Djanatliev (2012)° [47]

Eleyan (2013) [55]

Esensoy (2018) [28]

Ghaffarzad. (2013) [32]

To predict future
healthcare waste
production and
optimise the
management of
healthcare waste.

To examine the reasons for
delayed ST-segment elevation
myocardial infarction (STEMI)
treatment and explore
interventions that can speed
up wait time in primary care
facilities.

To forecast demand for older
people’s services and explore
the future impact of challenges
that accompany an ageing
population.

Presenting the functionality
of the Prospective Health
Technology Assessment
(ProHTA) tool, which can
simulate the impact of
optimised technology
prospectively before
physical development.

To predict general and
medical waste generation
for a complex hospital
waste management system.

Transformation of stroke care
to implement best practice.

To explore physician decision
making behind scheduled
caesarean delivery (CD),
unplanned CD and vaginal
delivery (VD) and examine
factors that influence
procedure variation.

« Healthcare waste
generation from
healthcare facilities, the
single healthcare waste
treatment facility and
alternative waste treatment
facilities in Istanbul, Turkey.

- A primary care hospital

and a Percutaneous
Coronary Intervention
Centre (PCl) in Brazil.

- Adult Services Department

of Hampshire County Council
including 13 different types of
care package that can be offered
by the funding and assessment
body.

« Mobile Stroke Unit (MSU) case

study was simulated for Berlin,
includes a generic hospital
with emergency services where
patients are taken by the MSU.

- Model simulates hospital

waste management in
three hospitals based in
Jenin, Palestine.

« The model describes six

sectors of Ontario health
care system and the
patient flow between them.

- The model does not reflect a

particular hospital but is
parameterised using patient
information from hospital
discharge databases in Florida.

+ Employing stringent waste

separation strategies would
relieve the pressure on already
at capacity waste treatment
facility in Istanbul.

+ Up to 77% of healthcare waste

could be diverted to alternative
treatment technologies that

do not require treatment at
the incineration facility.

- It was observed that 50%

reduction in waiting time
for patients is possible
under a combination of
interventions targeting
ECG transmission and PCl
centre team feedback
time and patient transfer
waiting time.

+ Providing care packages

only to critical patients
reduced the overall number
of patients receiving acute
care.

+ Savings can be made by

increasing the number of
unqualified care workers
which can be fed back into
care funding.

« In the simulation

implementing MSU,

18.2% of patients received
thrombolysis treatment
compared with 10.6% in
the simulation without MSU.

- Fewer patients were also

found to have developed
severe disability in the
simulation with MSU as

a consequence of faster
implemented treatment,
reducing the long term costs
for rehabilitation and care.

« Increases in the amount

of hospital waste are
consistent with bed
occupancy. Over the next
20 years, the total amount
of waste generated will

rise as will the total cost

of treating hazardous waste.

+ When stroke best practice

policy has been implemented
(compared to the base case
scenario), there is a reduction
in length of stay across all
sectors.

+ A reduction in bed utilisation was
also observed with a 10 and 11.1%

reduction in acute care and rehab
sectors, respectively.

« The biggest impact on physician

delivery decision is from the
delayed effect of colleague past
experience.

- Turning off all learning experiences
reduces physician delivery variation

for scheduled CD delivery from 6.5
10 4.7%.

- Vensim.

- Vensim.

« STELLA.

- AnyLogic.

« iThink.

« Vensim.

« Vensim.

45



Cassidy et al. BMC Health Services Research

(2019) 19:845

Page 8 of 24

Table 2 Summary of studies included at full paper review (SDM) and studies included at full paper review (ABM) (Continued)

Paper/Year/Ref

Purpose

Sector of health system modelled

Key results

Software platform

Lane (1998) [56]

Lane (2000) [57]

Lattimer (2004) [36]

Mahmoudia. (2017) [58]

Meker (2015) [59]

Mielczarek (2016)? [44]

Rashwan (2015) [31]

Semwanga (2016) [60]

Explore the factors that lead
to delays in Accident and
Emergency Departments (A&E)
and to elective admissions.

The model depicts the
performance of Accident
and Emergency (A&E)

at acute hospitals,
investigating the
sensitivity of waiting
times to hospital bed
numbers.

To evaluate ‘front door’
services of local emergency
and urgent care facilities
and test proposals for
system change.

To explore the intended and
unintended consequences

of Intensive Care Unit (ICU)
resource and bed management
policies on patient mortality,
emergency departments (ED)
and general wards.

To describe performance-
based payment systems
(PBPS) in second-step public
hospitals and the impact on
process measures in hospitals.

To estimate the future
demand for healthcare from
patients with cardiac disease.

To explore the flow of
elderly patients through
the Irish healthcare system
and anticipate the growing
demand for services over
the next 5 years.

To capture the dynamics of
the Ugandan health system
and evaluate what impact
interventions might have on
neonatal care.

« AQE department at major

inner-London teaching
hospital coded in the study
as ‘St Dane’s’.

« A&E department at Inner-

London teaching hospital
coded in the study as ‘St
Dane’s..

- Entire healthcare system

that provides emergency
or on demand care (GP,
NHS Direct, Walk in centres
etc) in Nottingham.

- Generic model of ICU, ED

and general hospital wards.

+ Second-step public

hospitals in Turkey.

- Future demand for cardiac

disease care in Wroclaw
Region, Poland.

- Generic emergency care

facility in Ireland and six
possible discharge locations.

+ Does not focus on one

type of health facility but
incorporates different services
and levels of care offered to
this group.

+ Reduction in bed numbers

increases emergency admission
waiting times and delays and
cancellations to elective surgery
admissions.

« Increases in demand push the

system to breaking point, with
patients waiting hours to be
admitted and health workers
at full capacity.

+ Reducing bed capacity

increased the % of elective
cancellations, negating the
impact on other performance
measures.

« Deterioration of services is

not attributed to lack of

bed capacity but insufficient
provision of A&E doctors who
reach 100% utilisation.

+ Reducing emergency

admissions from GP by 4%
showed successive reduction
in occupancy levels in A&E.

- Interventions to lower

admissions of patients over
60 resulted in a 1% reduction
per annum in bed occupancy
over 5 years.

« Whilst general ward admission

control is not as effective at
reducing ICU and ED occupancy
rates, it outperforms other policies
with regards to reducing patient
mortality, arguably the more
important ICU management
performance measure.

« With reduced performance

payments, physicians move

to the private sector decreasing
staff levels, reducing time spent
with patients leading to a dramatic
decrease of correct diagnosis and
treatment.

« Older population (over 60) will

generate increasing demands for
care, specifically the growth of
cardiac patients was observed

as more intense in men than
women (increases of 34.4 and
30.15% respectively).

+ Under increasing demand, a

combination of all three policies
was necessary to significantly
reduce elderly frail patients’ length
of stay in acute hospitals and

reduce delayed discharge numbers.

« Integrating community health

education, free delivery kits and
motorcycle coupons has the
biggest impact on reducing
neonatal death.

- Interventions targeting

socioeconomic status had a
greater impact on reducing
neonatal mortality than those
targeting service delivery.

- Does not state.

« iThink.

« STELLA.

- Does not state.

« Does not state.

- Does not state.

- Does not state.

« STELLA.
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Table 2 Summary of studies included at full paper review (SDM) and studies included at full paper review (ABM) (Continued)

Paper/Year/Ref

Purpose

Sector of health system modelled

Key results

Software platform

Taylor (2005) [33]

Walker (2003) [61]

Wong (2010) [62]

Worni (2012) [63]

Yu (2015) [64]

Zulkepli (2012)° [45]

Agent-based models (ABMs)

Alibrahim (2018) [23]

To examine the impact of
shifting cardiac catheterization
(CO) services from tertiary to
secondary level for low risk
investigations and explore
how improvements could be
made to services.

To model patient flow from
feeder hospitals to a sub acute
extended care hospital to show
the impact of local rules used
by the medical registrar
(medical admitting officer).

To evaluate if smoothing
the number of discharges
over the week relieves

the pressure on emergency
departments (ED).

To estimate what impact

a policy to deny
reimbursement of total
knee arthroplasty (TKA)
patient fees will have on
venous thromboembolism
(VTE) rates and any
unintentional consequences.

To explore the driving
factors for a high proportion
of patients in China not
seeking medical care (also
known as potential medical
demand) and examine
possible interventions.

Present a case study using
hybrid modelling (SDM-DES),
explore patient flow in an
integrated care system (IC)
and the impact of patient
admission on health
professional stress level.

To explore the effect of
patient choice on the
healthcare market,
specifically providers that
form accountable care
organisations (ACO).

« The CC service pathways

at two English district
general hospitals, referred
to using the pseudonyms
'Veinbridge Hospital’ and
‘Ribsley Hospital".

« A single extended care

facility in Victoria (Australia)
and patient flow from
feeder hospitals.

+ Model describes a general

internal medicine (GIM)
program at a single tertiary
care teaching hospital in
Toronto, Canada.

+ The model simulates all

patients (9.7 million) in the
US who have symptomatic
osteoarthritis, over 65 and
have Medicare insurance.

« Three main sub-systems;

medical demand of patients,
outpatients in hospitals and
outpatients in community
health systems (CHS). It does
not describe a specific hospital
or CHS.

« Three main sub-systems;

patient flow through critical
care facility, patient flow
through intermediate care
assessment and motivation
and stress levels of health
professionals.

« A generalised simulation of

patient (Medicare beneficiary,
over 65 years old who has or
can develop congestive heart
failure) choice of medical
provider (hospital or primary
care physician facility) in the
United States.

- Significant and stable

improvements in service
(reducing waiting list
time and overall costs

of service) were achieved
with the implementation
of strict referral guidelines
for patients.

+ Using the local rule, the cost

of care exceeds the budget
by 6%. Without the local rule,
costs were 3% under budget.

« The unprioritized list maintains

waiting lists at a level that
effectively short-circuits the
feeder hospital second local
rule of moving high acuity
patients on to the wait list
of the sub-acute hospital.

« Both scenarios for ‘smoothed

average case’ were similar,
resulting in reduction of
GIM in ED by 27% and GIM
in ED length of stay by 31%.

- For ‘every day is a week

day case’, larger reductions
observed.

+ Model output indicates

new policy will result in
3-fold decrease in VTE
rates. Fraction of those
(in simulation with new
policy) with bleeding
complications is 6-fold
higher and 6-fold more
patients ineligible for TKA
per year.

+ An increase in the number

of CHS and decrease in the
number of hospitals was
found to induce the biggest
decrease in the number of
patients not seeking care.

« Varying the price of

outpatient care in hospitals
and CHS had minimal
impact on increasing the
number of patients who
seek care.

« Due to high demand of

intermediate care services
but limited spaces bed
blocking may occur, with
an increase in patient
admissions leading to

an increase to health
professional stress level.

+ Where providers were

allowed to opt out of ACO
network, they were

able to optimise their
own profits by not
implementing a disease
management programme -
this led to a reduction in
the overall quality of care,
driving patients to attend

« STELLA.

« iThink.

« Vensim.

- Vensim.

- Vensim.

« SDM is Vensim,

DES model is
Simul8.

- AnyLogic.

47



Cassidy et al. BMC Health Services Research

(2019) 19:845

Page 10 of 24

Table 2 Summary of studies included at full paper review (SDM) and studies included at full paper review (ABM) (Continued)

Paper/Year/Ref

Purpose

Sector of health system modelled

Key results

Software platform

Djanatliev (2012)° [47]

Einzinger (2013) [65]

Hutzsch. (2008) [66]

Huynh (2012) [20]

Kittipitta. (2016)° [24]

Liu (2014) [21]

Liu (2016) [25]

Presenting the functionality
of the Prospective Health
Technology Assessment
(ProHTA) tool, which can
simulate the impact of
optimised technology
prospectively before
physical development.

To create a tool capable of
comparing reimbursement
schemes in outpatient care.

To determine which mix of
patients should be admitted
to specialised hospitals to
optimise resource utility and
to consider the impact of
unplanned patient arrivals on
this process.

To assess the impact of
redesigning medication
administration process (MAP)
workflow for registered nurses
to improve medication
administration safety.

To examine patient flow in
an outpatient clinic of an
orthopedic department and
explore interventions that
can improve clinical services

to reduce patient waiting times.

To develop a tool that can
be used as a decision
support system for managers
of emergency departments
(ED) to assess risk, allocation
of resources and identify
weakness in emergency

care service.

To explore how accountable
care organisations (ACO) can
impact payers, healthcare
providers and patients under
a shared savings payment
model for congestive heart
failure (CHF) and achieve
optimal outcomes.

- Mobile Stroke Unit (MSU)

case study was simulated
for Berlin, includes a generic
hospital with emergency
services where patients are
taken by the MSU.

« Compared different

reimbursement schemes for
Austrian outpatient health
sector simulating the vast
majority of health insured
persons in Austria.

- Cardiothoracic surgery

(CTS) and intensive care
unit (ICU) at Catharina
Hospital Eindhoven (CHE)
in the Netherlands. CTS
and ICU are broken down
into their respective units
such as the high care unit
of CTS etc.

+ A local (@anonymous) medical

centre where nurses are
administering medication to
patients.

- Orthopedic department at

unidentified community
hospital.

« ED at Hospital of Sabadell

(University tertiary level
hospital in Barcelona, Spain).
The Department is split into
sections A (critical patients)
and B (least critical patients).

« A generalised simulation of

patients (Medicare beneficiary,
over 65 years old who has or
can develop congestive heart
failure) seeking care (hospital or
primary care physician facility)
in Unites States.

alterative care facilities
reducing the utilisation
of that facility.

« In the simulation

implementing MSU,

18.2% of patients received
thrombolysis treatment
compared with 10.6% in
the simulation without MSU.

« Fewer patients were also

found to have developed
severe disability in the
simulation with MSU as a
consequence of faster
implemented treatment,
reducing the long term costs
for rehabilitation and care.

« Creation of a tool that can

be used to compare health
care reimbursement schemes
in Austria.

+ An additional ward bed

on the CTS ward decreased
the frequency of sending

pre- and post- operative
admissions to other wards by
a factor of 3 with minimal cost.

+ The brute force optimiser

indicated that the number of
IC high care beds should be
increased and number of IC
beds decreased to gain
optimum throughput of
patients in simulation.

+ Implementing a protocol

for the order of MAP tasks
to be performed improved
the amount of time spent
performing tasks.

+ When registered nurses

performed tasks in the most
frequently observed order
(in the pilot study) this
improved MAP task times.

- Average waiting time for

outpatient appointments
fell by 32.03% under the
new management policy.

+ A tool that can be used

simulate the behaviour
of agents in ED.

+ Quality orientated

providers yielded higher
financial returns to the
payer agent (which were
then shared between
providers) than those that
were profit-orientated.

- AnylLogic.

- AnyLogic.

- Java.

« Netlogo.

- AnyLogic.

« Netlogo.

- AnyLogic.
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Table 2 Summary of studies included at full paper review (SDM) and studies included at full paper review (ABM) (Continued)

Paper/Year/Ref Purpose Sector of health system modelled  Key results Software platform

Viana (2018)° [46] To examine and improve
patient flow through a
pregnancy outpatient
clinic in light of the
uncertainty in demand
for services from overdue

patients.

Yousefi (2017) [67] To apply group decision-
making techniques for
emergency department
(ED) resource allocation
and determine whether
this approach improves
performance indicators.

To examine the behaviour
of patients who leave
public hospital emergency
departments (ED) without
being seen and the impact
of preventative policies.

Yousefi (2018) [22]

- Overdue pregnancy
outpatient clinic,
pregnancy clinic and
postnatal clinic at
Akershus University
Hospital, Norway.

- A generic ED informed
from the literature.

« ED at Hospital Risoleta
Tolentino Neves, a tertiary
hospital in Minas Gerais,
Brazil.

+ As expected increasing - AnyLogic.
the number of midwives
in the clinic reduces
resource utilisation but
combined with an increase
in demand led to an increase
in doctor utilisation.
+ Midwives act as a buffer
(or bottleneck) to patients
seeing doctors.

« Group-decision making - Netlogo.
between agents in the

ED resulted in on average

a 12.7% decrease in total

waiting time and 14.4%

decrease in the number

of patients who left

without being seen.

- After applying preventative
policies, average 42.14%
reduction in the number
of patients leaving without
being seen in the ED and
average 6.05% reduction in
patient length of stay in ED
was observed, with most
effective policy to fast-track
less critical patients after triage.

- NetlLogo .

Note: *Articles implemented SDM-DES hybrid modelling

PArticles implemented SDM-ABM hybrid modelling
“Articles implemented ABM-DES hybrid modelling

estimating future demand for cardiac care [44], ex-
ploring the impact of patient admission on health
professionals stress level in an integrated care system
[45], and variation in physician decision-making [32].

ABM papers modelled systems focussed on delivering
emergency or acute care (4/11) [21, 22, 47, 67] and

accountable care organisations (ACO) or health insur-
ance reimbursement schemes (3/11) [23, 25, 65]. Nine of
the ABM papers assessed the impact of health policy or
interventions on the modelled system. Common policy
targets included decreasing the time agents spent per-
forming tasks, waiting for a service or residing in parts

Cardiology
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Elderly care or LTC services

Emergency or acute care
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Fig. 3 The health system sector locations modelled in the SDM, ABM and hybrid modelling literature. Long-term care (LTC); Accountable care
organisation (ACO); Maternal, newborn and child health (MNCH)
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of the system [20, 22, 24, 67], reducing undesirable pa-
tient outcomes [23, 25, 47, 67], reducing the number of
patients who left a health facility without being seen by a
physician [22, 67] and optimising resource utility (beds
and healthcare staff) [46, 66, 67]. The remaining two
papers described simulation tools capable of comparing
health insurance reimbursement schemes [65] and asses-
sing risk, allocation of resources and identifying weak-
nesses in emergency care services [21].

Papers that utilised hybrid simulation, combining the
strengths of two modelling approaches to capture de-
tailed individual variability, agent-decision making and
patient flow, modelled systems focussed on delivering
elderly care or LTC services [43—45] and emergency or
acute care [45, 47]. Four of the hybrid simulation papers
assessed the impact of policy or intervention on the
modelled system. Policy targets included improving ac-
cess to social support and care services [43], reducing
undesirable patient outcomes [47], decreasing patient
waiting time to be seen by a physician [24] and improv-
ing patient flow through the system by optimising re-
source allocation [46]. The remaining two papers used
hybrid simulation to estimate the future demand for
health care from patients with cardiac disease [44] and
model patient flow through an integrated care system to
estimate impact of patient admission on health care pro-
fessionals wellbeing [45].

SDM use in health systems research (including hybrid
SDM-DES)

Rationale for using model

Gaining a holistic system perspective to facilitate the
investigation of delays and bottlenecks in health facility
processes, exploring counter-intuitive behaviour and
monitoring inter-connected processes between sub-
systems was cited frequently as reasons for using SDM
to model health systems [28, 36, 37, 48, 56]. SDM was
also described as a useful tool for predicting future
health system behaviour and demand for care services,
essential for health resource and capacity planning [48,
60]. Configuration of the model was not limited by data
availability [28, 52, 64] and could integrate data from
various sources when required [51].

SDM was described as a tool for health policy explor-
ation and optimising system interventions [33, 36, 51,
54, 58, 64], useful for establishing clinical and financial
ramifications on multiple groups (such as patients and
health care providers) [63], identifying policy resistance
or unintended system consequences [59, 61] and quanti-
fying the impact of change to the health system before
real world implementation [62]. The modelling platform
also provided health professionals, stakeholders and de-
cision makers with an accessible visual learning
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environment that enabled engagement with experts ne-
cessary for model conception and validation [48, 50, 55,
57]. The model interface could be utilised by decision
makers to develop and test alternative policies in a ‘real-
world’ framework that strengthened their understanding
of system-wide policy impact [31, 49, 58, 61].

SDM-DES hybrid models enabled retention of deter-
ministic and stochastic system variability and preserva-
tion of unique and valuable features of both methods
[44], capable of describing the flow of entities through a
system and rapid insight without the need for large data
collection [43], while simulating individual variability
and detailed interactions that influence system behaviour
[43]. SDM-DES offered dual model functionality [44]
vital for simulating human-centric activity [45], reducing
the practical limitations that come with using either
SDM or DES to model health systems such as attempt-
ing to use SDM to model elements which have non-
aggregated values (e.g. patient arrival time) [45] which is
better suited for DES.

Healthcare setting

Sixteen papers that utilised SDM modelled systems that
were concerned with the delivery of emergency or acute
care, or elderly care or LTC services.

Ten of the reviewed papers primarily modelled sectors of
the health system that delivered emergency or acute care’?.
Brailsford et al. [50], Lane et al. [56], Lane et al. [57] and
Lattimer et al. [36] simulated the delivery of emergency
care in English cities, specifically in Nottingham and
London. Brailsford et al. [50] and Lattimer et al. [36] cre-
ated models that replicated the entire emergency care
system for the city of Nottingham, from primary care (ie.
General Practice surgeries) to secondary care (i.e. hospital
admissions wards), to aid understanding of how emergency
care was delivered and how the system would need to adapt
to increasing demand. Lane et al. [56] and Lane et al. [57]
modelled the behaviour of an ED in an inner-London
teaching hospital, exploring the knock on effects of ED per-
formance to hospital ward occupancy and elective admis-
sions. Esensoy et al. [28] and Wong et al. [62] both
modelled emergency care in Canada, Esensoy et al. [28] fo-
cussing on six sectors of the Ontario health system that
cared for stroke patients while Wong et al. [62] simulated
the impact of delayed transfer of General Internal Medicine
patients on ED occupancy. Rashwan et al. [31], Walker

One of the elderly or LTC services papers also modelled emergency
or acute care but it was not the primary focus and is therefore not
discussed here.

*The single SDM-ABM paper that modelled the delivery of emergency
or acute care is discussed in section ‘SDM-ABM use in health system
research’.
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et al. [61] and Mahmoudian-Dehkordi et al. [58] modelled
patient flow through a generic emergency care facility with
six possible discharge locations in Ireland, a sub-acute ex-
tended care hospital with patient flow from feeder facilities
in Australia and an intensive care unit, ED and general
wards in a generic facility.

Five of the SDM papers primarily simulated the behav-
iour of LTC facilities or care services for elderly patients®.
Ansah et al. [49] modelled the demand and supply of gen-
eral LTC services in Singapore with specific focus on the
need for LTC and acute health care professionals. Desai
et al. [54] developed a SDM that investigated future de-
mand of care services for older people in Hampshire, Eng-
land which simulated patient flow through adult social
care services offering 13 different care packages. In model-
ling complex care service demand, Cepoiu-Martin et al.
[51] explored patient flow within the Alberta continuing
care system in Canada which offered supportive living and
LTC services for patients with dementia. Brailsford et al.
[43] used a hybrid SDM-DES model to investigate how
local authorities could improve access to services and sup-
port for older people, in particular the long term impact
of a new contact centre for patients. The SDM replicated
the whole system for long term care, simulating the future
demography and demand for care services and the nested
DES model simulated the operational issues and staffing
of the call centre in anticipation of growing demand for
services. Zulkepli et al. [45] also used SDM-DES to model
the behaviour of an integrated care system in the UK,
modelling patient flow (DES) and intangible variables
(SDM) related to health professionals such as motivation
and stress levels.

Policy impact evaluation/testing

Twenty papers that utilised SDM tested the impact of
policy or interventions on key health system perform-
ance or service indicators. The intended target of these
policies ranged from relieving strained and under
resourced healthcare services, decreasing healthcare
costs to reducing patient mortality rates.

Ansah et al. [49], Brailsford et al. [50] and Desai et al.
[54] aimed to reduce occupancy in acute or emergency
care departments through policies that targeted elderly
utilisation of these services. While demand for LTC ser-
vices is expected to exponentially increase in Singapore,
focus has been placed on expanding the acute care sec-
tor. Ansah et al. [49] simulated various LTC service ex-
pansion policies (static ‘current’ policy, slow adjustment,
quick adjustment, proactive adjustment) and identified
that proactive expansion of LTC services stemmed the

3Six of the emergency or acute care review papers and one of the
cardiology care papers also modelled elderly or LTC services but it was
not the primary focus and are therefore not discussed here.
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number of acute care visits by elderly patients over time
and required only a modest increase in the number of
health professionals when compared with other policies.
In Brailsford et al. [50] simulation of the entire emer-
gency care system for Nottingham, England, policy test-
ing indicated that while the emergency care system is
operating near full capacity, yearly total occupancy of
hospital beds could be reduced by re-directing emer-
gency admissions from patients over 60years of age
(who make up around half of all admissions) to more
appropriate services, such as those offered by commu-
nity care facilities. To explore challenges that accompany
providing care for an ageing population subject to
budget restraints, Desai et al. [54] simulated the delivery
and demand for social care services in Hampshire over a
projected 5 year period. In offering care packages to only
critical need clients and encouraging extra care services
at home rather than offering residential care, the num-
ber of patients accessing acute care services reduced
over the observed period.

Desai et al. [54], in addition to Taylor et al. [33] and
Walker et al. [61], also examined policies that could re-
duce the total cost of care. Increasing the proportion of
hired unqualified care workers (over qualified care
workers who are employed at a higher cost rate) resulted
in savings which could be fed back into care funding, al-
though Desai et al. [54] remarked on the legal and prac-
tical limitations to this policy. Taylor et al. [33]
examined the impact of shifting cardiac catheterization
services from tertiary to secondary level hospitals for
low risk investigations and explored how improvements
could be made to services. Significant and stable im-
provements in service, including reduced waiting list and
overall cost of service, were achieved with the imple-
mentation of strict (appropriate referral) guidelines for
admitting patients. Walker et al. [61] modelled patient
flow from feeder hospitals to a single sub-acute extended
care facility in Victoria, Australia, to assess the impact of
local rules used by the medical registrar for admission.
The local admission policy which prioritised admissions
from patients under the care of private doctors pushed
the total cost of care over the facility budget by 6%
whereas employing no prioritisation rule reduced the
total cost of care to 3% under budget.

Semwanga et al. [60], Mahmoudian-Dehkordi et al. [58]
and Worni et al. [63] evaluated the impact of health policy
on undesirable patient outcomes (mortality and post-
treatment complication rates). Semwanga et al. [60] tested
the effectiveness of policies designed to promote maternal
and neonatal care in Uganda, established from the litera-
ture. Policies that enabled service uptake, such as commu-
nity health education, free delivery kits and motorcycle
coupons were significant in reducing neonatal death over
the simulated period. Mahmoudian-Dehkordi et al. [58]
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explored the intended and unintended consequences of
intensive care unit resource and bed management policies
on system performance indicators, including patient mor-
tality. During a simulated crisis scenario, prioritising in-
tensive care unit patient admission to general wards over
emergency admissions was found to be the most effective
policy in reducing total hospital mortality. Worni et al.
[63] estimated the impact of a policy to reduce venous
thromboembolism rates post-total knee arthroplasty sur-
gery and identified unintentional consequences of the
strategy. The policy prevented the reimbursement of pa-
tient care fees in the event that a patient was not taking
the recommended prophylaxis medication and conse-
quently develops venous thromboembolism. Simulation
results indicated a positive 3-fold decrease in venous
thromboembolism rates but an unintended 6-fold increase
in the number of patients who develop bleeding complica-
tions as a result of compulsory prophylaxis treatment.

Validation (including sensitivity analysis)

Statistically-based models are usually used in quantita-
tive data rich environments where model parameters are
estimated through maximum likelihood or least-squares
estimation methods. Bayesian methods can also be used
to compare alternative statistical model structures.
SDMs and ABMs on the other hand are not fitted to
data observations in the traditional statistical sense. The
data are used to inform model development. Both quan-
titative data and qualitative data (e.g. from interviews)
can be used to inform the structure of the model and
the parameters of the model. Furthermore, model struc-
ture and parameter values can also be elicited from ex-
pert opinion. This means that the nature of validation of
ABMs and SDMs requires more scrutiny than that of
other types of models.

With increasing complexity of such models, and to
strengthen confidence in their use particularly for de-
cision support, models are often subjected to sensitiv-
ity analysis and validation tests. Twenty-two papers
that utilised SDM undertook model validation, the
majority having performed behavioural validity tests
(see Additional file 2 for details of validation methods
for each model). Key model output such as bed occu-
pancy [36, 50], department length of stay [62] and
number of department discharges [31] were compared
with real system performance data from hospitals [32,
33, 36, 48, 50, 54, 58, 59, 61, 62], local councils [54],
nationally reported figs [31, 64]. as well being reviewed
by experts [57, 60] as realistic. Others performed more
structure orientated validity tests. Model conception
[28, 60], development [30, 36, 50, 53, 54, 57, 62] and
formulation [54, 56, 59] were validated by a variety of ex-
perts including health professionals [47, 53, 54, 57, 59, 62],
community groups [56] and leaders [60], steering
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committees [36], hospital and care representatives [50, 56,
59], patient groups [60] and healthcare policy makers [60].
Further tests for structural validity included checking
model behaviour when subjected to extreme conditions or
extreme values of parameters [30, 31, 52, 57, 59, 60, 64],
model dimensional consistency [31, 52, 57, 59, 60], model
boundary adequacy [31] and mass balance [54] and inte-
gration error checks [31, 52]. Sensitivity analysis was per-
formed to assess how sensitive model output was to
changes in key parameters [49, 51, 57, 60, 64], to test the
impact of parameters that had been based on expert
opinion on model output [28] and varying key system
parameters to test the robustness and effectiveness of pol-
icies [28, 30, 52, 53, 58] (on the assumption of imperfect
policy implementation [28]).

Limitations of research
Most of the model limitations reported were concerned
with missing parameters, feedback or inability to simulate
all possible future health system innovations. Mielczarek
et al. [44], Cepoiu-Martin et al. [51], Ansah et al. [49] and
Rashwan et al. [31] did not take into account how future
improvements in technology or service delivery may have
impacted results, such as the possibility of new treatment
improving patient health outcomes [51] and how this could
impact the future utilisation of acute care services [49].
Walker et al. [61] and Alonge et al. [30] described how the
models may not simulate all possible actions or interactions
that occurred in the real system, such as all proactive ac-
tions taken by hospital managers to achieve budget targets
[61] or all unintended consequences of a policy on the sys-
tem [30]. De Andrade et al. [53] and Rashwan et al. [31]
discussed the reality of model boundaries, that SDMs can-
not encapsulate all health sub-sector behaviour and spill-
over effects. Although these have been listed here as limita-
tions, not accounting for possible future improvements in
healthcare service or not simulating all possible actions in
the modelled system did not prevent authors from fulfilling
study objectives. When developing a SDM, it is not possible
to account for all possible spill-over effects to other health-
care departments and this should not be attempted; model
boundaries are set to only include variables and feedback
that are pertinent to exploring the defined problem.
Simplification of model parameters was another com-
mon limitation. Wong et al. [62] stated that this would re-
sult in some model behaviour not holding in the real
system, such as using weekly hospital admission and dis-
charge averages in place of hourly rates due to the hospital
recording aggregated data. This aggregation of model pa-
rameters may not have reflected real system complexity;
Eleyan et al. [55] did not differentiate between service level
and type of hospital when modelling health care waste
production (described as future work) and Worni et al.
[63] refrained from stratifying post-surgery complications
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by severity, potentially combining lethal and less harm-
ful complications within the same stock (although this
did not detract from the study conclusion that the rate of
complications would increase as a result of the tested policy).

Data availability, lack of costing analysis and short time
horizons were also considered credible limitations. Models
that had been calibrated with real data were at risk of
using datasets that contained measurement errors or in-
complete datasets lacking information required to inform
model structure or feedback [32]. Routine facility data re-
quired for model conception and formulation was unavail-
able which restricted the replication of facility behaviour
in the model [36] and restricted validation of model be-
haviour [59], although it should be noted that this is only
one method among many for SDM validation and the au-
thor was able to use other sources of data for this purpose.
Lack of costing or cost effectiveness analysis when testing
policies [60], particularly policies that required significant
investment or capacity expansion [58], limited discussion
on their feasibility in the real system. Models that simu-
lated events over short time scales did not evaluate long
term patient outcomes [33] or the long term effects of fa-
cility policies on certain groups of patient [57].

ABM use in health system research (including hybrid
ABM-DES)

Rationale for using model

The model’s ability to closely replicate human behaviour
that exists in the real system was frequently cited [20—
22, 25, 66], providing a deeper understanding of multiple
agent decision-making [23, 67], agent networks [25] and
interactions [21, 22]. The modelling method was de-
scribed as providing a flexible framework capable of con-
veying intricate system structures [20], where
simulations captured agent capacity for learning and
adaptive behaviour [20, 25] and could incorporate sto-
chastic processes that mimicked agent transition be-
tween states [25]. ABM took advantage of key individual
level agent data [25] and integrated information from
various sources including demographic, epidemiological
and health service data [65]. The visualisation of systems
and interface available with ABM software packages fa-
cilitated stakeholder understanding of how tested pol-
icies could impact financial and patient health outcomes
[23], particularly those experts in the health industry
with minimal modelling experience [67].

Integrating DES and ABM within a single model en-
sured an intelligent and flexible approach for simulating
complex systems, such as the outpatient clinic described
in Kittipittayakorn et al. [24]. The hybrid model cap-
tured both orthopaedic patient flow and agent decision-
making that enabled identification of health care bottle-
necks and optimum resource allocation [24].
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Healthcare setting

Seven papers that utilised ABM modelled systems that
were either concerned with delivering emergency or acute
care?, ACOs or health insurance reimbursement schemes.

Liu et al. [21] and Yousefi et al. [22] modelled behav-
iour in EDs in Spanish and Brazilian tertiary hospitals.
Liu et al. [21] simulated the behaviour of eleven key
agents in the ED including patients, admission staff,
doctors, triage nurses and auxiliary staff. Patients were
admitted to the ED and triaged before tests were re-
quested and a diagnosis issued. Over time, agent states
changed based on their interaction with other agents
such as when a doctor decided upon a course of action
for a patient (sending the patient home, to another ward,
or continue with diagnosis and treatment). For further
details of agent type and model rules for each paper, see
Additional file 3.

Yousefi et al. [22] modelled the activities of patients,
doctors, nurses and receptionists in a ED. Agents could
communicate with each other, to a group of other agents
or could send a message to an area of the ED where
other agents reside. They made decisions based on these
interactions and the information available to them at the
time. The main focus of the simulation was on patients
who left the ED without being seen by a physician; pa-
tients decided whether to leave the ED based on a ‘toler-
ance’ time extracted from the literature, which changed
based on their interaction with other agents. In an add-
itional paper, Yousefi et al. [67] simulated decision-
making by patients, doctors, nurses and lab technicians
within a generic ED informed from the literature. Group
decision-making was employed, whereby facility staff
could interact with each other and reach a common so-
lution for improving the efficacy of the department such
as re-allocating staff where needed. Yousefi et al. [67],
Yousefi et al. [22] and Liu et al. [21] each used a finite
state machine (a computational model which describes
an entity that can be in one of a finite number of states)
to model interactions between agents and their states.

Liu et al. [25] and Alibrahim et al. [23] modelled the
behaviour of patients, health providers and payers using
series of conditional probabilities, where health providers
had participated in an ACO in the United States. Liu
et al. [25] presented a model where health providers
within an ACO network worked together to reduce con-
gestive heart failure patient healthcare costs and were
consequently rewarded a portion of the savings from the
payer agent (hypothetically, the Centers for Medicare
and Medicaid Services). Patients were Medicare benefi-
ciaries over the age of 65 who developed diabetes, hyper-
tension and/or congestive heart failure and sought care
within the network of health providers formed of three
hospitals and 15 primary care physician clinics. Alibra-
him et al. [23] adapted Liu et al. [25] ACO network
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model to allow patients to bypass their nearest medical
provider in favour of an alternative provider. The deci-
sion for a patient to bypass their nearest health centre
was influenced by patient characteristics, provider char-
acteristics and the geographical distance between health
providers. Providers were also given a choice on whether
to participate in an ACO network, where they would
then need to implement a comprehensive congestive
heart failure disease management programme.

Einzinger et al. [65] created a tool that could be used
to compare different health insurance reimbursement
schemes in the Austrian health sector. The ABM utilised
anonymous routine data from practically all persons
with health insurance in Austria, pertaining to medical
services accessed in the outpatient sector. In the simula-
tion, patients developed a chronic medical issue (such as
coronary heart disease) that required medical care and
led to the patient conducting a search of medical pro-
viders through the health market. The patient then
accessed care at their chosen provider where the reim-
bursement system, notified of the event via a generic
interface, reimbursed the medical provider for patients
care.

Policy impact evaluation/testing

Nine papers tested the impact of policy on key health
system performance or service indicators. The intended
target of these policies ranged from decreasing patient
length of stay, to reducing the number of patients who
leave without being seen by a physician to reducing pa-
tient mortality and hospitalisation rates.

Huynh et al. [20], Yousefi et al. [22], Yousefi et al. [67]
and Kittipittayakorn et al. [24] tested policies to reduce
the time agents spent performing tasks, waiting for a ser-
vice or residing in parts of the system. Huynh et al. [20]
modelled the medication administration workflow for
registered nurses at an anonymous medical centre in the
United States and simulated changes to the workflow to
improve medication administration safety. Two policies
were tested; establishing a rigid order for tasks to be per-
formed and for registered nurses to perform tasks in the
most frequently observed order (observed in a real med-
ical centre) to see if this improved the average amount
of time spent on tasks. Yousefi et al. [67] modelled the
effects of group decision-making in ED compared with
the standard approach for resource allocation (where a
single supervisor allocates resources) to assess which
policy resulted in improved ED performance. Turning
‘on” group decision-making and starting the simulation
with a higher number of triage staff and receptionists re-
sulted in the largest reduction of average patient length
of stay and number of patients who left without being
seen. This last performance indicator was the subject of
an additional paper [22], with focus on patient-to-
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patient interactions and how this impacted their decision
to leave the ED before being seen by a physician. Four
policies adapted from case studies were simulated to
reduce the number of patients leaving the ED without
being seen and average patient length of stay. The policy
of fast-tracking patients who were not acutely unwell
during triage performed well as opposed to baseline,
where acutely ill patients were always given priority.
Kittipittayakorn et al. [24] used ABM-DES to identify
optimal scheduling for appointments in an orthopaedic
outpatient clinic, with average patient waiting time fall-
ing by 32% under the tested policy.

Liu et al. [25], Alibrahim et al. [23] and Yousefi et al.
[67] tested the impact of health policy on undesirable
patient outcomes (patient mortality and hospitalisation
rates). Liu et al. [25] modelled health care providers who
operated within an ACO network and outside of the net-
work and compared patient outcomes. Providers who
operated within the ACO network worked together to
reduce congestive heart failure patient healthcare costs
and were then rewarded with a portion of the savings.
As part of their membership, providers implemented
evidence-based interventions for patients, including
comprehensive discharge planning with post-discharge
follow-up; this intervention was identified in the litera-
ture as key to reducing congestive heart failure patient
hospitalisation and mortality, leading to a reduction in
patient care fees without compromising the quality of
care. The ACO network performed well, with a 10% re-
duction observed in hospitalisation compared with the
standard care network. In another study [23] six scenar-
ios were simulated with combinations of patient bypass
capability (turned “on” or “off”) and provider participa-
tion in the ACO network (no ACO present, optional
participation in ACO or compulsory participation in
ACO). Provider participation in the ACO, in agreement
with Liu et al. [25], led to reduced mortality and con-
gestive heart failure patient hospitalisation, with patient
bypass capability marginally increasing provider ACO
participation. Yousefi et al. [67] also modelled the im-
pact of group decision-making in ED on the number of
patient deaths and number of wrong discharges ie. pa-
tients sent to the wrong sector for care after triage and
are then discharged before receiving correct treatment.

Validation (including sensitivity analysis)

Nine of the 11 papers that utilised ABM undertook
model validation, consisting almost exclusively of behav-
ioural validity tests. Model output, such as patient length
of stay and mortality rates, was reviewed by health pro-
fessionals [46, 66] and compared with data extracted
from pilot studies [20], health facilities (historical) [22,
24, 46, 65, 66], national health surveys [65] and relevant
literature [23, 25]. Papers presented the results of tests
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to determine the equivalence of variance [20] and differ-
ence in mean [20, 24] between model output and real
data. Structural validity tests included extreme condition
testing [23, 46] and engaging health care experts to en-
sure the accuracy of model framework [22, 47]. Sensitiv-
ity analysis was performed to determine how variations
or uncertainty in key parameters (particularly where they
had not been derived from historical or care data [65])
affected model outcomes [23, 25].

Limitations of research

The majority of model limitations reported were con-
cerned the use or availability of real system or case data.
Huynh et al. [20], Yousefi et al. [67] and Liu et al. [25]
formulated their models using data that was obtainable,
such as limited sample data extracted from a pilot study
[20], national average trends [25] and data from previous
studies [67]. Yousefi et al. [22] case study dataset did not
contain key system feedback, such as the tolerance time
of patients waiting to be seen by a physician in the ED,
although authors were able to extract this data from a
comparable study identified in the literature.

Missing model feedback or parameters, strict model
boundaries and simplification of system elements were also
considered limitations. Huynh et al. [20], Hutzschenreuter
et al. [66] and Einzinger et al. [65] did not model all the
realistic complexities of their system, such as all possible
interruptions to tasks that occur in patient care units [20],
patient satisfaction of admission processes [66] (which will
be addressed in future work), how treatment influences the
course of disease or that morbid patients are at higher risk
of developing co-morbidity than healthier patients, which
would affect the service needs and consumption needs of
the patient [65]. To improve the accuracy of the model,
Huynh et al. stated that further research is taking place to
obtain real, clinical data (as opposed to clinical simulation
lab results) to assess the impact of interruptions on work-
flow. Liu et al’s [21] model boundary did not include other
hospital units that may have been affected by ED behaviour
and they identify this as future work, for example to include
hospital wards that are affected by ED behaviour. Alibrahim
et al. [23] and Einzinger et al. [65] made simplifications to
the health providers and networks that were modelled, such
as assuming equal geographical distances and identical care
services between health providers in observed networks
[23], limiting the number of factors that influenced a pa-
tients decision to bypass their nearest health provider [65]
and not simulating changes to health provider behaviour
based on service utilisation or reimbursement scheme in
place [23]. Alibrahim et al. [23] noted that although the
model was constrained by such assumptions, the focus of
future work would be to improve the capability of the
model to accurately study the impact of patient choice on
economic, health and health provider outcomes.
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SDM-ABM use in health system research

A single paper used hybrid SDM-ABM to model health
system behaviour. Djanatliev et al. [47] developed a tool
that could be used to assess the impact of new health
technology on performance indicators such as patient
health and projected cost of care. A modelling method
that could reproduce detailed, high granularity system ele-
ments in addition to abstract, aggregate health system var-
iables was sought and a hybrid SDM-ABM was selected.
The tool nested an agent-based human decision-making
module (regarding healthcare choices) within a system dy-
namics environment, simulating macro-level behaviour
such as health care financing and population dynamics. A
case study was presented to show the potential impact of
Mobile Stroke Units (MSU) on patient morbidity in
Berlin, where stroke diagnosis and therapy could be initi-
ated quickly as opposed to standard care. The model
structure was deemed credible after evaluation by experts,
including doctors and health economists.

Comparison of SDM and ABM papers

The similarities and differences among the SDM and ABM
body of literature are described in this section and shown
in Table 3. A high proportion of papers across both model-
ling methods simulated systems that were concerned with
emergency or acute care. A high number of SDM papers
(11/28) simulated patient flow and pathways through
emergency care [28, 31, 36, 45, 47, 50, 5658, 61, 62] with
a subset evaluating the impact of policies that relieved
pressure on at capacity ED’s [28, 36, 50, 58, 62]. ABM
papers simulated micro-level behaviour associated with
emergency care, such as health professional and patient
behaviour in EDs and what impact agent interactions have
on actions taken over time [21, 22, 47, 67]. ACOs and
health insurance reimbursement schemes, a common
modelled healthcare setting among the ABM papers [23,
25, 65] was the focus of a single SDM paper [63] while
health care waste management, a popular healthcare set-
ting for SDM application [37, 48, 52, 55] was entirely
absent among the selected ABM literature. SDM and ABM
were both used to test the impact of policy on undesir-
able patient outcomes, including patient mortality [23,
25, 58, 60, 67] and hospitalisation rates [23, 25]. Inter-
ventions for reducing patient waiting time for services
[24, 33, 53, 61, 67] and patient length of stay [22, 31, 67]
were also tested using these methods, while policy explor-
ation to reduce the total cost of care was more frequent
among SDM studies [33, 54, 61].

SDM and ABM software platforms provide accessible,
user-friendly visualisations of systems that enable engage-
ment with health experts necessary for model validation
[48, 50, 55, 57] and facilitate stakeholder understanding of
how alternative policies can impact health system per-
formance under a range conditions [31, 49, 58, 61]. The
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Table 3 Comparison of content between SDM, ABM and hybrid models of health systems literature

SDM papers

ABM papers

Hybrid papers

Purpose of research

Healthcare setting
modelled

Rationale for using
model

Testing policies or interventions:

- to relieve at-capacity healthcare
services, reduce ward occupancy
and patient length of stay
[28, 31, 36, 43, 49, 50, 54, 58, 62].

- to reduce time to patient admission

and treatment [33, 53, 61]

to reduce delayed discharges [31]

- to increase the uptake of healthcare
services and level of healthcare
provision [60]

- to target undesirable patient health
outcomes (morbidity, mortality,
post-treatment complications)
[47, 58, 60, 63].

- to optimise performance-based
incentive policies against health
professional productivity, quality
of care and volume of services
[30, 59.

- to reduce the total cost of care
[33,47, 58, 60, 61, 63].

- to reduce deficit of health
professionals [51]

« to reduce generation of
incineration-only health care
waste [52]

« to increase the number of
patients who currently do not
seek medical care [64]

Other:

- explore factors leading to
undesirable emergency care
system behaviour [56, 57]

- simulating hospital waste
management systems and
predicting future waste
generation [37, 48, 55].

- estimating future demand for
cardiac care [44].

- exploring the impact of patient
admission on health professionals
stress level in an integrated care
system (IC) [45].

« exploring variation in physician
decision-making [32].

- Cardiology care [33, 53]
- Elderly care or LTC services
[28, 31, 36, 49-51, 54, 61, 62]
« Emergency or acute care
[28, 31, 36, 50, 56-58, 61, 62]
+ Hospital waste management
[37, 48, 52, 55]
- ACO or health insurance schemes [63]
« MNCH [32, 60]
« Orthopaedic care [63]

- Gain holistic perspective of system
to investigate delays and bottlenecks
in health facility processes, exploring
counter-intuitive behaviour and
monitoring interconnected processes
between sub-systems over time
[28, 30, 31, 36, 37, 48, 56, 58].

- Useful tool for predicting future health
system behaviour and demand for care
services, essential for health resource
and capacity planning [48, 60].

Testing policies or interventions:

« to decrease the time agents
spent performing tasks, waiting
for a service or residing in parts
of the system [20, 22, 24, 67].

- to reduce undesirable patient
outcomes (mortality and
hospitalisation) [23, 25, 47, 671.

- to reduce the number of patients
who left a health facility without
being seen by a physician [22, 67].

« to reduce number of patients who
are wrongly discharged [67]

- to optimise utility of resources
(staff, beds) [46, 66, 67].

« on bypass rate of patients
accessing care at alternative
facilities [23]

« to reduce total cost of care [25]

Other:

- Create tools capable of comparing
health insurance reimbursement
schemes [65].

« Assessing risk, allocation of
resources and identifying
weaknesses in emergency care
services [21].

« Cardiology care [66]

+ Emergency or acute
care [21, 22, 67]

« ACO or health insurance
schemes [23, 25, 65]

- Ability to closely replicate human
behaviour that exists in the real
system [20-22, 25, 66].

- Provides deeper understanding
of multiple agent decision-making
[23, 671, agent networks [25] and
interactions [21, 22].

- Provides flexible framework
capable of conveying intricate
system structures [20], where
simulations captured agent

Testing policies or interventions:

SDM-DES

- to improve access to social
support and care services [43].

ABM-DES

- to decrease patient waiting time
to be seen by a physician [24].

- to improve patient flow and length
of stay through the system by
optimising resource allocation [46].

SDM-ABM

- to reduce undesirable patient
outcomes (morbidity) [47].

Other:

SDM-DES

- Estimate the future demand for
health care from patients with
cardiac disease [44].

- Model patient flow through
an integrated care system to
estimate impact of patient
admission on health care
professional’s wellbeing [45].

SDM-DES

- Cardiology care [44]

« Elderly care or LTC services [43-45]
- Emergency or acute care [45]
ABM-DES

« MNCH [46]

« Orthopaedic care [24]

SDM-ABM

- Emergency or acute care [47]

SDM-DES

- Enabled retention of deterministic
and stochastic system variability
and preservation of unique
and valuable features of both
methods [44].

- Capable of simulating flow of
entities through system and
provides rapid insight without
need for large data collection [43].

« Can simulate individual variability
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Table 3 Comparison of content between SDM, ABM and hybrid models of health systems literature (Continued)

SDM papers

ABM papers

Hybrid papers

Methods of validation

Study limitations

« Configuration of model was not

limited by data availability [

28, 52, 64] and could integrate

data from various sources when

required [51].

Used as a tool for health policy

exploration and optimising

health system interventions

[33, 36, 51, 54, 57, 58, 64].

- Useful for establishing clinical and
financial ramifications on multiple
groups (such as patients and health
care providers) [63].

- Identifying and simulating feedback,
policy resistance or unintended system
consequences [59, 61].

- Quantifying the impact of change to
the health system before real world
implementation [62].

- Visual learning environment enabled
engagement with stakeholders
necessary for model conception and
validation [48, 50, 55, 57].

- Utilised by decision makers to develop
and test alternative policies in a
‘real-world’ framework [31, 49, 58, 61].

- Suitable for quantitative analyses [53].

« Fast running simulation [54].

.

Behavioural validity tests:

+ Model output reviewed by
experts [57, 60].

« Model output compared with
historical data and relevant literature
[31-33, 36, 48, 50, 54, 58, 59, 61, 62, 64].

Structural validity tests:

- Model conception [28, 60],
development [30, 36, 50, 53, 54, 57, 62]
and formulation [54, 56, 59] validated
by experts.

- Extreme condition or value testing
[30, 31, 52, 57, 59, 60, 64].

- Dimensional consistency checks
[31, 52,57, 59, 60].

+ Model boundary accuracy checks [31].

+ Mass balance checks [54].

- Integration error checks [31, 52].

Sensitivity analysis

+ 10 assess how sensitive model output
was to changes in key parameters
[49, 51, 57, 60, 64].

- to test the impact of parameters that
had been based on expert opinion
on model output [28].

- 1o test the robustness and effectiveness
of policies [28, 30, 52, 53, 58, 63] (on
the assumption of imperfect policy
implementation [28]).

- Did not consider how future
improvements in technology
or service delivery may impact
results [31, 44, 49, 51].

+ May not have simulated all possible
actions or interactions that occurred in
real system [30, 61].

+ Model cannot encapsulate all health
sub-sector behaviour and spill-over
effects [31, 53].

capacity for learning and
adaptive behaviour [20, 25].

- Could incorporate stochastic
processes that mimicked agent
transition between states [25].

- Took advantage of key individual
level agent data [25] and integrated
information from various sources [65].

- Simulation allows patients to have
multiple medical problems at the
same time [65].

+ Model can be made generalisable
to other settings [65].

- Visualization of system facilitated
stakeholder understanding of
tested policy impact [23],
particularly those in the health
industry with minimal modelling
experience [67].

Behavioural validity tests:

+ Model output reviewed by
experts [46, 66].

+ Model output compared with
historical data and relevant
literature [20, 22-25, 46, 65, 66).

- F-test [20] and T-test [20, 24]
(equivalence of variance and
difference in mean tests).

Structural validity tests:

« Extreme condition or value
testing [23, 46).

+ Model framework reviewed by
experts [22, 47].

Sensitivity analysis:

- to determine how variations or
uncertainty in key parameters
(particularly where they had not
been derived from historical or
care data [65]) affected model
outcomes [23, 25].

+ Model parameterised with best
information available, sometimes
missing key data [20, 22, 25, 67].

+ Did not model all real system
complexity, simplifications made
to agents and their attributes
[20, 23, 65, 66].

« Did not consider all hospital
units affected by possible
spill-over effects [21].

and detailed interactions that
influence system behaviour [43].

- Offered dual model functionality
[44] vital for simulating human-
centric activity [45], reducing the
practical limitations that come with
using a single simulation method
to model health systems [45].

ABM-DES

« Captured both patient flow
through system and agent
decision-making that enabled
identification of health care
bottlenecks and optimum
resource allocation [24].

SDM-ABM

« Could reproduce detailed, high
granularity system elements in
addition to abstract, aggregate
health system variables [47].

Behavioural validity tests:

ABM-DES

- Model output reviewed by
experts [46].

- Model output compared with
historical data [24, 46].

- T-test (difference in mean tests) [24].

Structural validity tests:

ABM-DES

- Extreme condition or value
testing [46].

SDM-ABM

- Model framework reviewed by
experts [47].

Sensitivity analysis:

SDM-DES

- To assess how sensitive model
output was to changes in key
parameters [44].

SDM-DES

« Did not consider how
future improvements in
technology
may impact results [44].

« Did not model all real system
complexity, stable number of
patients with disease per age
group [44].

« Lack of technology support led
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Table 3 Comparison of content between SDM, ABM and hybrid models of health systems literature (Continued)

SDM papers

ABM papers

Hybrid papers

- Simplification of real system in
model [55, 62, 63].

- Lack of facility data required for
model conception, formulation
and validation [32, 36, 59].

- Lack of costing or cost effectiveness
analysis [58, 60].

« Simulation was over a short time
scale and did not evaluate long
term patient outcomes [33, 571.

+ Assumptions made in model
development may not be
generalisable
to other settings [36, 63].

- Discussion with stakeholders
that contributed to model
development was not performed
systematically [51].

- Quantifying model uncertainty was
limited [64].

- iThink or STELLA (same software)
[33, 36, 37, 48, 50, 54, 55, 57, 60, 611.

- MATLAB and Simulink [30].

- Vensim [28, 32, 52, 53, 62-64].

- Did not state [31, 49, 51, 56, 58, 59].

Software platform

« AnylLogic [23, 25, 65].
« Java [66].
+ Netlogo [20-22, 67].

to simplifications in configuration
of model (how information was
passed between two distinct
models) [45].

ABM-DES

- Need more case studies to
externally validate model [24].

SDM-DES

- Vensim and Simul8 [43, 45].
- Does not state [44].
ABM-DES

« AnyLogic [24, 46]
SDM-ABM

- AnyLogic [47].

ability to integrate information and data from various
sources was also cited as rationale for using SDM and
ABM [51]. Reasons for using SDM to model health sys-
tems, as opposed to other methods, included gaining a
whole-system perspective crucial for investigating undesir-
able or counter-intuitive system behaviour across sub-
systems [28, 36, 37, 48, 56] and identifying unintended
consequences or policy resistance with tested health pol-
icies [59, 61]. The ability to replicate human behaviour
[20-22, 25, 66] and capacity for learning and adaptive be-
haviour [20, 25] was frequently cited as rationale for using
ABM to simulate health systems.

Validation of SDMs and ABMs consisted mostly of behav-
ioural validity tests where model output was reviewed by ex-
perts and compared to real system performance data or to
relevant literature. Structural validity tests were uncommon
among ABM papers while expert consultation on model de-
velopment [30, 36, 50, 53, 54, 57, 62, 63], extreme condition
[30, 31, 52, 57, 59, 60, 64] and dimensional consistency tests
[31, 52, 57, 59, 60] were frequently reported in the SDM lit-
erature. The inability to simulate all actions or interactions
that occur in the real system [20, 30, 61, 65, 66] and simplifi-
cation of model parameters [23, 55, 62, 63, 65] were de-
scribed as limitations in both SDM and ABM papers. Data
availability for model conception and formulation [20, 22,
25, 32, 36, 67] and the impact of model boundaries (restrict-
ing exploration of interconnected sub-system behaviour [21,
31, 53]) were also cited limitations common to both sets of
literature. Lack of costing analysis [58, 60], short time

horizons [33, 57] and an inability to model future improve-
ments in technology or service delivery [31, 44, 49, 51] were
additionally cited among the SDM papers.

Discussion

Statement of principal findings

Our review has confirmed that there is a growing
body of research demonstrating the use of SDM and
ABM to model health care systems to inform policy
in a range of settings. While the application of SDM
has been more widespread (with 28 papers identified)
there are also a growing number of ABM being used
(11), just over half of which used hybrid simulation.
A single paper used hybrid SDM-ABM to model
health system behaviour. To our knowledge this is
the first review to identify and compare the applica-
tion of both SDM and ABM to model health systems.
The first ABM article identified in this review was
published almost a decade after the first SDM paper;
this reflects to a certain extent the increasing avail-
ability of SDM and ABM dedicated software tools
with the developments in ABM software lagging be-
hind their SDM modelling counterparts.

Emergency and acute care, and elderly care and LTC
services were the most frequently simulated health sys-
tem setting. Both sets of services are facing exponential
increases in demand with constraints on resources, pre-
senting complex issues ideal for evaluation through
simulation. Models were used to explore the impact and
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potential spill over effects of alternative policy options,
prior to implementation, on patient outcomes, service
use and efficiency under various structural and financial
constraints.

Strengths and weaknesses of the study

To ensure key papers were identified, eight databases
across four research areas were screened for relevant lit-
erature. Unlike other reviews in the field [39, 40], there
was no restriction placed on publication date. The
framework for this review was built to provide a general
overview of the SDM and ABM of healthcare literature,
capturing papers excluded in other published reviews as
a result of strict inclusion criteria. These include reviews
that have focussed specifically on compiling examples of
modelled health policy application in the literature [35]
or have searched for papers with a particular health sys-
tem setting, such as those that solely simulate the behav-
iour of emergency departments [34]. One particularly
comprehensive review of the literature had excluded pa-
pers that simulated hospital systems, which we have ex-
plicitly included as part of our search framework [39].

The papers presented in this review, with selection re-
stricted by search criteria, provide a broad picture of the
current health system modelling landscape. The focus of
this review was to identify models of facility-based
healthcare, purposely excluding literature where the pri-
mary focus is on modelling disease progression, disease
transmission or physiological disorders which can be
found in other reviews such as Chang et al. [39] and
Long et al. [41]. The data sources or details of how data
was used to conceptualise and formulate models are not
presented in this paper; this could on its own be the
focus of another study and we hope to publish these re-
sults as future work. This information would be useful
for researchers who want to gain an understanding of
the type and format of data used to model health sys-
tems and best practice for developing and validating
such models.

Literature that was not reported in English was ex-
cluded from the review which may have resulted in a
small proportion of relevant papers being missed. Papers
that described DES models, the other popular modelling
method for simulating health system processes, were not
included in this review (unless DES methods are pre-
sented as part of a hybrid model integrated with SDM or
ABM) but have been compiled elsewhere [68-70]. Fi-
nally, the quality of the papers was not assessed.

Implications for future research

A nominal number of SDM papers (9/28), an even lower
proportion of ABM papers (2/11) and none of the hybrid
methods papers simulated health systems based in low-
or middle-income countries (LMICs). The lower number

Page 21 of 24

of counterpart models in LMICs can be attributed to a
lack of capacity in modelling methods and perhaps the
perceived scarcity of suitable data; however, the rich
quantitative and qualitative primary data collected in
these countries for other types of evaluation could be
used to develop such models. Building capacity for using
these modelling methods in LMICs should be a priority
and generating knowledge of how and which secondary
data to use in these settings for this purpose. In this re-
view, we observed that it is feasible to use SDM to
model low-income country health systems, including
those in Uganda [60] and Afghanistan [30]. The need to
increase the use of these methods within LMICs is para-
mount; even in cases where there is an absence of sulffi-
cient data, models can be formulated for LMICs and
used to inform on key data requirements through sensi-
tivity analysis, considering the resource and healthcare
delivery constraints experienced by facilities in these set-
tings. This research is vital for our understanding of
health system functioning in LMICs, and given the
greater resource constraints, to allow stakeholders and
researchers to assess the likely impact of policies or in-
terventions before their costly implementation, and to
shed light on optimised programme design.

Health system professionals can learn greatly from using
modelling tools, such as ABM, SDM and hybrid models,
developed originally in non-health disciplines to under-
stand complex dynamic systems. Understanding the com-
plexity of health systems therefore require collaboration
between health scientists and scientists from other disci-
plines such as engineering, mathematics and computer
science. Discussion and application of hybrid models is
not a new phenomenon in other fields but their utilisation
in exploring health systems is still novel; the earliest article
documenting their use in this review was published in
2010 [43]. Five of the six hybrid modelling papers [43-47]
were published as conference proceedings (the exception
Kittipittayakorn et al. [24]), demonstrating the need to in-
clude conference articles in systematic reviews of the lit-
erature in order to capture new and evolving applications
of modelling for health systems research.

The configuration and extent to which two distinct
types of models are combined has been described in the
literature [71-75]. The hybrid modelling papers selected
in this review follow what is described as ‘hierarchical’
or ‘process environment’ model structures, the former
where two distinct models pass information to each
other and the latter where one model simulates system
processes within the environment of another model [72].
Truly ‘integrated’ models, considered the ‘holy grail’ [43]
of hybrid simulation, where elements of the system are
simulated by both methods of modelling with no clear
distinction, were not identified in this review and in the
wider literature remain an elusive target. In a recent
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review of hybrid modelling in operational research only
four papers were identified to have implemented truly
integrated hybrid simulation and all used bespoke
software, unrestricted by the current hybrid modelling
environments [76].

Of the six hybrid modelling papers, only Djanatliev
et al. [47] presented a model capable of both ABM and
SDM simulation. The crucial macro- and micro- level
activity captured in such models represent feedback in
the wider, complex system while retaining the variable
behaviour exhibited by those who access or deliver health-
care. With increasing software innovation and growing
demand for multi-method modelling in not only in
healthcare research but in the wider research community,
we need to increase their application to modelling health
systems and progress towards the ‘holy grail’ of hybrid
modelling.

Conclusions

We identified 28 papers using SDM methods and 11 pa-
pers using ABM methods to model health system behav-
iour, six of which implemented hybrid model structures
with only a single paper using SDM-ABM. Emergency
and acute care, and elderly care and LTC services were
the most frequently simulated health system settings,
modelling the impact of health policies and interventions
targeting at-capacity healthcare services, patient length
of stay in healthcare facilities and undesirable patient
outcomes. A high proportion of articles modelled health
systems in high income countries; future work should
now turn to modelling healthcare settings in LMIC to
support policy makers and health system researchers
alike. The utilisation of hybrid models in healthcare is
still relatively new but with an increasing demand to
develop models that can simulate the macro- and micro-
level activity exhibited by health systems, we will see an
increase in their use in the future.
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2.3 Supplementary material to research paper 1

Table S1: Agent-based modelling (ABM) literature search strategy

Database Agent-based modelling (ABM) literature search strategy

ACM Library +(("agent-based" "agent based") +("model*") +("health system*" "health
care" "healthcare" "health service*" "health polic*" "health facil*" "primary
care" "secondary care" "tertiary care" "hospital*"))

Cochrane (health system*):ti,ab,kw OR (health care*):ti,ab,kw OR
(healthcare):ti,ab,kw OR (health service*):ti,ab,kw OR (health
polic*):ti,ab,kw OR (health facil*):ti,ab,kw OR (primary care):ti,ab,kw OR
(secondary care):ti,ab,kw OR (tertiary care):ti,ab,kw OR (hospital*):ti,ab,kw
(agent based):ti,ab,kw OR (agent-based):ti,ab,kw
(model*):ti,ab,kw
(#1 AND #2 AND #3)

Econlit (health system* OR health care OR healthcare OR health service* OR
health polic* OR health facil* OR primary care OR secondary care OR
tertiary care OR hospital*).ab,ti,kw.

(agent-based OR agent based).ab,ti,kw.
(model*).ab,ti,kw.
land 2 and 3

Embase (health system* OR health care OR healthcare OR health service* OR

ClassictEmbase health polic* OR health facil* OR primary care OR secondary care OR
tertiary care OR hospital*).ab,ti,kw.

(agent-based OR agent based).ab,ti,kw.
(model*).ab,ti,kw.
land 2 and 3

Global Health (health system* OR health care OR healthcare OR health service* OR
health polic* OR health facil* OR primary care OR secondary care OR
tertiary care OR hospital*).ab,ti.

(agent-based OR agent based).ab,ti.
(model*).ab,ti.
l and 2 and 3

HMIC Health (health system* OR health care OR healthcare OR health service* OR

Management health polic* OR health facil* OR primary care OR secondary care OR

Information tertiary care OR hospital*).ab,ti.

Consortium (agent-based OR agent based).ab,ti.

(model*).ab,ti.
l and 2 and 3

MathSciNet! "(Anywhere=(health*) AND Anywhere=(agent-based)! AND
Anywhere=(model*))"

Ovid MEDLINE(R) (health system* OR health care OR healthcare OR health service* OR
health polic* OR health facil* OR primary care OR secondary care OR
tertiary care OR hospital*).ab,ti,kw.

(agent-based OR agent based).ab,ti,kw.
(model*).ab,ti,kw.
l and 2 and 3

Note to Figure: 'The search was sent twice to include results for ‘agent based’ and agent-based’.
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Table S2: System dynamics modelling (SDM) literature search strategy

Database System dynamics modelling (SDM) literature search strategy

ACM Library +(("system dynamic*") +("model*") +("health system*" "health care"
"healthcare" "health service*" "health polic*" "health facil*" "primary
care" "secondary care" "tertiary care" "hospital*"))

Cochrane (health system*):ti,ab,kw OR (health care*):ti,ab,kw OR
(healthcare):ti,ab,kw OR (health service*):ti,ab,kw OR (health
polic*):ti,ab,kw OR (health facil*):ti,ab,kw OR (primary care):ti,ab,kw
OR (secondary care):ti,ab,kw OR (tertiary care):ti,ab,kw OR
(hospital*):ti,ab,kw
(system dynamic*):ti,ab,kw
(model*):ti,ab,kw
(#1 AND #2 AND #3)

Econlit (health system* OR health care OR healthcare OR health service* OR
health polic* OR health facil* OR primary care OR secondary care OR
tertiary care OR hospital*).ab,ti,kw.

(system dynamic*).ab,ti,kw.
(model*).ab,ti,kw.
l and 2 and 3

Embase (health system* OR health care OR healthcare OR health service* OR

ClassictEmbase health polic* OR health facil* OR primary care OR secondary care OR
tertiary care OR hospital*).ab,ti,kw.

(system dynamic*).ab,ti,kw.
(model*).ab,ti,kw.
land 2 and 3

Global Health (health system* OR health care OR healthcare OR health service* OR
health polic* OR health facil* OR primary care OR secondary care OR
tertiary care OR hospital*).ab,ti,kw.

(system dynamic*).ab,ti,kw.
(model*).ab,ti,kw.
l and 2 and 3

HMIC Health (health system* OR health care OR healthcare OR health service* OR

Management health polic* OR health facil* OR primary care OR secondary care OR

Information tertiary care OR hospital*).ab,ti.

Consortium (system dynamic*).ab,ti.

(model*).ab,ti.
land 2 and 3

MathSciNet "(Anywhere=(health*) AND Anywhere=(system dynamic*) AND
Anywhere=(model*))"

Ovid MEDLINE(R) (health system* OR health care OR healthcare OR health service* OR

health polic* OR health facil* OR primary care OR secondary care OR
tertiary care OR hospital*).ab,ti,kw.

(system dynamic*).ab,ti,kw.

(model*).ab,ti,kw.

l and 2 and 3
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Table S3: Descriptive table of validation methods used and outcome variables validated in SDM and ABM literature

System dynamics models (SDMs)

(2010)*! [5]

Council (HCC) can improve access to services and support
for older people, in particular assess the long-term impact of
a new contact centre for patients.

Paper/Year/Ref Purpose Validation method(s) used Any outcome variable(s) validated?
(behaviour/parameter/structure confirmation tests)
Al-Khatib Assess the impact of key factors on the hospital waste Behaviour validity Unclear which model output was validated with data
management system and compare the future total waste collected from Nablus city hospitals.
(2016) [1] . . .
output between private, charitable and government hospitals. | pfodel output compared to real data.
Alonge (2017) | Explore effective implementation structure for improving Structure validity Each element (and how they were parameterised) of the
2] health system performance through pay-for-performance model was confirmed by healthcare and P4P experts in
(P4P) initiative. Direct structure tests (structure- Afghanistan. ‘Gaming’ element of model reported in the
confirmation test, parameter-confirmation | literature.
test).
Structure-orientated behavioural tests
(phase relationship test, extreme-
condition test, behaviour sensitivity test).
Ansah (2014) Assess the impact of different long-term care (LTC)
3] capacity policies on uptake of acute care, demand for and
utilisation of LTC services.
Brailsford To determine how emergency and on demand care is Behaviour validity Total daily bed occupancy and individual ward occupancy
currently configured and what policies could alleviate are given as examples of model output that were validated
(2004) [4] . o .
pressure on the health system. Model output compared to real data. with real health facility performance data from Nottingham
hospitals.
Structure validity The model was developed in close collaboration with the
Steering Committee (representatives from all healthcare
Direct structure tests (dimensional providers in Nottingham).
consistency test, structure-confirmation
test, parameter-confirmation test).
Brailsford Investigate how local authorities such as Hampshire County
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Cepoiu-Martin

To examine patient transition from home to supportive
living (SL) or long term care (LTC) in persons with

(2018) [6] dementia and discern policy impact on the deficit of nurses
and health care assistants.
Chaerul (2008) | To determine key factors that impact the management of Behaviour validity Unclear which model output was validated with published
7] hospital waste and predict future waste output. data on health and waste management in Jakarta, Indonesia.
Model output compared to published
data.
Ciplak (2012) To predict future healthcare waste production and optimise Behaviour validity Population and total healthcare waste materials generated
[8] the management of healthcare waste. are given as examples of model output that were validated
Model output compared to published with published data on health and waste management in
data. Istanbul, Turkey.
Structure validity
Direct structure tests (dimensional
consistency).
Structure-orientated behavioural tests
(extreme-condition test, integration error
test).
De Andrade To examine the reasons for delayed ST-segment elevation Structure validity The model was developed in close collaboration (‘mediated
(2014) [9] myocardial infarction (STEMI) treatment and explore modelling’) with health professionals at a primary hospital
interventions that can speed up wait time in primary care Direct structure tests (structure in Foz do Iguagu, Brazil.
facilities. confirmation test).
Desai (2008) To forecast demand for older people's services and explore Behaviour validity Researchers worked in close collaboration and consulted
[10] the future impact of challenges that accompany an ageing staff at Hampshire County Council during model

population.

Model output compared to real data.

Structure validity

Direct structure tests (structure-
confirmation test, parameter-confirmation
test).

Structure-orientated behavioural tests
(mass-balance check)

conceptualisation and formulation.

Model output (stocks) for initial contact, eligibility and
initial assessment, care manager assessment and create a
care package were compared with real data from
Hampshire County Council.
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Djanatliev
(2012)2 [11]

Presenting the functionality of the Prospective Health
Technology Assessment (ProHTA) tool, which can simulate
the impact of optimised technology prospectively before
physical development.

Structure validity

Direct structure tests (structure-
confirmation test, parameter-confirmation
test).

Model achieved credibility from review by experts
(doctors, health economists, medical informaticians and
knowledge management experts).

Eleyan (2013) | To predict general and medical waste generation for a Behaviour validity Model output, general waste generated and hazardous
complex hospital waste management system. waste generated, were compared with published waste data
[12] e
Model output compared to published from hospitals in Iran.
data.
Esensoy Transformation of stroke care to implement best practice. Behaviour validity Preliminary model results were shared with policy and
(2018) [13] stroke experts for validation. _ _ _
Model output shared with experts. Model development conducted in close collaboration with
Ministry of Health and Long-term Care and the Central
Structure validity East Local Integration Network in Ontario, Canada.
Direct structure tests (structure-
confirmation test, parameter-confirmation
test).
Ghaffarzad. To explore physician decision making behind scheduled Behaviour validity Model output, total scheduled caesarean deliveries and total
(2013) [14] za?sarean \(file)hverc){ (CD),_ un;f)lanned hCD. a?ld vaginal caesarean del?verles, was compgred Wlth empirical data
elivery (VD) and examine factors that influence procedure | pfodel output compared to out-of-sample from the .Florlde.l alljpayer hospital discharge databasc?
variation. real data. (concerning deliveries at non-federal acute-care hospitals).
Lane (1998) Explore the factors that lead to delays in Accident and Structure validity Researchers worked closely with the A&E department of a
Emergency Departments (A&E) and to elective admissions. London hospital, pseudonym ‘St Danes’ during model
[15]
Direct structure tests (structure development. _ .
confirmation test, parameter confirmation Aspects of model formulation were reviewed by _rnembers
test). of Casualty Watch, the London Ambulance Service and the
Emergency Bed Service.
Lane (2000) The model depicts the performance of Accident and Behaviour validity Model output (shown using graphs) and performance
[16] Emergency (A&E) at acute hospitals, investigating the indicators were judged as realistic by staff from

sensitivity of waiting times to hospital bed numbers.

Model output shared with experts.

Structure validity

(pseudonym) St Danes hospital, London, England.
Model structure was reviewed by experts (A&E system)
and model parameters were confirmed using available
hospital process information.
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Direct structure tests (dimensional
consistency, structure confirmation test,
parameter confirmation test).
Structure-orientated behavioural tests
(extreme-condition test).

Aspects of model formulation were reviewed by members
of Southwark Community Health Council, Casualty Watch,
the London Ambulance Service, the Emergency Bed
Service and the Registrar at St Danes.

Lattimer To evaluate ‘front door’ services of local emergency and Behaviour validity Model output compared to data from the emergency and
(2004) [17] urgent care facilities and test proposals for system change. urgent care system in Nottingham, England. Daily bed
Model output compared to real data. occupancy rates were given as an example of model output
that was validated.
Structure validity The project team, steering group and health professionals
from Nottingham emergency and urgent care system
Direct structure tests (structure contri.but.ed to the development and refinement of the
confirmation test, parameter confirmation | quantitative model.
test).
Mahmoudia. To explore the intended and unintended consequences of Behaviour validity Model output, specifically average occupancy of ED,
Intensive Care Unit (ICU) resource and bed management average ICU occupancy and ward occupancy, are compared
(2017) [18] - . . o T . ;
policies on patient mortality, emergency departments (ED) Model output compared to health facility | t© relevant health facility statistics identified in the
and general wards. data extracted from the literature. literature.
Meker (2015) To describe performance-based payment systems (PBPS) in Behaviour validity Model output, specifically number of patients examined per
[19] second-step public hospitals and the impact on process month, number of tests performed per month and number
measures in hospitals. Model output compared to real data. of surgeries performed per month, are compared to data
from a second-step public hospital in Istanbul.
Structure validity
Direct structure tests (dimensional
consistency).
Structure-orientated behavioural tests
(extreme-condition test).
Mielczarek To estimate the future demand for healthcare from patients

(2016)*1[20]

with cardiac disease.

Rashwan

(2015) [21]

To explore the flow of elderly patients through the Irish
healthcare system and anticipate the growing demand for
services over the next five years.

Behaviour validity

Model output compared to reported data.

Structure validity

The model structure was discussed and reviewed by Irish
Health Service Executive (HSE) officials and domain
experts.

Model output, specifically number of delayed discharges
for each possible destination (home, another hospital,
rehabilitation, convalescence, long term care, death, other),
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Direct structure tests (dimensional
consistency, structure-confirmation test).
Structure-orientated behavioural tests
(boundary adequacy, extreme-condition
test, integration error test).

were compared to annual delayed discharge figures
reported by the HSE.

Semwanga To capture the dynamics of the Ugandan health system and Behaviour validity Model output, including graphical behaviour and results,
(2016) [22] evaluate what impact interventions might have on neonatal were compared to historical/national health surveys and
care. Model output compared to historical and | FePOIts. . _
reported data. During brainstorming sessions, researchers and neonatal
and maternal healthcare staff from hospitals in Uganda
Structure validity were asked to validate the model structure.
Direct structure tests (dimensional
consistency, parameter-confirmation,
structure-confirmation test).
Structure-orientated behavioural tests
(mass-balance test, extreme-condition
test).
Taylor (2005) To examine the impact of shifting cardiac catheterization Behaviour validity Simulated model output was compared with real data from
23] (CC) services from tertiary to se_condary level for low risk Ribslpy Hospital fgr C_C services, speciﬁcaI.Iy dis.trict.-based
investigations and explore how improvements could be Model output compared to historical data elective CC investigation rate, elective CC investigation
made to services. (Theil inequality statistic, R? statistic, referral rate, average time spent on CC investigation list,
MAPE statistic). CC investigation waiting list, elective CC investigation
rate, tertiary-based elective CC investigation rate.
Walker (2003) | To model patient flow from feeder hospitals to a sub acute Behaviour validity Model results were compared with historical data from a
[24] extended care hospital to show the impa_ct of local rules used sub-acute extended care facility in Australia.
by the medical registrar (medical admitting officer). Model output compared to historical data.
Wong (2010) To evaluate if smoothing the number of discharges over the | Behaviour validity Model output, specifically those concerning ED and ward
[25] week relieves the pressure on emergency departments (ED). censuses and their respective length of stay, were compared

Model output compared to historical data.
Structure validity
Direct structure tests (structure-

confirmation test, parameter-confirmation
test).

with historical data from the Toronto General Hospital,
Canada.

Staft physicians at the hospital were engaged during the
study and their feedback was used to validate model
structure, assumptions and feedback.
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Worni (2012)
[26]

To estimate what impact a policy to deny reimbursement of
total knee arthroplasty (TKA) patient fees will have on
venous thromboembolism (VTE) rates and any unintentional
consequences.

Yu (2015) [27]

To explore the driving factors for a high proportion of
patients in China not seeking medical care (also known as
potential medical demand) and examine possible
interventions.

Behaviour validity

Model output compared to historical data.

Model output, specifically number of visits to hospital,
were compared to historical data from the Chinese Health
Statistical Yearbook.

Zulkepli
(2012)"1[28]

Present a case study using hybrid modelling (SDM-DES),
explore patient flow in an integrated care system (IC) and
the impact of patient admission on health professional stress
level.

Agent-based

models (ABMs)

Alibrahim To explore the effect of patient choice on the healthcare Behaviour validity Model results relating to financial and population outcomes
market, specifically providers that form accountable care were compared with those from ACO studies, identified in
(2018) [29] o .
organisations (ACO). Model output compared to published the literature. . .
data. Patient bypass rates were comparable with previous studies
of Medicare patients and per-patient payment figures were
Structure validity in line with estimates identified in the literature.
Structure-orientated behavioural tests
(extreme-condition test, parameter-
confirmation tests).
Djanatliev Presenting the functionality of the Prospective Health Structure validity Model achieved credibility from review by experts
) Technology Assessment (ProHTA) tool, which can simulate (doctors, health economists, medical informaticians and
(2012)™[11] . o .
the impact of optimised technology prospectively before Direct structure tests (conceptual knowledge management experts).
physical development. confirmation test).
Einzinger To create a tool capable of comparing reimbursement Behaviour validity The overall prevalence of disease in the model was
(2013) [30] schemes in outpatient care. comparable with national health survey data, confirming

Model output compared to reported data.

Structure validity

parameterisation of model with routine care data was valid.
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Structure-orientated behavioural tests
(parameter-confirmation tests).

Hutzsch. To determine which mix of patients should be admitted to Behaviour validity Model output, including the annual number of surgery
(2008) [31] speci.alised h_ospitals to optimise resource uti_lity and to patieqts, numbe_r of admission requests and back-up.
consider the impact of unplanned patient arrivals on this Model output compared to real data and capacity usage in medium care, were comparable with real
process. shared with experts. data from the Catharina Hospital Eindhoven, the
Netherlands.
Domain experts from the hospital were consulted and
determined model output to be credible.
Huynh (2012) To assess the impact of redesigning medication Behaviour validity Model output, specifically amount of time spent performing
administration process (MAP) workflow for registered tasks and variation in number of tasks performed, were
[32] . o L . . .
nurses to improve medication administration safety. Model output compared to real data (F- compared to observed pilot study data using t-tests.
test, T-test) An F-test was also used to determine equivalence of
variance between simulated and observed pilot study data.
Kittipitta. To examine patient flow in an outpatient clinic of an Behaviour validity Model output, specifically average waiting time, average
(2016) [33] orthopedic department and explore interventions that can throughput time and average utilisation, were compared to

improve clinical services to reduce patient waiting times.

Model output compared to real data (T-
test)

observed and recorded department operations using t-tests.

Liu (2014) [34]

To develop a tool that can be used as a decision support
system for managers of emergency departments (ED) to
assess risk, allocation of resources and identify weakness in
emergency care service.

Liu (2016) [35]

To explore how accountable care organisations (ACO) can
impact payers, healthcare providers and patients under a
shared savings payment model for congestive heart failure
(COHF) and achieve optimal outcomes.

Behaviour validity

Model output compared to published
data.

Model output, specifically COHF-related hospitalisation
rate and mortality rate, were compared to published results
from clinical trials and national health reports.

Viana (2018)"
[36]

To examine and improve patient flow through a pregnancy
outpatient clinic in light of the uncertainty in demand for
services from overdue patients.

Behaviour validity

Model output compared to real data and
reviewed by experts.

Structure validity

Model output, specifically arrival patterns, was compared
with historical data from the outpatient clinic at Akershus
University Hospital, Norway and patient length of stay
results were deemed credible by clinic staft.

Clinic staff also reviewed the visualisation of the model.
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Structure-orientated behavioural tests
(structure-confirmation test, extreme-
condition test).

Yousefi (2017) | To apply group decision-making techniques for emergency
137] department (ED) resource allocation and determine whether
this approach improves performance indicators.
Yousefi (2018) | To examine the behaviour of patients who leave public Behaviour validity Model output, specifically total time patients spent in
[38] hospital emergency departments (ED) without being seen hospital and weekly number of discharged patients, was

and the impact of preventative policies.

Model output compared to reported data
(t-test).

Structure validity

Structure-orientated behavioural tests
(structure-confirmation tests).

compared to historical data from the ED at Hospital
Risoleta Tolentino Neves, Minas Gerais, Brazil using t-
tests.

The simulation model was reviewed by the hospital
manager and district co-ordinator.

Note: ™! Articles implemented SDM-DES hybrid modelling. ™ Articles implemented SDM-ABM hybrid modelling. ™ Articles implemented ABM-DES hybrid modelling.
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Table S4: Descriptive table of ABM model rules

Agent-based models (ABMs)

Paper/Year/Ref Purpose Type of agents Key model rules Type/source of rules
Alibrahim To explore the effect of Patient Patients could bypass their assigned healthcare provider based on patient | Literature (epidemiological
(2018) [29] patient choice on the Provider (hospitals, charactgristics (age, race, ggnder, income), provider characteristics studies, cos.t-effective.ness
primary care physician (mortality rate, hospitalisation rate, presence of disease management studies, national/public health
healthcare market, clinics) programme in place by membership of ACO), and distance between surveys).
specifically providers that Payer (Medicare) i)ro.\f.iders. If patients chose to bypass, they must travel 60 mins to other Psychological .theory (Theory of
acility. planned behaviour).
form accountable care Providers delivered congestive heart failure care to patients and could Behaviour economics.
. ACO chose to be part of the ACO network. If providers chose to be part of the
organisations ( )- ACO network they would share cost savings with the payer (Medicare)
but have to provide comprehensive disease management programs.
Payer agents calculate the savings made between providers participating
in the ACO or not and return a percentage of savings to providers.
Einzinger To create a tool capable of | Patient A patient develops a chronic medical issue (such as coronary heart Utility/game theory (standard
(2013) [30] comparing reimbursement Medical provider disease) that requires care, leading to the patient conducting a search of gamb}e utility assessment
medical providers through the health market with preference for those technique).
schemes in outpatient care. who are closer. Heuristics (greedy algorithm).
The health market (classified as a single object in model) returns a list of | Agent behaviour adapted from a
suitable providers using distance from the patient, suitable wait time and | prototype, universal model of a
selecting providers who can provide the highest number of services healthcare system.
required.
The patient accesses care at their chosen provider. The reimbursement
system is notified of this event via a generic interface and reimburses the
medical provider for the patients care.
Djanatliev Presenting the functionality | Patient Mobile Stroke Units (MSU), a new healthcare technology innovation, are | Observational studies.
* . Mobile Stroke Unit presented as a case study. Determined by domain experts.
(2012) [11] of the Prospective Health The ABM module simulates patient state (generally categorised as
Technology Assessment prevention, pre-treatment, treatment, post-treatment stages) which are
(ProHTA) tool, which can reached by patients traversing a workflow, with decisions based on set
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simulate the impact of
optimised technology

prospectively before physical

probabilities when a patient has a stroke i.e. patient contacting
emergency services, contacting GP, going directly to the hospital.

If a MSU is available, this is dispatched to treat the patient which would
lead to reduced long term complications.

development.
Hutzsch. To determine which mix of | OR scheduling agent OR scheduling agent manages the use of cardiothoracic surgery (CTS) Routine health facility data.
. . Resource agent operating room. Determined by healthcare
2008) [31 atients should be admitted . . .
( ) B31] P Resource agents are each of the units that form the CTS and intensive experts.
to specialised hospitals to care unit (ICU) departments, such as the high care unit of CTS, the main
optimise resource utility and ward for CTS, high care intensive care unit.
P Y Patient priority and care pathway is determined by selected patient
to consider the impact of characteristics.
. . Each medical unit has their own preference for the type of patient they
unplanned patient arrivals on . . . .
will admit. Hospital resources (such as use of operating rooms) are
this process. limited and with their availability in flux due to the need from other
surgical disciplines and admission of emergency patients.
Where emergency patients are admitted, bottlenecks can occur in ICU
where beds are needed by elective CTS patients but priority is given to
acute cases.
Huynh (2012) To assess the impact of Registered nurse A registered nurse is engaged in a single task until its completion but can | Observational study.
132] redesionine medication be interrupted by another health professional.
gning Based on transition probabilities, the nurse then moves on to a new task
administration process until all tasks are completed.
(MAP) workflow for
registered nurses to improve
medication administration
safety.
Kittipitta. To examine patient flow in | Orthopaedic outpatient Patients who are 85 years or older or have a particular condition Observational study.

(2016) [33]

an outpatient clinic of an
orthopaedic department and
explore interventions that

can improve clinical services

Doctor

Nurse

Healthcare assistant
Radiologist
Biomedical scientist
Administration staff

requiring a fast track consultation are attended to by a doctor first, all
other patients are sent to the waiting area.

Scheduling of patients in the waiting area is dependent on the number of
walk-in patients and scheduled patients are waiting.

The doctor decides if the patient should be sent for an examination (to
then return for another consultation), requires medication and when they
are to be sent home.

Determined by healthcare
experts.

Routine health facility data.
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to reduce patient waiting

times.

Patient information
systemP

Examination centre?
Loudspeaker system?

The patient collects any medication required from the pharmacy.

Liu (2014) [34]

To develop a tool that can be
used as a decision support
system for managers of
emergency departments (ED)
to assess risk, allocation of

resources and identify

Patient
Admission staff
Triage Nurse
Doctor
Auxiliary staff
Nurse
Laboratory test
Internal test
External test

Each agent has assigned behaviour such as waiting for the next task,
arranging a test, providing treatment, moving a patient to a different area
of the ward etc.

Patients are admitted and triaged before tests are requested and a
diagnosis issued. Over time a patient’s status may change where the
doctor will decide a new course of action (send the patient home, to
another ward, or continue with diagnosis and treatment).

Determined by healthcare
experts.
Routine health facility data.

weakness in emergency care | Ambulance
. Carebox
service.
Liu (2016) [35] | To explore how accountable | Patient? Patients were passive and were not decision-makers. Literature (epidemiological

care organisations (ACO)

can impact payers, healthcare

Provider (hospitals,
primary care physician
clinics)

Providers considered whether to conduct the CHF intervention. Provider
behaviour was dependent on the financial return of conducting the
intervention, patient health outcomes, peer pressure from other providers

studies, cost-effectiveness
studies, national/public health
surveys).

roviders and patients under Payer (Medicare) and perceived difficulty in conducting intervention. Psychological theory (Theory of
P p Payer agents calculate the savings made between providers participating planned behaviour).
a shared savings payment in the ACO or not and return a percentage of savings to providers. Behaviour economics.
model for congestive heart
failure (COHF) and achieve
optimal outcomes.
Viana (2018)* To examine and improve Patient The assigned characteristics of the patient (particularly if the pregnancy Determined by healthcare
. is considered overdue) and utilisation of staff will determine where the experts.
[36] patient flow through a

pregnancy outpatient clinic
in light of the uncertainty in
demand for services from

overdue patients.

patient is sent after arriving for her appointment, when the patient is

attended to by a midwife or doctor and how long the entire process takes.

Routine health facility data.
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Yousefi (2017)
[37]

To apply group decision-
making techniques for
emergency department (ED)

resource allocation and

Patient

Doctor

Technician

Triage nurse
Emergency room nurse

Behaviour of agents are modelled by a finite state machine, where agent
interactions result in a change of state.

Each agent has a set list of possible tasks they may complete i.e. patients
can wait for treatment, then receive treatment, then move to a different
section of the ED etc.

Observational study.

Multi-attribute decision making

theory.
Literature (modelling studies,
observational studies, routine

departments (ED) without
being seen and the impact of

preventative policies.

Patients decide whether to leave the emergency department based on a
tolerance time, which can change upon interaction with other agents.

Receptionist Agent communication also informed group decision-making whereby a health facility data).
determine whether this group of agents could decide where to place resources (allocate a nurse to
. a different area of the ED) if an area of the ED was struggling.
approach improves
performance indicators.
Yousefi (2018) | To examine the behaviour of | Patient Agents can communicate with each other, to a group of agents or agents Cellular automata.
38] atients who leave public Doctor can send a message to an area of the ED where other agents reside. Observational study.
p P Nurse Agents make decisions based on these interactions and information Literature (modelling studies,
hospital emergency Receptionist available to them at the time. observational studies, routine

health facility data).
Determined by healthcare
experts.

Routine health facility data.

Note: ™ Articles implemented SDM-ABM hybrid modelling. ™ Articles implemented ABM-DES hybrid modelling. P Considered in the published model as a passive, non-decision-making agent.
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METHODOLOGY

3. Programme and study setting
3.1 Introduction

Abbreviations: 2 doses of intermittent preventative treatment (IPT2); Antenatal care (ANC),
Antiretroviral therapy (ART),; Council Health Management Team (CHMT), Focused Antenatal
Care (FANC); Health Management Information System (HMIS); Human Immunodeficiency Virus
(HIV); Low- and middle-income country (LMIC); Maternal and child health (MCH); Medical
Stores Department (MSD); Ministry of Health and Social Welfare (MoHSW), Payment for
performance (P4P); Sustainable Development Goal (SDG); Regional Health Management Team
(RHMT); World Health Organisation (WHO).

In this chapter the programme theories underpinning use of P4P to improve health outcomes and
service delivery in LMICs, landscape for MCH care in Tanzania and details on the Pwani P4P

programme, the intervention of focus in this thesis, are presented.

3.2 Theories underpinning use of payment for performance to improve health system

outcomes and potential for unintended consequences in low- and middle-income settings

A recent scoping review on the theories underpinning use of P4P within the health sector found
economic and psychological theories were predominantly used to justify utilisation of the
programme to improve health and service delivery outcomes, with a minority of articles also
referencing theories from other disciplines such as political, social, management and
organisation science (Paul et al. 2021). Economic theory was the most referenced theory base
for use of P4P, specifically the principal agent-theory to enact positive system change. The
agency theory stipulates that one organisation (the principal) issues work to another individual
or collective (the agent), with compensation then paid to the agent for the work (Sekwat 2000;
Lohmann et al. 2016). For P4P programmes in LMICs, the principal is normally the Ministry of
Health or donor group, with health providers acting as the agent. Inherent goal conflict, where
the agent and principal’s interests and priorities are not aligned, is thought to be minimised by
use of rewards or penalties (e.g. financial) to the agent. Specifically in reference to P4P, this is
often managed through use of contracts agreed on by both parties where expectations for
programme participation are clear, with compliance managed through supervision and

verification activities (Lohmann et al. 2016).

Paul et al. (2021) described the economic theory base for utilisation of P4P to comprise of three
broad categories of justification; theories related to neoclassical economics, new institutional

economics and behavioural economics. Neoclassical economics (such as public choice theory)
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are concerned with uptake and supply of services, with efficiency to be encouraged through
competition between different healthcare providers (Munger 2015). Institutional economic
theories, such as contract theory, incentive theory and property rights theory, are generally
concerned with the rules that influence stakeholder behaviour and interactions leading to altered
economic performance, and what system structure might be optimal where individuals are
pursuing multiple or conflicting goals (Preker et al. 2007; Paul et al. 2021). Lastly, behavioural
economics, drawing from psychology to argue that rewards could increase healthcare provider
motivation related to incentivised tasks but could also lead to undesirable outcomes (such as

misreporting performance data) (Preker et al. 2007).

The psychological theory base for implementing P4P consists of theories that describe possible
positive system change and caution against inducing perverse behaviour or system outcomes.
The most highly referenced psychological theories related to P4P include self-determination
theory (goals and regulatory processes through which goals are pursued, innate psychological
needs as foundation for goal and process integration) (Deci and Ryan 2000), crowding-out
theory (undermining of intrinsic motivation through appeal to extrinsic motivation with rewards
system) (Lohmann et al. 2016), expectancy theory (motivation dependent on expectancy
between effort and outcomes, and attractiveness of the outcome) (Ogundeji et al. 2018),
cognitive evaluation theory (pathways through which extrinsic focussed rewards impact
intrinsic motivation) (Deci and Ryan 1985; Bhatnagar and George 2016) and goal theory
(motivation and performance increase with clear goals, difficult but achievable goals and

presence of feedback to adjust future effort) (Preker ef al. 2007).

Programme implementation theories specific to the Tanzania Pwani P4P programme are

described in Chapter 8, with an overview of Pwani programme design given in section 3.4.

There are several potential unintended effects of programmes that use rewards-based systems to
induce positive behaviour and outcomes (Miller and Singer Babiarz 2013). Positive unintended
consequences of programme implementation include improvements to other services not
directly targeted by the programme, ‘spill over effects’ (Sherry ef al. 2017) and improvements
in overall patient satisfaction of quality of care and patient-provider interactions (Diaconu ef al.

2021).

‘Tunnel vision’ is an example of a negative unintended consequence of the programme, where
health providers who are required to carry out multiple tasks may shift focus and effort away
from non-incentivised activities (Holmstrom and Milgrom 1991; Aryankhesal et al. 2015). With
programme designs that have different reward amounts for each targeted service, there is a risk

that health providers might focus on performing tasks that have the highest marginal return
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(Sherry et al. 2017). Where programmes stipulate the same reward for different services, this
can also lead to focus of effort towards the easier to accomplish targets (Lagarde et al. 2013);
both programme designs can lead to cherry picking of patients to improve health provider

performance and boost incentive payments.

Crowding out of intrinsic motivation is also a concern, where a rewards-based system appeals to
health providers extrinsic rather than intrinsic motivation to conduct service provision;
externally controlled motivation (extrinsic) is thought to be more unstable and prone to changes
in one’s environment compared to internal (intrinsic) motivation (Deci and Ryan 2000;
Lohmann ef al. 2016). With a rewards system that requires submission of data, there is a risk
that data may be misreported or distorted to conceal true performance (Kalk et al. 2010;
Aryankhesal et al. 2015; Turcotte-Tremblay et al. 2020), although there is limited evidence
within health on the incidence of gaming, with further uncertainty garnered by lack of
knowledge on gaming in non-P4P health providers for comparison purposes (Van Herck et al.
2010). There are certain programme design features that aim to mitigate undesirable unintended
consequences of P4P, for example, implementing gaming safeguarding measures such as

auditing or introduction of penalties (Kovacs ef al. 2020).

3.3 Tanzania and maternal and child health

Tanzania, located in East Africa, shares its land border with seven other sub-Saharan African
countries, predominantly Kenya, Zambia and Mozambique. It has an estimated population of
59,734,213, with an annual population growth of 2.9% (The World Bank 2022a). In July 2020,
Tanzania formally transitioned from a low-income country to lower-middle-income status,
attributed to the county’s continued macroeconomic stability, geographical location and natural

endowments (The World Bank 2022b).

The healthcare system in Tanzania comprises broadly of six tiers of healthcare provider: (i)
traditional or informal health providers; (ii) dispensaries; (iii) health centres; (iv) district hospitals;
(v) regional hospitals and (vi) specialty hospitals. Each tier serves different catchment
populations, offering varying levels of care, with different cadre numbers and composition
(Maluka ef al. 2018). There are approximately 6,640 dispensaries in Tanzania (Kapologwe ef al.
2020), each have a catchment area of less than 10,000, with a minimum of one clinical assistant
and nurse and offer fundamental outpatient care (Maluka et al. 2018). There are fewer health
centres, approximately 695 (Kapologwe et al. 2020), with a catchment area of around 50,000;
they offer a broader range of services by clinical officers and nurses, including inpatient care and
some surgical services (Maluka et al. 2018). There are approximately 108 district hospitals that

offer further inpatient, outpatient and surgical services not offered at primary care facilities
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(Kapologwe et al. 2020). They accept referrals from primary care facilities (Ifeanyichi et al. 2021)
and on average serve 250,000 people (Githendu et al. 2020). Each region in Tanzania has at least
one regional level hospital (28 in total) (Ishijima et al. 2021), with further specialised care

facilities.

In relation to provision of MCH services, primary health care facilities (dispensaries and health
centres) in Tanzania usually provide antenatal care (ANC) (Chamani et al. 2021) and basic
emergency obstetric and newborn care, including services such as facility-based deliveries and
administration of antibiotics and labour medications (Ministry of Health and Social Welfare
2012). Where more comprehensive emergency obstetric and newborn care is required, patients
may be referred to larger health centres or district, regional or tertiary hospitals, which offer
advanced care such as caesarean section deliveries and blood transfusion services (Ministry of

Health and Social Welfare 2012).

Tanzania has had varied progress in MCH over the last three decades (Afnan-Holmes ez al. 2015;
World Health Organisation 2015). Whilst under 2 years old immunisation against measles has
fluctuated (84%, 2020) (The World Bank 2022a), indicators for the Sustainable Development
Goal (SDG) 3, maternal mortality (524 per 100,000 live births, 2017) and under-5 mortality (49
per 1,000 live births, 2020) have seen steady improvement (The World Bank 2022c¢), although
substantial continued progress is needed to achieve SDG targets (UNDP 2022).

A key strategy to reduce maternal and perinatal mortality, used by countries like Tanzania, has
been to try and increase the number of women who deliver in a health facility (Kohi ez al. 2018).
In 2016, less than two-thirds of women in Tanzania chose to have a facility-based delivery
(62.6%) (National Bureau of Statistics 2016); in 2022, the statistic is approximately 81.9%
(Ministry of Health, Community Development, Gender, Elderly and Children 2022), on track for
the 85% target set by the Tanzania Government for 2025 (Ministry of Health, Community
Development, Gender, Elderly and Children 2021). There are a number of factors thought to
influence a woman’s decision to seek a facility-based delivery, including socio-demographic
factors (like education and wealth) (Bishanga ef al. 2018), geography (patients reside in urban vs.
rural area) (Dewau ef al. 2021), perceived risk of complications and birth preparedness (Bishanga
et al. 2018; Konje et al. 2020), community, social and cultural factors (Mahiti ef al. 2015; Konje
et al. 2020), perceived quality of the health facility (including health provider attitude) (Mahiti et
al. 2015; Armstrong et al. 2016), timing of first ANC visit (Mageda and Mmbaga 2015) and
number of ANC visits (Feyissa and Genemo 2014; Bishanga et al. 2018).

In line with World Health Organisation (WHO) recommendations, the Ministry of Health and
Social Welfare (MoHSW) in Tanzania implemented a Focused Antenatal Care (FANC)
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programme in 2002. The programme shifted focus from quantity of ANC visits, to strengthening
the quality of patient visits (Women and Health Initiative & Maternal Health Task Force 2014).
Health providers received training under FANC, with new guidelines and a checklist of actions
to be performed in each ANC visit, including drug administration for prevention of malaria and
history taking. The guidelines recommended four ANC visits, with an initial visit taking place
before week 16 (Kasagama ef al. 2022). The reduction in visits and focus on quality services was
expected to improve continuity of care and negate some barriers to service uptake for patients
(Women and Health Initiative & Maternal Health Task Force 2014). The results from the
Tanzania Demographic Health Survey in 2016 (next survey is currently ongoing in 2022) indicate
the percentage of women who have at least one ANC visit is high (98%), the percentage of women
who receive 4 or more visits is relatively low (50.6%) (National Bureau of Statistics 2016).
Factors attributed to patient ANC attendance include timely attendance of first ANC visit (Mrisho
et al. 2009; Kasagama et al. 2022), presence of education and communication campaigns
(Kasagama et al. 2022; Laisser et al. 2022), perceived quality and content of care (including
health provider attitude) (Mrisho et al. 2009; Camacho et al. 2022; Laisser et al. 2022), and wealth
status (Moshi 2021).

There exist broad critical health system-related barriers impeding delivery and coverage of MCH
services in Tanzania. Health worker shortages and cadre imbalance at facilities is an issue in many
regions, attributed in part to low recruitment rates, inconsistent quality of training and inadequate
human resource management (MoHSW 2014; Futures Group 2015). The expected shortage of
healthcare workforce is estimated to be 52% (Ministry of Health, Community Development,

Gender, Elderly and Children 2021).

Provision of medical commodities is also a widespread issue. The Medical Stores Department
(MSD) is an autonomous government body responsible for supply of medical commodities to
public health facilities in Tanzania (MoHSW 2008). Government funding is deposited directly in
MSD accounts and used for procurement (Githendu et al. 2020). Provision operates on a ‘pull
system’, where facilities place orders on a quarterly basis to the MSD (Binyaruka and Borghi
2017). Dispensing of medicines at public health facilities is managed on a cost-sharing basis in
Tanzania; for certain groups of patients (including pregnant women), services and medicines are
supposed to be free, but in reality a large proportion of patients face out of pocket medical costs
(Perkins et al. 2009; Neke et al. 2018). Historically, the MSD has faced issues in delivering its
mandate, resulting in commodity stock outs at the facility level (although recent reforms have
indicated some performance improvements) (Githendu et al. 2020). The 2014 Service Delivery
Indicators survey (World Bank Group 2014) found that 49.1% of maternal priority medications

were available across facilities in Tanzania, with 58.8% of child priority medications in stock.

85



When drugs are out of stock, patients resort to purchasing drugs at private pharmacies, increasing

the cost of care seeking.

3.4 Pwani region’s payment for performance programme

As part of a concerted effort to make progress towards Millennium Development Goals 4 and 5
(preceding the Sustainable Development Goals) (Borghi ef al. 2013) concerning MCH, Tanzania
introduced a P4P programme in Pwani region in 2011. The programme was implemented by the
MoHSW in Tanzania, with funding from the Norwegian Ministry of Foreign Affairs. The
programme encouraged health workers, district and regional level managers to reach certain MCH
service and administration targets through provision of incentives for performance. Incentives
were to be split between health workers and used to strengthen facility operations (e.g. purchasing
additional medicines where needed). All facilities (hospitals, health centres and dispensaries)
across the seven districts in the Pwani region (Figure 1) could participate if they opened or already
had a facility bank account, delivered MCH services and provided service data from the previous

year (2010).

The work presented in this thesis will focus on modelling the maternal care system and its
response to the Pwani P4P programme in Tanzania. Tanzania was selected as a case study for this
project due to the wealth of data already available on the programme (Borghi et al. 2013, 2021;
Olafsdottir et al. 2014; Binyaruka et al. 2015, 2018a, 2018b; Anselmi et a/l. 2017; Binyaruka and
Borghi 2017; Mayumana et al. 2017; Binyaruka and Anselmi 2020) and because the programme
was shown to improve certain health service indicators and uptake of healthcare (Binyaruka et al.
2015), specifically percentage of institutional deliveries and percentage of ANC clients receiving

at least 2 doses of intermittent preventative treatment (IPT2) for malaria.

During P4P, health providers would report Health Management Information System (HMIS) data
on service delivery to district managers every cycle (6 months), where performance was then
verified to ensure data quality. District and regional managers, and the national health
management team would physically attend facilities and verify data (Anselmi et al. 2017). Data
from the year preceding the programme (2010) was used to inform the first cycle (January — June
2011) of P4P targets. Targets for health providers were either to improve by a certain percentage
each cycle (‘percentage point increase’) or to reach a certain level of absolute performance

(‘overall result’) (Ministry of Health and Social Welfare 2012; Cassidy et al. 2021) (see Table 1).
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Figure 1: Map of Tanzania by region, and map of Pwani region by district. Map created in ArcGIS
using files downloaded from DIVA-GIS (Hijmans et al. 2004) and Map Library (Map Library).

Notes to Figure: The original GIS shapefile for Pwani region did not show new district Kibaha Town (National
Bureau of Statistics 2016). The shapefile was updated to include this new district, therefore the district boundary
between Kibaha and Kibaha Town may not be spatially accurate.

An example of a ‘percentage point increase’ style target is percentage of institutional deliveries;
if the previous cycle performance was 70%, the facility would need to improve by at least 5% to
receive an incentive payment. An example of an ‘overall result’ style target is percentage of ANC
clients receiving 2 doses of intermittent preventative treatment (IPT2); facilities needed to achieve

80% or more each cycle to receive payment.

Payment was expected to be made within three months of the end of a cycle; however, payments
were often delayed (Borghi er al. 2021). Payments received by providers were to be split in two;
the larger portion (75%) was to be distributed between health workers at the facility and the
smaller portion (25%) was to be used to improve facility operations (i.e. buying additional
medicine or renovating facilities). District managers, otherwise known as the Council Health
Management Team (CHMT) and regional managers, otherwise known as the Regional Health

Management Team (RHMT), were also eligible to receive payments. Examples of district and
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regional targets include improving provider performance within the district/region, improving

availability of medicines and timeliness of reporting.

Table 1: Facility coverage, content of care and HMIS strengthening indicators and performance targets set

during the Pwani P4P programme in Tanzania for health facilities. Source: (Ministry of Health and Social

Welfare 2012; Cassidy et al. 2021).

filled and submitted on time to
CHMT

Indicator Measure Baseline coverage (previous cycle)
0-20% 21-40% 41-70% 71-85% 85%+*
Coverage indicators
% of institutional deliveries Percentage 15% 10% 5% 5% Maintain
point increase
% of mothers attending a facility | Percentage 15% 10% 5% 5% Maintain
within 7 days of delivery point increase
% of women using long term | Percentage 20% 15% 10% Maintain Maintain
contraceptives point increase above
71%
% children under 1 year receiving | Overall result | 50% 65% 75% 80% + Maintain
Penta3 vaccine
% children under 1 year receiving | Overall result | 50% 65% 75% 80% + Maintain
measles vaccine
Content of care indicators
% ANC clients receiving IPT2 Overall result | 80% 80% 80% 80%+ Maintain
above
80%
% HIV+ ANC clients on ART Overall result | 40% 60% 75% 75%+ Maintain
% of newborns receiving polio | Overall result | 60% 75% 80% 80%+ Maintain
vaccine (OPVO0)
HMIS strengthening
HMIS monthly reports correctly Overall result | 100% 100% 100% 100% 100%

Notes to Table: +*85% or more. Antiretroviral therapy (ART), Antenatal care (ANC), Council Health Management Team

(CHMT), Health Management Information System (HMIS), Human Immunodeficiency Virus (HIV), Intermittent

Preventative Treatment (IPT2).

88




References

Afnan-Holmes H, Magoma M, John T et al. 2015. Tanzania’s Countdown to 2015: an analysis of
two decades of progress and gaps for reproductive, maternal, newborn, and child health, to inform

priorities for post-2015. Lancet Glob Heal 3: €396—4009.

Anselmi L, Binyaruka P, Borghi J. 2017. Understanding causal pathways within health systems
policy evaluation through mediation analysis: an application to payment for performance (P4P)

in Tanzania. Implement Sci 12: 10.

Armstrong CE, Martinez-Alvarez M, Singh NS et al. 2016. Subnational variation for care at birth

in Tanzania: is this explained by place, people, money or drugs? BMC Public Health 16: 795.

Aryankhesal A, Sheldon TA, Mannion R ef al. 2015. The dysfunctional consequences of a
performance measurement system: the case of the Iranian national hospital grading programme.

J Health Serv Res Policy 20: 138-45.

Bhatnagar A, George AS. 2016. Motivating health workers up to a limit: partial effects of
performance-based financing on working environments in Nigeria. Health Policy Plan 31: 868—

77.

Binyaruka P, Anselmi L. 2020. Understanding efficiency and the effect of pay-for-performance
across health facilities in Tanzania. BMJ Glob Heal 5: €002326.

Binyaruka P, Borghi J. 2017. Improving quality of care through payment for performance:
examining effects on the availability and stock-out of essential medical commodities in Tanzania.

Trop Med Int Heal 22: 92—-102.

Binyaruka P, Patouillard E, Powell-Jackson T et al. 2015. Effect of Paying for Performance on
Utilisation, Quality, and User Costs of Health Services in Tanzania: A Controlled Before and

After Study. Ostermann J (ed.). PLoS One 10: e0135013.

Binyaruka P, Robberstad B, Torsvik G et al. 2018a. Who benefits from increased service
utilisation? Examining the distributional effects of payment for performance in Tanzania. Int J

Equity Health 17: 14.

Binyaruka P, Robberstad B, Torsvik G et al. 2018b. Does payment for performance increase
performance inequalities across health providers? A case study of Tanzania. Health Policy Plan

33: 1026-36.

Bishanga DR, Drake M, Kim Y-M et al. 2018. Factors associated with institutional delivery:

89



Findings from a cross-sectional study in Mara and Kagera regions in Tanzania. Zeng W (ed.).

PLoS One 13: €0209672.

Borghi J, Binyaruka P, Mayumana I ef al. 2021. Long-term effects of payment for performance
on maternal and child health outcomes: evidence from Tanzania. BMJ Glob Heal 6: ¢006409.

Borghi J, Mayumana I, Mashasi I ef al. 2013. Protocol for the evaluation of a pay for performance
programme in Pwani region in Tanzania: A controlled before and after study. Implement Sci 8:

80.

Camacho EM, Smyth R, Danna VA ef al. 2022. Women’s preferences for antenatal care in

Tanzania: a discrete choice experiment. BMC Pregnancy Childbirth 22: 296.

Cassidy R, Tomoaia-Cotisel A, Semwanga AR et al. 2021. Understanding the maternal and child
health system response to payment for performance in Tanzania using a causal loop diagram

approach. Soc Sci Med 285: 114277.

Chamani AT, Mori AT, Robberstad B. 2021. Implementing standard antenatal care interventions:

health system cost at primary health facilities in Tanzania. Cost Eff Resour Alloc 19: 79.

Deci EL, Ryan RM. 1985. Cognitive Evaluation Theory. Intrinsic Motivation and Self-

Determination in Human Behavior. Boston, MA: Springer US.

Deci EL, Ryan RM. 2000. The “What” and “Why” of Goal Pursuits: Human Needs and the
Self-Determination of Behavior. Psychol Ing 11: 227-68.

Dewau R, Angaw DA, Kassa GM et al. 2021. Urban-rural disparities in institutional delivery
among women in East Africa: A decomposition analysis. Wehrmeister FC (ed.). PLoS One 16:

€0255094.

Diaconu K, Falconer J, Verbel A ef al. 2021. Paying for performance to improve the delivery of

health interventions in low- and middle-income countries. Cochrane Database Syst Rev 2021.

Feyissa TR, Genemo GA. 2014. Determinants of institutional delivery among childbearing age

women in Western Ethiopia, 2013: unmatched case control study. PLoS One 9: €97194.

Futures Group. 2015. SNAPSHOT: TANZANIA’S HEALTH SYSTEM. Date of access: July 1,
2022. URL:
https://www.healthpolicyproject.com/pubs/803 TanzaniaHealthsystembriefFINAL.pdf

Githendu P, Morrison L, Silaa R ef al. 2020. Transformation of the Tanzania medical store

90



department through global fund support: an impact assessment study. BMJ Open 10: €040276.

Van Herck P, De Smedt D, Annemans L et al. 2010. Systematic review: Effects, design choices,
and context of pay-for-performance in health care. BMC Health Serv Res 10: 247.

Hijmans R, Guarino L, Bussink C ef al. 2004. A geo-graphic information system for the analysis
of biodiversity data: Manual for DIVA-GIS. Date of access: July 19, 2019. URL:
http://www.diva-gis.org/

Holmstrom B, Milgrom P. 1991. Multitask Principal-Agent Analyses: Incentive Contracts,
Asset Ownership, and Job Design. J Law, Econ Organ T: 24-52.

Ifeanyichi M, Broekhuizen H, Juma A et al. 2021. Economic Costs of Providing District- and
Regional-Level Surgeries in Tanzania. Int J Heal Policy Manag, DOI: 10.34172/ijhpm.2021.09.

Ishijima H, Suzuki S, Masaule F et al. 2021. Measuring hospital performances of regional referral

hospitals in Tanzania. J Hosp Adm 10: 1.

Kalk A, Paul FA, Grabosch E. 2010. “Paying for performance” in Rwanda: does it pay off?
Trop Med Int Heal 15: 182-90.

Kapologwe NA, Meara JG, Kengia JT ef al. 2020. Development and upgrading of public primary
healthcare facilities with essential surgical services infrastructure: a strategy towards achieving

universal health coverage in Tanzania. BMC Health Serv Res 20: 218.

Kasagama E, Todd J, Renju J. 2022. Factors associated with changes in adequate antenatal care
visits among pregnant women aged 15-49 years in Tanzania from 2004 to 2016. BMC Pregnancy
Childbirth 22: 18.

Kohi TW, Mselle LT, Dol J et al. 2018. When, where and who? Accessing health facility delivery
care from the perspective of women and men in Tanzania: a qualitative study. BMC Health Serv

Res 18: 564.

Konje ET, Hatfield J, Kuhn S et al. 2020. Is it home delivery or health facility? Community
perceptions on place of childbirth in rural Northwest Tanzania using a qualitative approach. BMC

Pregnancy Childbirth 20: 270.

Kovacs RJ, Powell-Jackson T, Kristensen SR ef al. 2020. How are pay-for-performance
schemes in healthcare designed in low- and middle-income countries? Typology and systematic

literature review. BMC Health Serv Res 20: 291.

91



Lagarde M, Wright M, Nossiter J ef al. 2013. Challenges of Payment-for-Performance in
Health Care and Other Public Services — Design, Implementation and Evaluation. Date of
access: June 28, 2023. URL:
https://piru.ac.uk/assets/files/Challenges%200f%20payment%20for%20performance%20in%20
healthcare%20and%20other%20public%20services%20final.pdf

Laisser R, Woods R, Bedwell C et al. 2022. The tipping point of antenatal engagement: A
qualitative grounded theory in Tanzania and Zambia. Sex Reprod Healthc 31: 100673.

Lohmann J, Houlfort N, De Allegri M. 2016. Crowding out or no crowding out? A Self-
Determination Theory approach to health worker motivation in performance-based financing.

Soc Sci Med 169: 1-8.

Mageda K, Mmbaga EJ. 2015. Prevalence and predictors of institutional delivery among pregnant

mothers in Biharamulo district, Tanzania: a cross-sectional study. Pan Afi Med J 21: 51.

Mahiti GR, Mkoka DA, Kiwara AD et al. 2015. Women’s perceptions of antenatal, delivery, and

postpartum services in rural Tanzania. Glob Health Action 8: 28567.

Maluka S, Chitama D, Dungumaro E ef al. 2018. Contracting-out primary health care services in
Tanzania towards UHC: how policy processes and context influence policy design and

implementation. Int J Equity Health 17: 118.

Map Library. 2019. Map Mak Ltd. Date of access: July 19, 2019. URL:
http://www.maplibrary.org

Mayumana I, Borghi J, Anselmi L et al. 2017. Effects of Payment for Performance on

accountability mechanisms: Evidence from Pwani, Tanzania. Soc Sci Med 179: 61-73.

Miller G, Singer Babiarz K. 2013. Pay-for-Performance Incentives in Low- and Middle-Income
Country Health Programs. Date of access: June 28, 2023. URL:
https://sstn.com/abstract=2245441

Ministry of Health, Community Development, Gender, Elderly and Children. 2021. Health Sector
Strategic Plan July 2021 June 2026 (HSSP V). Date of access: December 14, 2022. URL:
https://mitu.or.tz/wp-content/uploads/2021/07/Tanzania-Health-Sector-Strategic-Plan-V-17-06-
2021-Final-signed.pdf

Ministry of Health, Community Development, Gender, Elderly and Children. 2022. RCH:
Labour and delivery data. HMIS. Date of access: December 14, 2022. URL:

92



https://hmisportal.moh.go.tz/hmisportal/#/dashboards/routine/hmisportal Y2vo6aovxhj

Ministry of Health and Social Welfare. 2012. The Pwani Region Pay-for-Performance (P4P)
Pilot Design Document.

MoHSW. 2008. Mapping of the Medicines Procurement and Supply Management System in
Tanzania. Date of access: December 14, 2022. URL: https://docplayer.net/17837515-Mapping-

of-the-medicines-procurement-and-supply-management-system-in-tanzania.html

MoHSW. 2014. Human Resource For Health and Social Welfare Strategic Plan 2014 - 2019.
Date of access: December 14, 2022. URL:
https://www jica.go.jp/project/tanzania/006/materials/ku57pq00001x6jyl-att/HRHSP_2014-
2019.pdf

Moshi F V. 2021. Prevalence and factors which influence early antenatal booking among
women of reproductive age in Tanzania: An analysis of data from the 2015-16 Tanzania
Demographic Health Survey and Malaria Indicators Survey. Marotta C (ed.). PLoS One 16:
€0249337.

Mrisho M, Obrist B, Schellenberg JA ef al. 2009. The use of antenatal and postnatal care:
perspectives and experiences of women and health care providers in rural southern Tanzania.

BMC Pregnancy Childbirth 9: 10.

Munger MC. 2015. Public Choice Economics. International Encyclopedia of the Social &

Behavioral Sciences. Elsevier, 534-9.

National Bureau of Statistics. 2016. Tanzania Demographic and Health Survey and Malaria

Indicator Survey.

Neke N, Reifferscheid A, Buchberger B et al. 2018. Time and cost associated with utilization of

services at mobile health clinics among pregnant women. BMC Health Serv Res 18: 920.

Ogundeji YK, Sheldon TA, Maynard A. 2018. A reporting framework for describing and a
typology for categorizing and analyzing the designs of health care pay for performance

schemes. BMC Health Serv Res 18: 686.

Olafsdottir AE, Mayumana I, Mashasi I e al. 2014. Pay for performance: an analysis of the

context of implementation in a pilot project in Tanzania. BMC Health Serv Res 14: 392.

Paul E, Bodson O, Ridde V. 2021. What theories underpin performance-based financing? A
scoping review. J Health Organ Manag 35: 344-81.

93



Perkins M, Brazier E, Themmen E et al. 2009. Out-of-pocket costs for facility-based maternity
care in three African countries. Health Policy Plan 24: 289-300.

Preker AS, Liu X, Velenyi EV et al. 2007. Public Ends, Private Means : Strategic Purchasing
of Health Services. World Bank (ed.). Washington DC.

Sekwat A. 2000. Principal-agent theory: a framework for improving health care reform in

Tennessee. J Health Hum Serv Adm 22: 277-91.

Sherry TB, Bauhoff S, Mohanan M. 2017. Multitasking and Heterogeneous Treatment Effects
in Pay-for-Performance in Health Care: Evidence from Rwanda. Am J Heal Econ 3: 192-226.

The World Bank. 2022a. Tanzania, Overview. Date of access: June 30, 2022. URL:
https://data.worldbank.org/country/tanzania

The World Bank. 2022b. The World Bank in Tanzania. Date of access: June 30, 2022. URL:

https://www.worldbank.org/en/country/tanzania/overview

The World Bank. 2022c¢. Tanzania, SDG Goal. Date of access: June 30, 2022. URL:
https://data.worldbank.org/country/tanzania

Turcotte-Tremblay A-M, Gali Gali IA, Ridde V. 2020. An Exploration of the Unintended
Consequences of Performance-Based Financing in 6 Primary Healthcare Facilities in Burkina

Faso. Int J Heal Policy Manag.

UNDP. 2022. Sustainable Development Goals, Good Health and Well-being. Date of access: June
30, 2022. URL: https://www.undp.org/sustainable-development-goals#good-health

Women and Health Initiative & Maternal Health Task Force. 2014. Focused Antenatal Care in
Tanzania. Date of access: June 30, 2022. URL: https://cdn2.sph.harvard.edu/wp-
content/uploads/sites/32/2014/09/HSPH-TanzaniaS5.pdf

World Bank Group. 2014. Tanzania 2014 Service Delivery Indicators: Health Technical Report.
Date of access: June 30, 2022. URL:
https://openknowledge.worldbank.org/bitstream/handle/10986/24796/HealthOserviceOdelivery0i
n0Tanzania.pdf?sequence=1&isAllowed=y

World Health Organisation. 2015. Countdown to 2015. A Decade of Tracking Progress for
Maternal, Newborn and Child Survival - The 2015 Report. Date of access: June 30, 2022. URL:
https://www.countdown2030.0rg/2015/2015-final-report

94



4. Causal loop diagram
4.1 Introduction

Abbreviations: Antenatal care (ANC), Causal loop diagram (CLD); Community Health Fund
(CHF); Council Health Management Team (CHMT),; Focus group discussion (FGD), Health
Facility Governing Committee (HFGC),; Maternal and child health (MCH),; Medical Stores
Department (MSD), Payment for performance (P4P).

This chapter describes and expands on the methodology presented in the published papers
(Cassidy et al. 2021) (see Chapter 6) and (Cassidy et al. 2022) (see Chapter 7) for CLD
development and validation. The chapter opens with why a CLD approach is used in this thesis,
an overview of the building blocks of CLDs and an outline of the method. Further details on

data sources, creation of the CLD and presentation of the CLD then follow.

As previously mentioned, CLDs help us to visualise structural drives for system behaviour;
systematic causes for suboptimal (and optimal) health system outcomes. For programme
implementation research, this holistic system perspective can also yield evidence of possible
spill over effects of policies to the wider system and unexpected or unintended consequences of
policies, knowledge critical for policy design and implementation. A CLD approach is therefore
used in this thesis to further understand pathways to impact for P4P programmes, identify
bottlenecks that affect service delivery and success of the programme, and provide
recommendations for the design of the programme based on findings, which fulfil Objectives 2

and 3 of this thesis:

2. Identify health system factors and feedback loops that facilitate or hinder the

implementation of P4P programmes and its overall effectiveness.

3. Identify system leverage points which should be considered in the design of P4P

programmes.

4.2 Causal loop diagrams

CLD notation (Sterman 2000) consists of system elements Variable, arrows with attributed

polarity that represent the relationships between system elements + , some of which

contain delay functions + . Where two or more variables are connected, they can

R B
form reinforcing and balancing loops O Q .
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Health worker +
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Figure 1: Simple example of a CLD. Source: Adapted from Cassidy et al. (2021).

A simple example of a CLD is given in Figure 1. The cause and effect relationship between
‘number of patients treated’ and ‘health worker incentive payment’ is represented with a
positive arrow, which can be interpreted as an increase in the number of patients leads to an
increase to health worker incentive payments. The relationship between health worker incentive
payment and health worker motivation is represented with a positive delay arrow, which can be
interpreted as health worker incentive payments lead to further motivated workforce (after a
time delay). These three variables are connected and form a reinforcing, amplified cycle of
behaviour referred to as a feedback loop; the more patients that are treated leads to an increase
in health worker incentive payments, which leads to an increase in health worker motivation,
which leads to an increase in the number of patients treated, and so it continues. The cycle
forms a growing, positive action over time. Where cycles exhibit desirable system behaviour
that should be promoted, they are referred to as ‘virtuous’ cycles of behaviour, where they

exhibit undesirable behaviour they are labelled ‘vicious’ cycles.

Balancing loops form where cycles of behaviour are prevented from exhibiting growing action
by the presence of one or more variables, creating a dampening effect on cycle behaviour. In the
example, an increase in the stock of drugs leads to ability of health workers to provide services,
which facilitates patient treatment, which in turn reduces the availability of medicines at the
facility. The cycle is prevented from spiralling continuously by the reduction in availability of

medicines as a result of service delivery.
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In this thesis, both primary (stakeholder consultation) and secondary (previous programme
evaluation data) sources were used to develop a CLD of the Pwani PAP programme in Tanzania.
First, an initial CLD, describing shared understanding of programme effects on the health
system was developed using previous evaluation data collected on the Pwani programme
(detailing health worker and district manager experiences of the programme). This initial CLD
was then validated using a portion of the programme evaluation data that had been set aside to
be used for validation and stakeholder consultations (conducted at the time of this study).
Analysis of the developed CLD revealed a number of catalytic variables (system variables that
affect multiple outcomes and should be considered when designing P4P programmes) and
system levers (system variables not targeted by the current programme design but should be too
enhance the effect of the programme), leading to generation of recommendations for future

programme implementation. Results from analysis of the CLD can be found in Chapter 6.

4.3 Data sources

4.3.1 Secondary data

Qualitative data collected as part of a process evaluation of the Pwani P4P programme (Borghi
et al. 2013) were used to develop and validate the CLD (Table 1). The evaluation sought to
assess how P4P had been received and implemented in health facilities, factors that facilitated or
hindered the success of the programme and identify any unintended outcomes, with three round
of data collection conducted between December 2011-March 2013 (Borghi et al. 2013). Data
collection was conducted via one-on-one interviews or focus group discussions (FGDs),
consisting of forty-three stakeholder interviews (with members of the CHMT, those in charge of
facilities or MCH services and health workers) and eight FGDs with CHMTs, Health Facility
Governing Committees (HFGCs) and health workers. Stakeholders were selected for interview
from five (Bagamoyo, Kibaha Town, Kisarawe, Mafia island and Mkuranga) of the seven
Pwani districts (Chapter 3, Figure 1), with ten primary care facilities purposively sampled to
obtain data from providers with various levels of care and facility ownership. Data were
collected via audio recording in Swahili by four local researchers working in pairs, with

transcripts produced verbatim in English, in Word software.
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Table 2: Description of Pwani P4P programme process evaluation data collected between December

2011-March 2013. Interviews and focus group discussions describing stakeholder experiences of the

programme and programme implementation. Source: Adapted from Cassidy ef al. 2021.

District Facility/ CHMT Stakeholder Type No. of Interviews No. of FGDs (no.
of participants in
each FGD)
District A Health Centre Health worker 2
Dispensary Health worker 3
CHMT CHMT 5 1(7)
District B Health Centre Health worker 4
Dispensary Health worker 1
HFGC 1(5)and 1 (4)
CHMT CHMT 3
District C Dispensary Health worker 1
Dispensary Health worker 1
HFGC 1(5)
CHMT CHMT 3
District D Health Centre Health worker 2
Dispensary Health worker 1
CHMT CHMT 4 19)
District E Health Centre Health worker 4 1(7)
HFGC 1(4)
Dispensary Health worker 4
CHMT CHMT 5 1 (10)
Total 43 8 (51 participants)

Notes to Table: Council Health Management Team (CHMT) Focus group discussions (FGDs), Health Facility Governing

Committee (HFGC).

4.3.2 Primary data

Further interviews were conducted at the time of this study to complement the above secondary

dataset. The CLD that was created and validated using the described secondary data was

presented to stakeholders during three rounds of stakeholder engagement cycles between March

— November 2020 as an additional step for model validation. Twenty-one stakeholders who

participated in the evaluation or implementation of the Pwani programme were approached via

email to contribute to the study. For the last cycle of stakeholder discussions, invited

stakeholders received a flyer (Appendix 2) and link to a short film co-developed by the PhD

candidate, research team and Preston Street Films, describing the project and information to be

requested from stakeholders. Consent was sought from all participants through a consent form,

with verbal consent for participation and audio/written recording of consent taken again at the

start of the interview. At the start of the interview, the participant information sheet was

summarised and stakeholders were given time to ask questions. Stakeholders were interviewed

individually and asked to comment on the structure of the developed CLD to ascertain if the
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CLD resonated with their experience of the programme and knowledge of the health system or
whether modifications needed to be made. The topic guide, participant information sheet and

consent form can be found in Appendix 2 of this thesis.

4.4 Creation of CLD

There were three steps to developing the CLD (i) creation of individual CLDs; (ii) creation of
one initial shared CLD and, (iii) validation of initial shared CLD. Each step is discussed in
detail below, an overview is given here. In the first step, the secondary process evaluation data
(Table 1) were used to develop individual CLDs (Kim and Andersen 2012; Tomoaia-Cotisel
2018) representative of stakeholder experience and understanding of how P4P affects their day
to day activities. In the second step, these singular CLDs were combined in a step-wise process
(Tomoaia-Cotisel 2018) to develop a single CLD, a initial shared mental model of the
mechanism through which P4P impacts the health system. In the third step, the CLD underwent
validation to check to what extent additional stakeholders interviewed at the time of the original
data collection agreed on the structure of the system (using a subset of the Pwani programme
evaluation data, set aside for validation) and to check to what extent stakeholders consulted at
the time of this study agreed that the CLD represented their knowledge and experience of the
programme and the health system (stakeholder consultations). The initial, shared CLD pre- and

post-validation can be viewed in Appendix 4.
4.4.1 Step 1: Creation of individual CLDs

The secondary data described in the previous section were split into two datasets, used for
development and validation of the CLD. Transcripts from districts A, C and E (Table 1) were
used in Step 1 and 2 to develop a single, initial shared CLD (Figure 2). These districts were
selected as they offered variation in terms of geographic location. Transcripts from the
remaining two districts (B and D) were used for validation of the initial shared CLD (see Step 3:

Validation of initial shared CLD)

To develop the initial individual CLDs, Purposive Text Analysis (Kim and Andersen 2012)
adapted for CLDs (Tomoaia-Cotisel 2018) was used to extract information from the secondary
data for CLD development. The approach involved systematically reading stakeholder
transcripts and extracting cause and effect quotations that described how stakeholders received
the intervention in their facility or district, or described factors that facilitated or hindered health
provider success during the programme. Diagrams are then created to show these cause-and-

effect relationships, which when drawn together form a CLD. Excel was used to store the
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extracted information, with Vensim software used to draw the CLD representative of each

stakeholder transcript (Ventana Systems Inc. 2015)

@

9 Team CLDs

O,
33 Individual

CLDs
(from District A,

33 Transcripts
51

(2 Health Centre CLDs, 3 District Initial
3 CHMT CLDs and CLDs Shared CLD
4 Dispensary CLDs)

Thremeeiie (from District A,
P Cand E)

CandE)

Figure 2: Process for creating (1) individual CLDs and (2) initial shared CLD. Source: Cassidy et al. 2021

Notes to Figure: Step (1) Development of individual CLDs based on districts A, C and E (Table 1) and Step (2) Merging
individual causal loop diagrams to create a single shared causal loop diagram. The 51 transcripts comprise of the transcripts
from 43 individual interviews and from 8 focus group discussions. A CLD was developed for each transcript, one FGD
transcript was used to develop one CLD. Adapted from Tomoaia-Cotisel (2018). Causal Loop Diagram (CLD), Council
Health Management Team (CHMT).

An example of using purposive text analysis to perform data extraction and development of a
CLD is given in Box 1. In the example, the interviewer asked the stakeholder how health
providers addressed challenges to the provision of quality health care in their facilities during a
payment for performance programme (1a). Quotations were deemed relevant and extracted if
they described events or scenarios that furthered understanding of how stakeholders responded
to the programme or demonstrated health system behaviour that facilitated or hindered facilities
delivering quality health care (1b). Isolated cause and effect statements, with their associated
quotations were extracted from transcripts and stored in an Excel file. The direction of the
relationship (positive or negative) was also noted; in the given example, an increase in the stock
of drugs and equipment at facilities resulted in providers being able to deliver health services
(1c). At the end of this data extraction process, all cause and effect statements were drawn as
simple diagrams with a polarity indicating the direction of the relationship (1d). Each of these
simple diagrams were then combined to form a single CLD representative of an individual’s

mental model of the system (1e).
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Box 1: Example of applying Purposive Text Analysis to text. Source: Adapted from Cassidy et al. 2022.

(1a) Question: Are there any strategies being implemented that aim to address these challenges (to
provision of quality health services)?

(1b) Quotation: ‘Yes, there is strategy done in the district, which is community health fund. We realized
that the shortage of equipments and drugs was becoming a common problem which resulted in poor health
service delivery [1], the community health fund was established as alternative to solve those problems. So
once the government supply insufficient medicine [2] the community health fund money are used to
substitute [3/4].

Main argument: When the Medical Stores Department (autonomous government department that
procures and distributes health commodities to facilities, MSD) cannot provide drugs and equipment,
facilities must draw on other sources of funding like the community health fund to buy medical
commodities.

(1¢) Causal structure:

[1] | Causal variable Relationship | Effect variable
Stock of drugs/equipment Increase Delivery of health services
[2] | Causal variable Relationship | Effect variable
MSD issue facility resources Increase Stock of drugs/equipment
[3] | Causal variable Relationship | Effect variable
MSD issue facility resources Decrease Facility use community health fund to
buy resources
[4] | Causal variable Relationship | Effect variable
Facility use community health fund to Increase Stock of drugs/equipment
buy resources

(1d) Causal structure diagrams (1e) Part of a larger causal loop diagram
- Facility use
[ + .y
Stock of Delivery of health community health
drugs/equipment o services fund to buy
resources
2 +
(2] MSD issue facility _ Stock of \ +
resources drugs/equipment
MSD issue facility Stock of
resources drugs/equipment
3] - Facility use +
MSD issue facility _ | community health
resources fund to buy
resources +
A
[4] Facility use + Deli £ health
community health Stock of elivery _0 ca
fund to buy drugs/equipment services
resources
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Stakeholders may use different terminology to describe events; as coding progresses, it becomes
easier to standardise variable names assigned to cause and effect statements. Each stakeholder
CLD was then ‘mildly pruned’ (Tomoaia-Cotisel 2018; Milsom 2021) to retain feedback loops
and those linear feedback linkages that contained delays. In pruning, any singular, linear,
feedback linkage that did not contain a delay is removed from the CLD. Pruning is necessary so
that the CLD contains that feedback which accounts for and describes most of the system

behaviour over the time period of interest (the length of P4P programme duration in Pwani).

4.4.2 Step 2: Creation of one initial shared CLD

To create the initial shared CLD (Figure 2), individual CLDs were combined into team CLDs
(representative of facility or district management) through a process called CLD Combination
(Tomoaia-Cotisel 2018). Individual stakeholder CLDs within teams were ordered according to
their level of ‘complexity’, in the sense of having the highest number of variables, links, loops
and delays. The most complex CLD was labelled the ‘anchor’ CLD and compared to the second
most complex CLD. This altered CLD was then compared to the third most complex CLD and
so on until all individual stakeholder CLDs within that team had been combined into one team
CLD. Next, team CLDs were combined into three district level CLDs using the same approach.
Lastly, the three-district level CLDs were combined to create a shared (single) CLD. This initial
shared CLD can be viewed in Appendix 4 (Figure A4.1).

There were three possible avenues for action when an anchor CLD was compared to the new
CLD to make a combined CLD: (i) addition of new information from the new CLD; (ii)
selection of further complexity from the new CLD and, (iii) merging of variables (Tomoaia-
Cotisel 2018). The combined CLD may be developed as a result of multiple actions (e.g.
addition of new information and selection of a further complex loop). An example of an
‘addition’ action is shown in Figure 3. The anchor CLD (Figure 3A) is altered to reflect
information extracted from the new CLD (Figure 3B) to create a new combined CLD (Figure

30).
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+

Figure 3: An example of an ‘additive’ action; the anchor CLD (A) is altered to reflect information

extracted from the new CLD (B) to create a new combined CLD (C).

An example of a ‘selective’ action is shown in Figure 4. The anchor CLD (Figure 4A) is altered
to reflect more complex information on a feedback loop or dynamic identified in the new CLD
(Figure 4B) to create a new combined CLD (Figure 4C). The dynamic exists in a simpler loop
in the anchor CLD (Figure 4A) but the additional information provided by the new CLD (Figure
4B) contributes to further understanding on the dynamic behaviour of that loop. The dynamic
behaviour previously described may not have been adequately expressed, perhaps due to

stakeholder knowledge or experience.
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Figure 4: An example of an ‘selective’ action; the anchor CLD (A) is altered to reflect more complex

information on a feedback loop or dynamic identified in the new CLD (B) to create a combined CLD (C).

An example of a ‘merging’ action is shown in Figure 5. The anchor CLD (Figure 5A) and new
CLD (Figure 5B) contain feedback loops or dynamics that describe the same system behaviour
that could be condensed into a simpler loop in the combined CLD (Figure 5C). For example, in

the anchor CLD, a stakeholder describes availability of drugs leading to increased facility
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performance during P4P. In the new CLD, another stakeholder describes availability of medical
supplies (i.e. gloves) leading to increased performance during the programme. This feedback
could be condensed to show ‘availability of medical commodities’ leads to increased

performance.

/Qi\/'@\/\v\ K\v+

7

Yoot L hovot @

D S

Figure 5: An example of an ‘merging’ action; the anchor CLD (A) and new CLD (B) contain feedback loops

or dynamics that describe the same system behaviour and could be condensed into a simpler loop in the new

combined CLD (C).

Although most individual stakeholder CLDs and combinations of CLDs proved to either be (i)
shared experiences of the programme or (ii) not directly contradictory experiences (adding
further complexity or segments to the diagram), there were occasions where stakeholders
reported different information on system processes (such as facility financing mechanisms).
When this happened, a review of the data extraction table and original transcript took place to
check researcher interpretation of the reported process or feedback, and consideration of which
stakeholder would have a more intimate experience of the process. This would also prompt

further follow up of the system process in stakeholder consultations.
4.4.3 Step 3: Validation of initial shared CLD

Lastly, validation of the initial shared CLD was performed to ensure that critical input from
each of the three stakeholder groups (health centres, dispensaries and CHMT) had not been lost
or misinterpreted during the CLD development process (Figure 6). Validation comprised of two
stages: first, the initial shared CLD was validated to check to what extent process evaluation
data from additional districts agreed with the structure of the system (Tomoaia-Cotisel 2018).
Second, the updated initial shared CLD was further validated to check to what extent additional
stakeholders interviewed at the time of this study agreed that the CLD reflected their experience
of the programme (Andersen ef al. 2012; Rwashana et al. 2014). Changes made to the CLD at

each validation stage can be viewed in Appendix 4.
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Initial Shared
CLD (from
Step 2)
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18 Transcripts
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and D) )

and D) 2 Dispensary CLDs)

21 Stakeholder Final Shared
interviews CLD

Figure 6: Validation of initial shared CLD. Source: Cassidy et al. 2021.

Notes to Figure: Step (3i1) Comparison with team level CLDs that were not used to develop the shared CLD in the previous stage. Step
(3ii) New stakeholder interviews to validate CLD structure. Adapted from Tomoaia-Cotisel (2018), Andersen et al. (2012) and
Rwashana et al. (2014). Causal Loop Diagram (CLD), Council Health Management Team (CHMT).

In the first stage, transcripts from districts B and D were used to generate 18 individual CLDs
which were then combined into six team CLDs. Each team level CLD was compared to the
initial shared CLD from Step 2, to see to what extent the team level CLDs confirmed the
structure of the initial shared CLD, or if any changes were required to the diagram (Tomoaia-
Cotisel 2018). The aim of this validation test was to explore whether saturation has been
reached in the diagram based on the addition of further team level CLDs; does the comparison
to unused team CLDs result in changes to the initial shared CLD, or does the diagram suitably

represent feedback and processes as reported by key stakeholders?

With each comparison and subsequent combination, the number of new links and variables were
noted and used to create diagram saturation curves (Tomoaia-Cotisel 2018). The variable
saturation curve (Figure 7) and link saturation curve diagrams (Figure 8) illustrate this
information and show if saturation of information has been reached with each new combination.
The variable saturation curve reports an initial increase in the number of variables with the first
CLD team comparison (four new variables), no new variables when compared to the second,
third and fourth team CLD, one further addition made by comparison to the fifth team CLD,
with no further additions through comparison with the sixth team CLD. The link saturation
curve also shows an increase in the number of new links as a result of CLD combination; four

new links through comparison with the first team CLD, no new links from the second and third
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team CLD, two new links from the fourth CLD, one new link from the fifth CLD and no new
links from the sixth team CLD.

Variable saturation curve
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e NUMber of new variables e Cumul ative number of variables

Figure 7: Variable saturation curve graph.
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Figure 8: Link saturation curve graph.
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Minor structural changes were made to the shared CLD to reflect the new elements identified in
the six “validation’ set of team level CLDs. This updated shared CLD can be viewed in
Appendix 4 (Figure A4.2). Modifications include an expansion of the existing medical
commodities procurement process, additional complexity incorporated into other existing loops
(facility data reporting processes and service demand creation) and new links between perceived

service quality and demand creation.

Some further minor refinements were made to the shared CLD to condense or otherwise adjust
repetitive or lengthy, inefficient loops (comparable to the ‘merging’ action described in Figure
4). Inefficient loops are loops that contain repetitive information or additional information that
is superfluous to the loop dynamic. This updated, shared CLD can be viewed in Appendix 4
(Figure A4.3). Simplifications include combining the previously separated utilisation of ANC
and utilisation of child health services into one variable, combining ANC service delivery and
child health service delivery into one variable, condensing a loop on health worker efficiency
and condensing loops that contain the variable ‘mother and child health’; the variable was
adjacent to ‘facility performance’ in all feedback loops and proved an unnecessary addition to

the loop.

In the second stage of validation, the CLD was presented to twenty-one stakeholders closely
involved with the evaluation and implementation of the P4P programme (Andersen et al. 2012;
Rwashana ef al. 2014). Stakeholders were asked in individual interviews if they recognised the
structure and elements in the CLD and if any changes needed to be made to reflect their own
experience of the health system and the P4P programme. This stage of validation was in place to
minimise unconscious bias that may have been introduced by the researcher during CLD
development and to identify and amend any misinterpretation of previous interview data in the
shared CLD, including refinement of variable names. The validation interviews also provided
an opportunity to elicit any further information that may have been missing from the interview
data and to resolve any conflicts in the data. Minor adjustments were made to the CLD as a
result of these interviews. This final CLD can be viewed in Appendix 4 of this thesis (Figure

A4.4) and in the Results section of this thesis, Chapter 6 Appendix D (Figure D1).

Modifications include refinement of existing variable names, strengthened understanding on the
use of facility and CHMT funding, additional complexity incorporated into hiring of staff and
its effect on key outcomes (data reporting, health worker motivation and service delivery), new
drivers for health worker motivation and perceived quality of services, and further condensing

of inefficient feedback loops.
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4.5 Presentation of CLD

Within the CLD two categories of performance targets were identified: ‘Number of women and
children who receive incentivised services’ and ‘Submission of routine health facility data by
providers’ (shown in bold in a high-level snapshot of CLD, Figure 9). During CLD
development and validation, it became clear that there were three core mechanisms responsible
for provider achievement of (or failure to reach) targets during the programme: (1) mechanisms
that result in changes in the supply of services, (2) mechanisms that result in changes to facility
reporting, and (3) mechanisms that result in changes in demand for services. The results section
(Chapter 6) presents an overview of each of these mechanisms and the corresponding sections

of the CLD (with the overall CLD shown in Chapter 6 Appendix D).

Figure 9: High level snapshot of causal loop diagram. Source: Cassidy et al. 2021

Demand

Number of patients
seeking care

Reported % of delivery
and care targets achieved

umber of women and
children receive
incentivised services

Ability of health workers
to provide incentivised
services

Amount of incentive
payment issued to
providers

+

Health worker motivation to Health worker
exert effort (towards . .

. . . . incentive payment

incentivised services/reporting) g——

+

Ability of health
workers to undertake
reporting Submission of complete

\L and timely routine health
facility data

Reporting

Notes to Figure: Three main mechanisms responsible for provider achievement of (or failure to reach) targets during P4P are shown
in different colours. Changes in the supply of services (blue), changes to facility reporting (green), and changes in demand for

services (red).
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5. System dynamics model
5.1 Introduction

Abbreviations: 2 doses of intermittent preventative treatment (IPT2); Antenatal care (ANC);
Causal loop diagram (CLD),; Community health fund (CHF), Community health worker
(CHW), Council Health Management Team (CHMT); District Executive Director (DED);
Health Facility Governing Committee (HFGC), Low- and middle-income country (LMIC);
Maternal and child health (MCH),; Medical Stores Department (MSD); Payment for
performance (P4P); System dynamics model (SDM).

This chapter describes and expands on the methodology presented in the ready for publication
paper (see Chapter 8) on SDM development and validation. In this chapter, details on why a
SDM approach is used in this thesis, an overview of the building blocks of SDM and an outline
of the method are presented. Further details on model software, creation of the SDM and

simulation and scenario testing follow.

Development and analysis of the CLD (methods Chapter 4, results Chapter 6) revealed
bottlenecks to programme success and system elements that should be incorporated or targeted
to enhance the effect of the programme (catalytic variables and system levers), leading to
recommendations for future design and implementation of the programme. CLDs are static
diagrams; they are not capable of simulating system behaviour over time in response to an
intervention or testing the impact of design changes to interventions on key outcomes. This is
important when we consider pathways to effect for programmes or recommendations for design,
as programme impact is expected to fluctuate over time in response to the wider health system
and contextual environment in which the programme is implemented. SDMs can simulate
programme behaviour over time and allow the user to assess which programme design yields

optimal system outcomes. Using an SDM approach fulfils Objective 4 of this thesis:

4. Explore how variations in the implementation, design and context of P4P could result

in different outcomes to inform future design of P4P programmes.
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5.2 System dynamics models

Stock and flow diagram notation are often used to construct SDMs (Pruyt 2017) which consists

=00 O

Flow

of stocks , flows , auxiliary variables Auxillary variable and constants

O

Constant variable |

Stock

A simple example of a stock and flow diagram is presented in Figure 1, demonstrating
replenishment and depletion of medicine at a health facility on a monthly basis. ‘Stock of
medicine’ is a stock, a container where the quantity can be observed to change over time in
response to the inflow ‘replenishment of medicine’ and outflow ‘depletion of medicine’. Stock
of medicine depletes depending on the static, constant variable ‘medicine used’. Stock of
medicine is replenished through the dynamic auxiliary variable ‘medicine procured’, which
fluctuates in response to constant variables ‘availability of medicine from supplier’ and
‘medicine requested’ from the health facility. In real procurement and supply processes, these
constant variables are likely to be influenced by other system elements and fluctuate over time
but for simplicity are given constant variable status here. The numbers attached to the constant
variables indicate their value; 100 items of medicine are used every month at the facility,
facilities request 300 items of medication (supplies for a three-month service period), with the
supplier fulfilling only 75% of the requested order. Availability of medicine is observed to
fluctuate because of this dynamic in the accompanying illustration (shown as a graph in the

stock).

300 Medicine requested

0.75

(9 >

Availability of Medicine prycured
medicine from supplier

Stock of medicine

O—@—

Replenishment of
medicine

Medicine used

Figure 1: Simple example of a SDM.
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In this thesis, SDM was used to explore the mechanisms through which a P4P programme
affected MCH service delivery outcomes in a primary care facility setting and the effect of
changes in the design, implementation, and context of a PAP programme in a low-income
setting, Tanzania. A previously developed CLD (Chapter 4) was used as a framework to inform
development of the model; the model consisted of six sectors that managed activity related to
supply and demand side mechanisms responsible for provider achievement of targets during the
P4P programme. Primary and secondary data sources (including data from a previous impact
evaluation and evidence drawn from the literature) were used to populate the model, which later
underwent validation and verification tests to build confidence in the model. A series of
analyses were performed to determine sensitivity of key outcomes to changes in parameters,
which shed light on the effect of programme context on key content of care (percentage of
women who received two doses of IPT during ANC) and coverage (percentage of women who

had a facility-based delivery) outcomes.

5.3 Model software

STELLA Architect (version 2.1.4) (isee systems inc 2021) is a widely used software for SDM
development. Although Vensim (Ventana Systems Inc. 2015) was used to develop the CLD in
the previous chapter of this thesis (Chapter 4) and can be used to develop SDMs, STELLA was
chosen as the preferred modelling software. STELLA has extensive modelling documentation
available on their support website, easy to navigate for those developing a model for the first
time and a useful resource when trying to decode errors and bugs. The software also has
capacity for development of user-friendly model interfaces; a frontend for the model that allows
navigation and experimentation without the backend of the model being visible. This
particularly appealed to the candidate as it was anticipated the model would be presented to
stakeholders for their feedback, where an interface could be used to demonstrate the

functionality and results of the model.

5.4 Creation of the SDM

Development and validation of the model can be broadly summarised as following four stages;
(i) defining the purpose and goal of the model (ii) creation of model sectors (iii) validation of

the model (iv) sensitivity analysis.
5.4.1 Step 1: Model purpose

The first step for SDM development was to (i) define the problem/health system behaviour to be
investigated and (ii) define the goals of the model. The CLD (details of development in Chapter
4), which identified pathways to impact of P4P on delivery and coverage of MCH using the
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Pwani programme as a case study, was used as a blueprint for determining model purpose,
sector selection and creation (Figure 2). The health system behaviour explored with SDM was
the performance of facilities during the P4P programme in Pwani. The goal of the SDM model
was to (i) explore this phenomenon and (ii) test whether changes to implementation of the
programme can result in further improved health provider performance in a ‘typical’ primary
care provider. In the model, the performance of providers for two incentivised services were
monitored; a content of care indicator (percentage of women who received two doses of [PT
during ANC) and a coverage indicator (percentage of women who had a facility-based
delivery), as these indicators showed some improvement during the P4P programme in Pwani
and were the primary outcomes in the CLD. Using SDM allowed exploration of the mechanisms
underpinning these improvements. The model time step is the smallest unit of activity in the
model, the performance reporting unit (months), with simulation start time January 2011 and a
time horizon of 54 months. The simulation period covers programme commencement (January
2011), the period of programme evaluation (January 2012 — March 2015) and a short period
post-evaluation (up to July 2015), to consider both the short- and long-term effects of the

programme which may fluctuate over time (Borghi ef al. 2021).

Demand

Number of patients
seeking care

Supply
+

Reported % of delivery
umber of women and and care targets achieved
children receive

incentivised services

+

Ability of health workers
to provide incentivised
services

Amount of incentive
payment issued to
providers

+
+

Health worker motivation to
exert effort (towards
incentivised services/reporting)

Health worker
incentive payment

Ability of health
workers to undertake
reporting Submission of complete
*  and timely routine health
facility data

Reporting

Figure 2: High level snapshot of causal loop diagram used as a blueprint to develop SDM. Notes to Figure:

Three main mechanisms responsible for provider achievement of (or failure to reach) targets during P4P are

shown in different colours. Changes in the supply (blue), changes to facility reporting (green), and changes in

demand for services (red). Source: Cassidy ef al. 2021.
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5.4.2 Step 2: Model sectors

The second step for development was the creation of model sectors that drive behaviour in
different compartments of the model. The CLD was used as a framework to inform
development of the simulation model. Six model sectors were generated from the structures
identified in the CLD (structure taken from the CLD and used to develop the SDM are shown in
different colours in Figure 3, mapped to the different sectors of the SDM). Structure identified
in the ‘demand’ component of the CLD (Figure 3a) fed into development of the ‘Demand and
Services’, ‘Facility Operations’, ‘Facility Funding’ and ‘Population’ sectors (Figure 4).
Structure identified in the ‘supply’ component of the CLD (Figure 3b) fed into development of
the ‘Demand and Services’, ‘Facility Operations’, ‘Facility Funding’, ‘District Manager

Operations’ and ‘Facility Commodities’ sectors (Figure 4).

In the SDM, dynamics related to facility reporting were not included (Figure 3c). The main
focus was on capturing the facility level supply side dynamics related to facility performance as
this was the primary target of P4P. As a result, the SDM does not capture a number of demand
side elements, shown in ‘grey’ in Figure 3 including: the dynamics around payment into a
community health fund (voluntary community health insurance fund that was used to support
provision of services at the facility), mechanisms for employing health workers and the
activities of community health workers and traditional birth attendants in service demand
creation. An agent-based model is currently under development which will explore the effect of

community and service demand dynamics on facility-based deliveries.
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Figure 3: Structure identified in the previously developed CLD, specifically drawn from the (a) ‘demand’ (b)
‘supply’ and (c¢) ‘reporting” components, that feature in the simulation model. Abbreviations: Community
health fund (CHF); Community health worker (CHW); Council Health Management Team (CHMT); District

Executive Director (DED); Health Facility Governing Committee (HFGC); Medical Stores Department
(MSD); Payment for performance (P4P).
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Simulation model

The purpose of each sector, key sector outputs used as input to other sectors and description of
how sectors pass information is given here (Figure 4), with detailed individual model sector
diagrams and description of model equations given in Chapter 8 Supplementary Files 2 and 3,

respectively. This section outlines the model functioning in the absence of P4P.

Baseline system o)
pap Facility Funding

Facility Commodities )
3 (Drugs) Population

\

\

District M

[ Istric. Vanager & Facility Operations

Demand and Services
(Antenatal Care,
Facility-Based
Deliveries)

Operations

|

Figure 4: High level overview of simulation model. The model contains six subsectors which pass
information to each other (arrows). The user can run the model with payment for performance switched

'on' (P4P, yellow) and 'off' (baseline system, blue).

The Population sector controls population dynamics that feed into the Demand and Services
sector. It controls ageing in the population (neonates, infants, pre-schoolers, children,
reproductive age adults and adults above 50) over time, which is driven by: (i) the respective
age mortality rates; (ii) fertility rate. The sector generates the following key output and
population group of interest number of newly pregnant women, which contributes to the flow of

patients seeking care in the Demand and Services sector. The population sector has been
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structured so that the model can be later adapted to focus on other types of service provision

(e.g. neonatal vaccination).

The Demand and Services sector controls the number of ANC patients that receive services
and facility-based deliveries. Patients can attend up to four ANC appointments, with three
possible pathways for each ANC visit (i) dropping out and not attending ANC visit, (ii)
receiving treatment (up to two doses of IPT across all ANC visits, with goal of two doses for
each patient) or (iii) do not receive treatment. Treatment receipt is dependent on (i) provider
readiness to deliver care (controlled in the Facility Operations sector) and (ii) attendance rates

for each antenatal care visit.

The percentage of facility-based deliveries is determined by (i) the number of antenatal care
visits (ii) distance to facility; (iii) awareness of maternal and child health and healthcare in the
community (in part estimated from ability to perform outreach controlled in Facility
Operations sector and fraction of women attending antenatal care); (iv) perceived quality of
facility/services (estimated from availability of drugs in Facility Commodities sector and
patient-provider interaction from Facility Operations sector). For each patient who receives a
service (ANC or facility-based delivery), a single unit of drug is ‘used’ with drug availability
depleting in the Facility Commodities sector. The Demand and Services sector generates two
primary service delivery outputs of the model, percentage of women who receive IPT2 and

percentage of women who seek facility-based delivery.

The Facility Commodities sector controls the replenishment and depletion of malaria (IPT) and
labour drugs at the facility level. The expected number of ANC and facility-based delivery
patients is fed in from the Demand and Services sector and used to place orders for drugs on a
quarterly basis to the Medical Stores Department (autonomous government department
responsible for provision of medical commodities). Depending on the availability of drugs at
Medical Stores, facilities may need to try and address the deficit of drugs. Facilities can use
funds (facility held funds, managed in the Facility Funding sector) where available to purchase
additional drugs. Key outputs in the Facility Commodities sector are the availability of IPT
drugs and availability of labour drugs, which deplete depending on the number of patients

treated in the Demand and Services sector.

The Facility Operations sector manages facility-level dynamics including provider readiness
(related to administration of IPT during ANC). Provider readiness is dependent on (i)
knowledge of health workers (IPT); (ii) number of health workers at health facility (percentage
of positions filled); (iii) availability of IPT drugs fed in from the Facility Commodities sector;

(iv) health worker motivation to exert effort towards incentivised services. Health worker
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motivation is dependent on availability of drugs (IPT and labour) fed in from Facility
Commodities sectors, district manager supervision (quality) fed in from District Manager
Operations sector and number of health workers at health facility (percentage of positions
filled). Key outputs in this sector are provider readiness (related to delivery of IPT) and health

worker motivation to exert effort towards incentivised services.

The Facility Funding sector manages the funding that is held and used at the facility level and
can be used to purchase additional drugs where needed. The key output from this sector is
facility held funds available.

The District Manager Operations sector manages supervision visits by members of the
CHMT to facilities. The district manager supervision (quality) is dependent on district level
resources, management team motivation and the skill level of district managers. Supervision
visits affect knowledge of health workers related to IPT and health worker motivation. The key

output for this sector is district manager supervision (quality).

Introduction of P4P intervention

Health providers have set targets they need to reach each cycle (6 months) to receive P4P
incentive payments. Payment was expected to be made within three months of the conclusion of
the six month performance cycle, however payments were often delayed. In the model, the
performance targets are for specific services monitored in the Demand and Services sector.
These are (i) percentage of women who receive IPT2 and (ii) percentage of women who seek
facility-based delivery. Depending on performance against these targets, providers may receive

incentive payments which are deposited in the Facility Funding sector.

The payment is split 75:25, with the larger portion allocated for health worker incentive
payments and the remaining portion to be used to improve facility operations (e.g. purchasing
additional medical commodities where needed). The health worker incentive payment is fed
from Facility Funding to the Facility Operations sector. Incentive payments (specifically
timeliness of payments) influence health worker trust in the programme and health worker
motivation to exert effort towards incentivised services. The remainder of the incentive
payment, in the model, supplements facility held funds (Facility Funding sector) and can be
used to purchase drugs (malaria and labour drugs) where needed in the Facility Commodities

sector. A new key output from the Facility Funding sector is staff incentives.

The CHMT are also eligible for incentive payments, which are processed in the District
Manager Operations sector, with payments influencing district manager motivation to support

facilities. In the simulation model, the district management targets (and determinants of
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incentive payment issued) are to reduce stockouts of medicine (observed in the Facility
Commodities sector) and overall performance of health providers (observed in Demand and

Services sector).

Data

The model was populated with both primary and secondary data sources, see Chapter 8
Supplementary File 4 for details. Examples of secondary data include population and housing
census reports, country and district-level health surveys, data from the impact evaluation
conducted on the Pwani P4P programme and evidence drawn from the literature. The previous
evaluation conducted on the Pwani P4P is described elsewhere (Borghi ef al. 2013, 2021;
Binyaruka et al. 2015), with a summary provided here. The impact evaluation investigated the
effect of the P4AP programme on all targeted MCH services (including percentage of women
who receive IPT2 and percentage of women who seek facility-based delivery) through a
controlled before and after study design. Surveys were conducted in all six districts of Pwani
region (where P4P had been implemented) and in five control districts in neighbouring regions.
The evaluation consisted of a health facility survey, health worker survey, exit patient survey
and survey of women who had delivered in the last 12 months. Data collection took place at
three time points to observe programme impact: ‘baseline’ (January 2012), ‘short term’

(February 2013) and ‘long term’ (February and March 2015).

During model development, two members of the original programme evaluation team were
consulted to provide insight into model dynamics related to impact of district manager
supervision on health worker skill level. Model equations reflect this discussion, where effect of
district manager supervision on health worker knowledge is dependent on the ‘base level’ of
knowledge at the facility. Where this is lower, it will take a few supervision visits to raise the

health worker knowledge (specifically related to provision of IPT during ANC).
5.4.3 Step 3: Model validation

The third step for model development was subjecting the model to a series of verification and
validation tests to build confidence in the structure, behaviour, and robustness of the model. To
check for internal validity, every equation in the model was reviewed for dimensional
consistency, that model units were appropriate for the given variable i.e. population parameters
are measured in units of ‘persons’, and that units used for outputs were appropriate based on
variable input units. STELLA Architect does have functionality which returns an error message
when dimensional consistency is violated but every equation was verified on the happenstance
that an error had not been picked up by the software. The model was subjected to extreme

condition testing, whereby model parameters were adjusted to extreme values and model output
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was evaluated to ensure expected results. For example, when the dropout rate for attending a
first ANC visit is 0.999, only a handful of patients are expected to attend this first visit and
move through the ANC part of the demand and services sector; or when the provision of
medicine by the Medical Stores is severely impacted, a drastic depletion of medicine available
at facilities should be observed. The model performed well when subjected to testing, producing
expected behaviour under extreme conditions. Model equations and structure were also

independently reviewed by a team member.

To check for external validity, selected model output projections were also compared to real
data where available, with equation and parameter adjustments made where required so that
model outputs were aligned with data (model calibration). The model was adequately able to

replicate known trends, see Chapter 8 Supplementary File 5 for further details.

To check model face validity, the model was presented to nine key stakeholders involved in the
implementation or evaluation of the Pwani programme during virtual interviews (conducted via
Zoom) as a final validation step. A model interface was developed in STELLA Architect to
assist with presentation of model outputs and key assumptions, see Chapter 8 Supplementary
File 6 for the interview guide and details on model interface. The interview consisted of two
segments; (i) stakeholders were shown key model output and dynamics and asked to comment
on whether model behaviour was realistic and aligned with their experience of the P4P
programme and the health system, and (ii) stakeholders were shown model assumptions and

asked to provide their feedback on their validity.

The feedback received during these interviews resulted in some changes to the model’s
structure. Key changes consisted of: (i) inclusion of an ‘alternative facility held funding’
variable (ii) adjustment of effect of amount of incentive on trust in programme and motivation,
and (iii) adjustment of effect of payment delays on trust in programme and motivation. For
change (i), stakeholders suggested inclusion of other types of facility held funding (other than
P4P), as this would affect the purchasing power of facilities for buying additional drugs during
the programme. In the current version of the model, this variable ‘alternative facility held
funding available’ is static, but in future iterations of the model this will be dynamic. For
change (ii), stakeholders commented that health workers would want to improve their
performance, so a lower incentive payment (reflective of performance) would not be

demotivating but would spur health workers on to try and improve their performance.

For change (iii), stakeholders were presented with three scenarios (possible assumptions) related
to effect of payment delays in the model; payment delays do not affect trust and motivation, any

delay affects trust and motivation and only severe delays (4+ months) affect trust and
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motivation. The consensus from stakeholders was that the third scenario, severe delays affect
trust and motivation, was most likely, with communication of delays and expected payment
dates sustaining trust and motivation up to a point. If payments are not made after a certain
period (assumed 4+ months in the model), trust and motivation decrease until a payment is
made. This relationship between payment delays and trust and motivation is retained in the
model when payment delays are enacted. Stakeholders also reflected on the presentation of the
model, commenting that a high-level diagram showing how the model worked would be useful

to them (see Figure 4).

Stakeholders remarked on the importance of community health workers and traditional birth
attendants in increasing community awareness of services and escorting women to facilities for
facility-based deliveries. These dynamics are not included in this current version of the model

for the reasons set out above.

5.4.4 Step 4: Sensitivity analysis

The final step for model development was subjecting the model to sensitivity analysis to
determine the sensitivity of key outcomes (percentage of women who receive at least two doses
of IPT during ANC, percentage of women who seek facility-based delivery) to changes in
model parameters. Model parameters deemed appropriate for analysis (see Chapter 8
Supplementary File 8) were adjusted by 10%, with key outcome results recorded. Initial stock
values, constant variable values (including table and graphical function values) were adjusted
and the effect on model outputs simulated. Equation based parameters (flows and auxiliary
variables) and constant variables where the value was not appropriate for adjustment (such as
the ‘on’ and ‘off” switch for turning the intervention on and off in the model, represented by ‘0’

and ‘1’ in the model) were not subjected to sensitivity analysis.

The following scale was used to determine sensitivity to changes in model variables; sensitive
(5% < change in outcome < 15%), very sensitive (15% < change in outcome < 25%) and highly
sensitive (25% > change in outcome). The scale is adapted from Semwanga et al. (2016) and
presented with smaller intervals for higher sensitivity categories, to further distinguish ‘very
sensitive’ from ‘highly sensitive’ results. As the variables included in the sensitivity analysis
reflect health system characteristics, this analysis also shed light on the likely effect of changes

to the health system context in which P4P is implemented on key outcomes.

5.5 Simulation and scenario testing

Model scenarios were selected to contribute evidence towards the knowledge gap identified by

reviews of P4P effects in LMIC settings (Das et al. 2016; Patel 2018; Diaconu et al. 2021); to

122



further understanding on pathways to effect for P4P, acknowledging the influence of

programme design, implementation and context.

The model was first used to explore how health system performance changed under P4P, to
examine the effects of the programme as it was implemented (as mentioned, there were delays
in issuing programme incentive payments) on pathways to effect for the programme (e.g. health
worker motivation, availability of medicine) and targeted services, percentage of women who
receive at least two doses of IPT during ANC and percentage of women who seek facility-based
delivery. The effect of changes in programme implementation (payments made on time vs. with
delays) and design (adjusting the share of funds between staff incentives and funds to strengthen
facility operations) on these outcomes were then tested in the model. Finally, the sensitivity
analysis results were used to explore the effect of changes to programme and health system
contextual factors (including provision of medicine from Medical Stores, amount of alternative
facility held funding and staffing levels) on targeted services, percentage of women who receive
at least two doses of IPT during ANC and percentage of women who seek facility-based

delivery.
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RESULTS

6. Causal loop diagram
6.1 Introduction

Abbreviations: 2 doses of intermittent preventative treatment (IPT2); Causal loop diagram
(CLD); Community health fund (CHF); Council Health Management Team (CHMT);
Community health worker (CHW); District Executive Director (DED),; Focus group discussion
(FGD), Health Facility Governing Committee (HFGC); Health Management Information
System (HMIS), Human Immunodeficiency Virus (HIV), Low- and middle-income country
(LMIC); Maternal and child health (MCH),; Medical Stores Department (MSD); Ministry of
Health and Social Welfare (MoHSW), Payment for performance (P4P); Pilot Management
Team (PMT); Regional Health Management Team (RHMT).

In Chapter 6, the results from analysis of the CLD are presented, fulfilling Objectives 2 and 3
of this thesis):

2. Identify health system factors and feedback loops that facilitate or hinder the

implementation of P4P programmes and its overall effectiveness.

3. Identify system leverage points which should be considered in the design of P4P

programmes.

The results of the study are presented in a paper, ‘Understanding the maternal and child health
system response to payment for performance in Tanzania using a causal loop diagram
approach’, published in Social Science & Medicine in September 2021. Evidence of retention of

copyright or use of published materials in this thesis can be found in Appendix 3.

The chapter appendix contains supplementary material, including information on interpretation
of CLDs, additional information of P4P programme targets, the study interview tool and

additional results.

6.2 Research paper 2: Understanding the maternal and child health system response to

payment for performance in Tanzania using a causal loop diagram approach

(Cover sheet on next page)

126



London School of Hygiene & Tropical Medicine
Keppel Street, London WC1E 7HT

T:+44(0)20 7299 4646
F:+44 (0)20 7299 4656
www.Ishtm.ac.uk

LONDON /2A:
SCHOOL of ff;)
HYGIENE
&TROPICAL
MEDICINE

RESEARCH PAPER COVER SHEET

Please note that a cover sheet must be completed for each research paper included within a thesis.

SECTION A — Student Details

Student ID Number 1401642 Title Miss
First Name(s) Rachel

Surname/Family Name | Cassidy

Using systems thinking to optimise health system interventions
for improved maternal and child health in low-resource settings

Thesis Title

Primary Supervisor Prof. Josephine Borghi

If the Research Paper has previously been published please complete Section B, if not please move
to Section C.

SECTION B — Paper already published

Where was the work published? Social Science & Medicine

When was the work published? 28th July 2021

If the work was published prior to
registration for your research degree, N/A
give a brief rationale for its inclusion

Was the work subject
No to academic peer Yes
review?

Open Access CC-BY license

Have you retained the copyright for the
work?*

*If yes, please attach evidence of retention. If no, or if the work is being included in its published format,
please attach evidence of permission from the copyright holder (publisher or other author) to include this
work.

SECTION C - Prepared for publication, but not yet published

Where is the work intended to be
published?

Please list the paper’s authors in the
intended authorship order:

Stage of publication Choose an item.

Improving health worldwide www.Ishtm.ac.uk 107



SECTION D — Multi-authored work

Conceptualised study with PhD supervisors, collected
new data to validate model, led analysis of secondary
and newly collected data, developed conceptual model.
Wrote first draft of the manuscript and led revisions
with input from co-authors.

For multi-authored work, give full details of
your role in the research included in the
paper and in the preparation of the paper.
(Attach a further sheet if necessary)

SECTION E
Student Signature _
Date 05/12/22

Supervisor Signature

Date 05/12/22

Improving health worldwide Page 2 of 2 www.Ishtm.ac.uk 128



Social Science & Medicine 285 (2021) 114277

Contents lists available at ScienceDirect

SOCIAL
SCIENCE
MEDICINE

Social Science & Medicine

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/socscimed

t.)

Check for

Understanding the maternal and child health system response to payment &
for performance in Tanzania using a causal loop diagram approach

Rachel Cassidy ", Andrada Tomoaia-Cotisel °, Agnes Rwashana Semwanga ¢, Peter Binyaruka ¢,
Zaid Chalabi ®!, Karl Blanchet #, Neha S. Singh ?, John Maiba ¢, Josephine Borghi*

& Department of Global Health and Development, London School of Hygiene and Tropical Medicine, 15-17, Tavistock Place, London, WC1H 9SH, UK

b RAND Corporation, Boston, MA, 02116, USA

¢ Information Systems Department, College of Computing and Information Sciences, Makerere University, P.O. Box 7062, Kampala, Uganda

d Ifakara Health Institute, PO Box 78373, Dar Es Salaam, Tanzania

€ Department of Public Health, Environments and Society, London School of Hygiene and Tropical Medicine, 15-17, Tavistock Place, London, WC1H 9SH, UK
f Bartlett School of Environment, Energy and Resources, University College London, Central House, 14 Upper Woburn Place, London, WC1H ONN, UK

8 Geneva Centre of Humanitarian Studies, University of Geneva and the Graduate Institute, Rue Rothschild 22, 1211, Geneve, Switzerland

ARTICLE INFO ABSTRACT

Keywords:

Health systems

Causal loop diagram
Payment for performance
Maternal and child health
Primary care

Evaluation

Payment for performance (P4P) has been employed in low and middle-income (LMIC) countries to improve
quality and coverage of maternal and child health (MCH) services. However, there is a lack of consensus on how
P4P affects health systems. There is a need to evaluate P4P effects on health systems using methods suitable for
evaluating complex systems. We developed a causal loop diagram (CLD) to further understand the pathways to
impact of P4P on delivery and uptake of MCH services in Tanzania. The CLD was developed and validated using
qualitative data from a process evaluation of a P4P scheme in Tanzania, with additional stakeholder dialogue
sought to strengthen confidence in the diagram. The CLD maps the interacting mechanisms involved in provider
achievement of targets, reporting of health information, and population care seeking, and identifies those
mechanisms affected by P4P. For example, the availability of drugs and medical commodities impacts not only
provider achievement of P4P targets but also demand of services and is impacted by P4P through the availability
of additional facility resources and the incentivisation of district managers to reduce drug stock outs. The CLD
also identifies mechanisms key to facility achievement of targets but are not within the scope of the programme;
the 