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Masterclass Certificate in Healthcare System Dynamics (United Kingdom)

Healthcare System Modeling

System dynamics is the foundational methodology for representing the behaviour of complex health-care
systems over time. It relies on the concepts of stock and flow to capture the accumulation of patients,
resources, or information and the rates at which they change. A stock can be a hospital bed pool, while a
flow might represent admissions per day. Understanding how these elements interact is essential for
predicting future capacity needs.

A feedback loop describes the circular causality that occurs when an output of a process influences its own
input. In health-care, a common reinforcing loop is the relationship between patient satisfaction and
demand: higher satisfaction leads to increased referrals, which further boosts satisfaction if capacity is
managed well. Conversely, a balancing loop might involve bed occupancy influencing admission rates; as
occupancy rises, elective admissions are postponed, reducing the inflow.

Causal loop diagrams (CLDs) provide a visual shorthand for mapping these feedback structures. They use
arrows to indicate direction of influence and symbols to denote whether the relationship is positive or
negative. CLDs are useful for early-stage model conceptualisation, allowing stakeholders to see potential
unintended consequences before detailed simulation.

Delays are integral to health-care dynamics. A treatment delay might be represented as a time lag between
diagnosis and therapy initiation. Delays can amplify or dampen system responses, often creating oscillations
in demand and capacity. Recognising and accurately quantifying delays is a frequent challenge because
real-world data are noisy and may be incomplete.

Parameters are the numeric values that define the strength of relationships in a model, such as the average
length of stay (LOS) or the probability of readmission. Accurate parameter estimation requires robust data
sources, including electronic health records (EHR) and administrative claims. Sensitivity analysis tests how
model outputs respond to variations in these parameters, highlighting which assumptions most influence
predictions.

Model calibration aligns simulated outcomes with historical observations. Techniques range from simple
trial-and-error adjustments to sophisticated Bayesian calibration, where prior distributions are updated with
observed data. Calibration improves credibility but can be time-consuming, especially when many
parameters are interdependent.

Validation checks whether the model reproduces real-world behaviour beyond the calibration period.
Common approaches include out-of-sample testing, where the model forecasts a future period that is then
compared to actual data. Successful validation builds confidence among policymakers and clinicians who
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will rely on the model for decision-making.

Scenario analysis explores how the system might respond under alternative futures. For example, a scenario
could examine the impact of a new vaccination programme on seasonal influenza admissions. By altering
assumptions such as vaccine efficacy or uptake rates, analysts can assess the robustness of policy options.

Patient flow modeling focuses on the movement of individuals through the health-care continuum—from
primary care referral, through emergency department (ED) triage, to inpatient admission and discharge. Key
metrics include waiting time, throughput, and bottleneck identification. Accurate flow models support
capacity planning, helping hospitals determine the number of beds required to maintain target occupancy
levels.

Bed occupancy is a critical indicator of hospital strain. High occupancy reduces flexibility for surges, while
low occupancy can signal under-utilisation and financial inefficiency. Modeling occupancy dynamics often
involves integrating admission rates, LOS distributions, and discharge policies into a unified framework.

Length of stay (LOS) distributions capture the variability in how long patients remain in a facility. LOS can be
modelled using deterministic averages, probabilistic distributions (e.g., log-normal), or more granular
Markov chains that reflect transitions between care states. Selecting an appropriate LOS representation is
vital for realistic capacity forecasts.

Throughput refers to the total number of patients processed by a service in a given period. Enhancing
throughput may involve streamlining processes, adding staff, or implementing technology solutions such as
electronic triage. Modelling throughput helps quantify the impact of such interventions before they are
deployed.

Capacity denotes the maximum service level a health-care unit can sustain, often expressed in terms of
beds, staff, or equipment. Capacity planning models combine demand forecasts with resource constraints to
recommend optimal staffing levels, equipment purchases, or facility expansions.

Demand forecasting uses historical utilization patterns, demographic trends, and disease incidence data to
predict future service needs. For instance, an ageing population may increase demand for orthopaedic
procedures, while a successful smoking cessation programme could reduce chronic respiratory admissions.

Supply modelling captures the availability of resources such as clinicians, nurses, and diagnostic equipment.
Workforce models incorporate training pipelines, retirement rates, and attrition to estimate future staffing
levels. Balancing supply and demand is a central challenge in health-care system dynamics.

Queuing theory provides analytical tools for assessing waiting lines and service times, particularly in
high-traffic settings like EDs. Simple M/M/1 models assume exponential inter-arrival and service times,
while more complex M/G/k models accommodate general service time distributions and multiple servers.
Queuing models help predict waiting times and identify when additional resources are needed.
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Discrete event simulation (DES) represents system evolution as a sequence of events occurring at specific
times, such as patient arrivals, transfers, or discharges. DES is well-suited for detailed process analysis,
allowing modelers to capture resource constraints, stochastic variability, and complex routing logic.
However, building and calibrating DES models can be computationally intensive.

Agent-based modelling (ABM) treats individual patients, providers, or organisations as autonomous agents
with their own behaviours and decision rules. ABM excels at capturing heterogeneity and emergent
phenomena, such as the spread of infection through social networks. The trade-off is higher model
complexity and the need for detailed behavioural data.

Stochastic modelling incorporates random variation directly into model equations, reflecting the inherent
uncertainty of health-care processes. Stochastic differential equations or Monte Carlo simulation are
common techniques. Stochastic models provide probability distributions of outcomes rather than single
point estimates, aiding risk assessment.

Deterministic modelling assumes that relationships are fixed and produces a single trajectory given initial
conditions. While simpler to construct and interpret, deterministic models may under-represent variability,
potentially leading to over-confident policy recommendations.

Health economics integrates cost considerations with clinical outcomes to assess value for money. Key
concepts include cost-effectiveness, quality-adjusted life year (QALY), and incremental cost-effectiveness
ratio (ICER). Economic models often combine clinical pathways with cost data to inform funding decisions.

A QALY combines length of life with health-related quality of life, assigning a weight between 0 (death) and
1 (perfect health). For example, a year lived at a utility of 0.7 yields 0.7 QALYs. QALY calculations enable
comparison across disparate interventions, such as surgery versus pharmacotherapy.

ICER is the ratio of the difference in costs to the difference in QALYs between two interventions. An ICER
below a willingness-to-pay threshold (e.g., £20,000 per QALY in the UK) suggests that the new intervention
is cost-effective. Estimating ICERs requires robust cost and outcome data, as well as careful handling of
uncertainty.

Markov models represent disease progression as transitions between health states (e.g., healthy, diseased,
dead) over discrete time cycles. Transition probabilities are derived from clinical studies or registries. Markov
models are widely used for chronic disease evaluation, but the “memoryless” property can oversimplify
path-dependent processes.

Decision trees map out possible pathways and outcomes for a single decision point, such as whether to
adopt a new diagnostic test. They are useful for short-term analyses with limited complexity, but become
unwieldy when many sequential decisions or recurring events are involved.

Monte Carlo simulation repeatedly samples from probability distributions for uncertain parameters,
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generating a distribution of model outcomes. This technique quantifies parameter uncertainty and supports
probabilistic sensitivity analysis, which is essential for health-technology assessments.

Data sources underpin all modelling activities. EHRs provide granular clinical details, while administrative
databases capture billing and utilisation. Claims data are valuable for cost analysis but may lack clinical
nuance. Combining multiple sources often improves model fidelity but raises data-integration challenges.

Population health metrics, such as disease prevalence and incidence, inform the size of the target cohort.
For example, estimating the number of patients with type 2 diabetes requires prevalence data stratified by
age, gender, and ethnicity. Accurate prevalence estimates are critical for demand forecasting.

Epidemiology provides the methods for measuring morbidity, mortality, and risk factors. Modelers use
epidemiological parameters, such as infection rates or case-fatality ratios, to simulate disease spread or the
impact of preventive interventions.

Risk adjustment accounts for differences in patient case-mix when comparing outcomes across providers.
Adjusted metrics enable fair performance benchmarking, but require reliable comorbidity coding and
validated risk models.

Comorbidity indices, such as the Charlson or Elixhauser scores, summarise the burden of multiple
concurrent conditions. Including comorbidity in models improves prediction of LOS, readmission risk, and
mortality.

Health services research studies the organisation, delivery, and financing of health-care. Its findings often
feed into model assumptions about utilisation patterns, patient pathways, and system inefficiencies.

Health policy shapes the regulatory and funding environment. In the UK, the National Health Service (NHS)
operates under policy frameworks that influence commissioning, pricing, and performance targets.
Modellers must align assumptions with current policy levers.

Integrated Care Systems (ICS) represent a strategic move toward regional collaboration, pooling resources
across primary, secondary, and community care. Modelling an ICS requires capturing cross-sector patient
flows, shared budgets, and joint performance metrics.

Clinical Commissioning Groups (CCG) historically managed local health-care budgets and service
specifications. Understanding CCG priorities, such as reducing emergency admissions, informs scenario
development and policy impact analysis.

Commissioning decisions often involve service redesign, where patient pathways are re-engineered to
improve efficiency or outcomes. Modelling redesign options enables comparison of alternatives before
implementation.

Pathway mapping visualises each step a patient takes through a service, highlighting hand-offs and decision
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points. Detailed pathway maps feed directly into simulation models, ensuring that process logic mirrors
reality.

Bottlenecks occur where demand exceeds capacity, causing queues and delays. Identifying bottlenecks
through model diagnostics helps target interventions, such as adding staff to the most congested
department.

Throughput time measures the total duration a patient spends from entry to exit of a service. Reducing
throughput time can improve patient satisfaction and free up capacity for additional cases.

Waiting lists are a common symptom of capacity constraints. Modelling the dynamics of waiting list accrual
and depletion assists planners in setting realistic targets for maximum acceptable waiting periods.

Triage systems prioritise patients based on clinical urgency. Modelling triage protocols can reveal how
changes in prioritisation affect overall system performance, especially under surge conditions.

Capacity planning models often incorporate workforce considerations, such as staffing ratios, skill mix, and
shift patterns. For example, a model may evaluate the impact of moving from a 1:5 nurse-to-patient ratio to
a 1:4 ratio on patient outcomes and costs.

Workforce modelling must address burnout and turnover, which affect staffing stability. High turnover can
increase recruitment costs and reduce continuity of care, creating feedback effects on patient satisfaction
and demand.

Training pipelines, including medical school enrolment and residency slots, determine future supply of
clinicians. Modelling these pipelines helps forecast long-term workforce adequacy and informs education

policy.

Resource constraints are frequently expressed as budget impact analysis (BIA), which estimates the financial
consequences of adopting a new technology within a defined budget horizon. BIA complements
cost-effectiveness analysis by focusing on affordability.

Financial modelling distinguishes between direct costs (e.g., staff salaries, consumables) and indirect costs
(e.g., overhead, administrative support). Accurate cost allocation is essential for sound economic evaluation.

Overhead allocation methods, such as activity-based costing, assign shared expenses to specific services
based on usage metrics. While more precise than blanket allocations, activity-based approaches require
detailed data collection.

Capital expenditure (CapEx) covers long-term assets like building extensions or imaging equipment,
whereas operating expenditure (OpEx) reflects day-to-day running costs. Models must treat CapEx and
OpEx differently, especially when applying discount rates.
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Cost drivers are the underlying factors that cause cost variation, such as procedure complexity or length of
stay. Identifying key cost drivers enables targeted efficiency initiatives.

Economies of scale arise when unit costs decline as volume increases, often due to spreading fixed costs
over more units of output. Modelling economies of scale helps determine optimal service size.

Marginal cost refers to the additional cost incurred by delivering one more unit of service. In capacity
decisions, comparing marginal cost to marginal benefit informs whether expanding services yields net value.

Fixed costs remain constant regardless of output (e.g., building rent), while variable costs fluctuate with
activity level (e.g., consumables). Understanding the mix of fixed and variable costs aids in break-even
analysis.

Break-even analysis calculates the point at which revenues equal total costs, indicating the minimum
volume required for financial sustainability. In health-care, this analysis can guide decisions about opening
new clinics or extending operating hours.

Return on investment (ROI) measures the financial gain relative to the cost of an investment. While ROl is
widely used in business, health-care models often supplement ROI with health outcome measures to
capture broader value.

Net present value (NPV) discounts future cash flows to present-day terms, allowing comparison of projects
with different timelines. Selecting an appropriate discount rate (often 3-5% in UK health-economics) is
critical for accurate NPV calculation.

Time horizon defines the period over which a model evaluates costs and outcomes. Short-term horizons
capture immediate budget impacts, while long-term horizons are needed for chronic disease interventions
where benefits accrue over decades.

Scenario planning explores multiple plausible futures, such as changes in disease prevalence, technology
adoption rates, or policy reforms. By testing a range of scenarios, decision-makers can develop robust
strategies that perform well under uncertainty.

Policy levers are mechanisms through which governments influence system behaviour, including financial
incentives, regulations, and performance targets. Modelling the impact of levers such as
pay-for-performance helps anticipate unintended consequences.

Incentives can be financial (e.g., bonuses for meeting quality metrics) or non-financial (e.g., public
recognition). Models must capture provider responses to incentives, often through behavioural parameters
derived from empirical studies.

Value-based care aligns reimbursement with outcomes rather than volume. Modelling value-based
contracts requires linking payment formulas to measurable outcomes like readmission rates or
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patient-reported health status.

Bundled payments provide a single, comprehensive payment for an entire episode of care, encouraging
coordination across providers. Simulating bundled payment arrangements can reveal potential savings and
quality impacts.

Capitation pays providers a fixed amount per patient per period, shifting financial risk to the provider.
Models that incorporate capitation must account for risk-adjusted payments and potential incentives for
preventive care.

Fee-for-service reimburses each individual service, often leading to higher volumes. Modelling
fee-for-service environments requires representing volume-driven revenue streams and possible
over-utilisation.

Outcome measures assess the effectiveness of health-care delivery. Common clinical outcomes include
mortality, complication rates, and infection rates. Non-clinical outcomes such as patient-reported outcome
measures (PROMs) capture quality of life and satisfaction.

PROMs are collected directly from patients, providing insight into functional status, pain, and mental health.
Incorporating PROMs into models supports patient-centred evaluation of interventions.

Readmission rates are a key performance indicator, reflecting post-discharge care quality. Models that
predict readmission risk can inform targeted discharge planning and follow-up interventions.

Infection control metrics, such as central line-associated bloodstream infection (CLABSI) rates, are critical for
patient safety. Modelling infection dynamics helps evaluate the impact of hygiene protocols and staffing
levels.

Antimicrobial resistance (AMR) poses a growing threat. Models that simulate the spread of resistant
organisms under different antibiotic stewardship policies support strategic planning to curb AMR.

Vaccination coverage influences population immunity. Modelling different coverage levels helps estimate
herd immunity thresholds and potential outbreak sizes.

Health equity assesses whether health-care services are distributed fairly across population groups. Models
that stratify by socioeconomic status, ethnicity, or geography can highlight disparities and guide targeted
interventions.

Social determinants of health, such as income, education, and housing, affect health outcomes and service
utilisation. Incorporating these determinants into models improves realism but requires high-quality, linked
data sources.

Disparities refer to measurable differences in health outcomes or access between groups. Modelling
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disparities can identify which interventions most effectively reduce gaps.

Access to care encompasses geographic, financial, and cultural dimensions. Geographic information system
(GIS) analysis can map service locations relative to population density, informing decisions about new
facility siting.

Spatial analysis evaluates patterns such as clustering of disease or resource gaps. By overlaying health-care
utilization data on spatial maps, planners can detect underserved areas.

Network analysis examines referral patterns and inter-organizational relationships. Understanding network
centrality and connectivity helps optimise care pathways and reduce duplication.

Referral patterns influence patient flow between primary, secondary, and tertiary services. Modelling referral
loops can expose inefficiencies, such as unnecessary repeat consultations.

Inter-organizational collaboration, such as joint ventures between hospitals and community providers, can
be represented as shared resource pools in models. Capturing collaboration dynamics is essential for
evaluating integrated care initiatives.

Governance structures dictate decision-making authority and accountability. Modelling governance impacts
may involve representing policy approval cycles, budgetary constraints, and stakeholder influence.

Stakeholder analysis identifies the interests, influence, and concerns of parties such as patients, clinicians,
commissioners, and regulators. Incorporating stakeholder perspectives into model assumptions improves
relevance and acceptance.

Change management addresses the human side of implementing model-informed policies. Models can
simulate the adoption curve of new processes, highlighting potential resistance points.

Implementation science studies the systematic uptake of evidence-based practices. Modelling
implementation pathways helps anticipate barriers and facilitators to scaling interventions.

Diffusion of innovation theory explains how new ideas spread through a population. By assigning adoption
rates to providers, models can forecast the timeline for technology uptake.

Learning health system concepts emphasise continuous data collection, analysis, and feedback to improve
care. Models that integrate real-time data streams embody this iterative learning loop.

Data visualisation translates complex model outputs into understandable graphics. Dashboards can display
key performance indicators (KPIs) such as occupancy, waiting times, and cost per episode, supporting rapid
decision-making.

KPIs provide quantifiable measures of system performance. Selecting appropriate KPIs requires alignment
with strategic goals and data availability.
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Balanced scorecard frameworks combine financial and non-financial KPIs to give a holistic view of
organisational health. Modelling can generate the data needed to populate each scorecard perspective.

Benchmarking compares performance against peers or standards. Models can simulate peer institutions
under similar conditions, enabling fair benchmarking despite contextual differences.

Best practice identification involves analysing top-performing entities to extract transferable processes.
Modelling best practice scenarios helps test whether observed advantages can be replicated elsewhere.

Continuous improvement cycles, such as Plan-Do-Study-Act (PDSA), rely on data to test changes. Models
can serve as virtual laboratories for the “Study” phase, reducing risk before real-world trials.

Lean methodology focuses on waste elimination and flow optimisation. Model simulations of lean
interventions can quantify expected reductions in cycle time and inventory.

Six Sigma aims for near-perfect process performance, measured in defects per million opportunities.
Modelling Six Sigma projects provides a way to estimate defect reduction before implementation.

Process reengineering involves radical redesign of workflows. Simulation models enable testing of
reengineered processes, revealing potential bottlenecks and resource needs.

Verification ensures that the model is built correctly according to its specifications. This technical step
checks equations, logic, and code for errors before substantive analysis.

Conceptual model development captures the high-level structure of the system, often using CLDs or
flowcharts. A clear conceptual model guides later computational implementation.

Logical model translates the conceptual diagram into formal relationships, defining variables, equations,
and data flows. Logical clarity is essential for transparent documentation.

Computational model implements the logical design using software tools such as Vensim, Stella, AnyLogic,
or Simul8. Choice of platform depends on model complexity, required features, and user expertise.

Software platforms differ in capabilities: Vensim and Stella excel at stock-flow system dynamics, AnyLogic
integrates DES and ABM, while Simul8 offers user-friendly DES interfaces. Selecting the appropriate tool
influences development time and model fidelity.

Programming languages like Python and R provide flexible environments for custom modelling, especially
when integrating statistical analysis or machine learning. Libraries such as SimPy (for DES) and PyDy (for
dynamic systems) extend functionality.

Model documentation records assumptions, data sources, equations, and validation results. Comprehensive
documentation supports reproducibility, peer review, and future model updates.
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Reproducibility demands that independent analysts can replicate results using the same data and code.
Sharing code repositories, data dictionaries, and version-controlled scripts enhances transparency.

Transparency in modelling builds trust among stakeholders, especially when models inform high-stakes
policy decisions. Disclosing limitations, uncertainties, and sensitivity results is a core component of
transparent practice.

Ethical considerations arise when models influence resource allocation, potentially affecting patient access
or outcomes. Ethical frameworks guide responsible use of modelling insights.

Privacy and data protection regulations, such as GDPR in the UK, govern the handling of patient-level data.
Models must anonymise data, implement secure storage, and obtain appropriate consents where required.

Informed consent may be needed when using identifiable patient data for model development. Researchers
must balance analytical needs with participants’ rights to privacy.

Bias can enter models through skewed data, inappropriate assumptions, or selective reporting. Systematic
bias undermines model credibility and may lead to inequitable policy recommendations.

Model uncertainty comprises parameter uncertainty (unknown exact values), structural uncertainty (choice
of model form), and scenario uncertainty (future conditions). Quantifying each type informs robust
decision-making.

Parameter uncertainty is addressed through probability distributions and Monte Carlo simulation,
generating confidence intervals for model outputs.

Structural uncertainty involves testing alternative model structures, such as different disease progression
pathways, to assess the impact on results.

Scenario uncertainty reflects the unknown future, explored via multiple “what-if" scenarios that vary key
drivers like technology adoption or demographic shifts.

Validation against real-world data is the gold standard for establishing model credibility. Techniques include
comparing simulated LOS distributions to observed hospital records.

Calibration techniques range from simple manual adjustment to automated optimisation algorithms like
gradient descent or Bayesian inference, each with trade-offs in speed and precision.

Model sharing promotes collaboration and accelerates learning. Open-source platforms enable other
researchers to adapt and extend existing models, fostering a community of practice.

Peer review of models, akin to journal article review, evaluates methodological soundness, data quality, and
relevance, ensuring that published models meet scientific standards.
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Policy implications derived from models must be communicated clearly to decision-makers, highlighting
actionable insights, uncertainties, and potential trade-offs.

Decision support tools embed model outputs into user-friendly interfaces, allowing managers to explore
scenarios without deep technical knowledge.

Strategic planning uses long-term models to align health-care system goals with resource allocation,
workforce development, and technology investment.

Operational planning focuses on short-term scheduling, bed management, and staffing rosters, often
relying on real-time data feeds into dynamic models.

Emergency preparedness models simulate the health-care system’s response to crises such as natural
disasters, terrorist attacks, or pandemics, testing surge capacity and resource allocation.

Pandemic modelling incorporates epidemiological frameworks like the SEIR model, which divides the
population into Susceptible, Exposed, Infectious, and Recovered compartments.

The reproduction number (RO) quantifies the average number of secondary infections generated by a
typical case in a fully susceptible population. Models use RO to estimate outbreak growth rates.

Contact tracing strategies can be modelled to assess their impact on reducing transmission, informing
policy on resource deployment for tracing teams.

Vaccination strategies, including target coverage levels and prioritisation of high-risk groups, are evaluated
through simulation to optimise herd immunity while minimising cost.

Surge capacity modelling estimates the additional beds, staff, and equipment needed to handle sudden
spikes in demand, such as during influenza season peaks.

Resource allocation under scarcity, such as ventilator distribution during a pandemic, can be examined
using optimisation models that balance equity and efficiency.

Triage protocols for scarce resources are modeled to explore ethical frameworks, such as prioritising
patients with higher survival probability versus first-come-first-served.

Ethical frameworks guide decision-making when allocating life-saving interventions, ensuring that models
incorporate societal values and legal constraints.

Allocation criteria may include age, comorbidity, functional status, or random selection, each with distinct
implications for model outcomes and public acceptance.

Overall, mastering these key terms and their interconnections equips learners to build, analyse, and apply
robust health-care system models that support evidence-based policy and practice in the United Kingdom.
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