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	Term
	Definition

	Aalen-Johansen estimator
	A non-parametric method used to estimate transition probabilities

	Absorbing state
	A state from which no further transitions occur. Once an individual enters an absorbing state, they remain there indefinitely

	Arbitrary censoring
	Left-censored or interval-censored

	Clock-forward
	Time is measured from a fixed origin (e.g. study entry) and never resets

	Clock-reset
	Time is reset to zero each time an individual enters a new state

	Dependent censoring
	The event and censoring rates are not assumed the same, conditional on covariates

	First-passage time
	The random time it takes for a process to enter a specified state for the first time

	Independent censoring
	The event and censoring rates are assumed the same, conditional on covariates

	Informative censoring
	Time to censorship distribution is related to the time-to-event distribution

	Interval censoring
	Event-time of interest is known only to lie within an interval instead of being observed exactly

	Landmark analysis
	A time-to-event method that mitigates time-dependent bias by selecting a fixed landmark time and analysing only individuals still at risk at that point

	Left censored
	The true event time or value is unknown but known to have occurred before a specific observation time

	Markov
	A process where the future state of a system depends only on its current state, not on its past states

	Metropolis-Hastings-Green algorithm
	A method used to generate samples from a target distribution when direct sampling is difficult specifically for MSMs

	Nelson-Aalen estimator
	A non-parametric method used to estimate the cumulative hazard function

	Non-informative censoring
	Time to censorship distribution is not related to the time-to-event distribution

	Non-Markov
	A process where the future state depends on the full history or part of the past, beyond the current state and (optionally) time

	Pseudo-values/ pseudo-observation
	Artificial observations that are generated by modifying the original data in such a way that the statistical properties of the original model can be approximated

	Recurrent event
	An event that can happen multiple times within an individual or system over a specified period

	Right censored
	The true event time or value is unknown but known to have occurred after a specific observation time

	Semi-Markov
	A process where the future state of a system depends on the current state and the time spent in that state

	State
	A distinct condition or status that an individual or system can be in at any given time

	State occupation probability
	The probability that an individual is in state  at time 

	Trajectory
	The sequence of states an individual transitions through over time.

	Transition hazards/ intensities
	Describe the rate at which transitions occur between different states in a system over time

	Transition probability 
	Quantifies the probability of transitioning from a given state to another state over a specific time period



Search Strategy
The following include the search strategy used for each database included in the review.
PUBMED
(("multi-state" OR "multistate" OR "multi state") AND ("development" OR "validation" OR "method*")) NOT ("multimodal*" OR "spatio*" OR "spatial*" OR "load*")
Web of Science
ALL=(("multi-state" OR "multistate" OR "multi state") AND ("development" OR "validation" OR "method") NOT ("multimodal*" OR "spatio*" OR "spatial*" OR "load*"))
ArXiv
Inserted into ArXiv API using the aRxiv package in R:
all:(("multi-state" OR "multistate" OR "multi state") AND ("development" OR "validation" OR "method*") ANDNOT ("multimodal*" OR "spatio*" OR "spatial*" OR "load*"))
SCOPUS
( ( "multi-state" OR "multistate" OR "multi state" ) AND ( "development" OR "validation" OR "method" ) ) AND NOT ( "multimodal*" OR "spatio*" OR "spatial*" OR "load*" )
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Stochastic Assumption Tests	Comment by Glen Martin: Given the focus of this paper is on CPM development and validation, I think this part could easily be moved to a supplement (to save word count), and in the validation section above, you add a note saying that we focus on methods for validating individual risk prediction performance, and methods for validaing model assumptions are given in supplementary material
It is typically not possible to determine in advance whether the Markov assumption holds for a given dataset, and numerous methods have been proposed to assess its validity. Most testing procedures are process-agnostic and have been developed in an ad hoc manner.

One early approach involves using likelihood ratio tests to compare models with and without time since entry into a given state as a covariate, effectively testing whether transition intensity depends only on the current state [1]. Another family of methods measures future-past association to assess whether past history influences future transitions, with applications to progressive models  [2]. This method is sensitive to type I error inflation, requiring caution in interpretation. An alternative strategy is to use residuals and information criteria to evaluate goodness-of-fit without being restricted to a specific model structure or censoring mechanism [3]. 

To address the issue of detecting trivial deviations in large samples, a weaker version of the Markov assumption has been proposed. This approach tests for practically meaningful departures, rather than statistical significance alone [4]. More recently, local and global log-rank-based tests have been introduced. These assess whether transition intensities depend solely on the current state and time, comparing hazards between those in the same state at a specific time and those who are not. Results across time points can be aggregated into a global test statistic, with appropriate caution needed when data are sparse [5].

Another method proposes a product-limit non-parametric estimator for transition probabilities using inverse probability of censoring weights, which also incorporates a graphical local Markov test for visually assessing whether the assumption holds. Performance is evaluated through simulation, and the test can be applied across a range of multi-state model structures [6].

Methods for testing the Markov assumption span parametric, semi-parametric, and non-parametric approaches, targeting both global and local departures from the assumption. Strategies include likelihood-based model comparisons, measures of future-past association, residual-based diagnostics, and graphical tests. While some methods offer greater interpretability and flexibility, others address challenges such as inflated type I error or the detection of trivial differences in large datasets. However, no single approach is universally applicable, and test performance depends on the model structure, data sparsity, and censoring patterns.

Table 2 Summary of literature for Markov transition modelling	Comment by Chantelle Cornett: Glen: This table still needs to be cleaned and formatted.	Comment by Glen Martin: We will also need to reflect on where it goes - its a very large table, so likely supplement not in main paper
	Title
	Year
	Aim
	Method
	Benefits
	Limitations

	Stochastic Survival Models with Competing Risks and Covariates [7]
	1979
	To develop a stochastic survival model that incorporates covariates and accommodates two health states with several competing risks of death
	Transition intensity functions with exponential or Weibull forms were modelled as covariate-dependent; asymptotic theory of MLEs, goodness-of-fit procedures, and estimation of survival, transition, and competing risks probabilities were presented
	Generalises earlier models (e.g. Lagakos, 1976), distinguishes between end-of-study and loss-to-follow-up censoring, and is applicable to clinical trial or prospective study data
	Interpretation relies on parametric assumptions (exponential/Weibull), requiring correct model specification for valid inference

	Non-And Semi-Parametric Estimation of Transition Probabilities from Censored
Observation of a Non-Homogeneous Markov Process [8].
	1991
	To develop non-parametric and Cox-type semi-parametric methods for estimating transition probabilities in continuous-time non-homogeneous Markov multistate models with censoring, including models with discrete time-dependent covariates
	Used counting-process / martingale theory to review the Aalen-Johansen estimator for non-parametric transition probabilities, and extended it to semi-parametric models where each transition intensity follows a Cox-type proportional intensities model with time-fixed covariates. Baseline transition intensities were estimated via Nelson-Aalen-type estimators, then plugged into a product-integral to obtain covariate-specific transition probability matrices; large-sample properties and variance estimators were derived
	Provides a general framework to estimate Markov transition probabilities under censoring, both without and with covariates; retains a clear martingale-based asymptotic theory and variance formulas
	Assumes exact event times and non-informative censoring; covariate effects are restricted to proportional intensities with time-fixed covariates; performance and validity may be compromised when proportionality assumptions are violated

	Multistate Survival Models for Transitions and Reverse Transitions: An Application to Contraceptive Use Data [9]
	1993
	To extend multistate proportional hazards models to analyse transitions, reverse transitions and repeated transitions between contraceptive use states, and to propose a simple score-test approach for comparing parameters between first and repeated transitions
	Used Kay’s continuous-time multistate proportional hazards framework, with several transient states (non-use, reversible use) and absorbing states (irreversible method, loss to follow-up, death). Fitted separate Cox-type models for initial, reverse and repeated transitions using modified risk sets and piecewise-constant baseline hazards; derived a score test by combining first and repeated transitions in a single model to test equality of regression parameters across transition orders
	Demonstrates practical use of multi-state PH models for both forward and reverse transitions; distinguishes first and repeated transitions and provides an explicit test for parameter equality
	Relies on proportional hazards and non-informative censoring; models may become unstable with more transient states or many repeated transitions, and the score-test approach is developed only for comparing first vs second transitions in this specific setting

	Modeling Multidimensional Transitions in Health Care [10]
	1997
	To develop a general multistate life table framework based on an age-inhomogeneous continuous-time Markov process, enabling consistent estimation of transition probabilities, person-time, and expected numbers of transitions across multiple, recurrently visited states
	Specified a finite-state, age-inhomogeneous Markov process; derived within-interval transfer probabilities from transition intensities (via matrix-exponential-type approximations) allowing multiple transitions per interval; modelled intensities with parametric or semi-parametric hazards including covariates; used the resulting transfer probabilities to construct multistate life tables
	Provides a method to move from estimated continuous-time hazards to age-specific transition probabilities and multi-state life table summaries; accommodates recurrent moves between several transient states; and incorporates covariate effects at the intensity level
	Uses approximations for handling multiple transitions within intervals; and computational complexity increases with the number of states, covariates, and time-varying structures

	MKVPCI: A Computer Program for Markov Models with Piecewise Constant Intensities and Covariates [11]’
	2001
	Provide a practical method to fit non-homogeneous Markov models with piecewise constant intensities and covariates
	Represented time-varying intensities using artificial covariates; estimated parameters via maximum likelihood with quasi-Newton optimisation
	Enables modelling of stepwise time-dependent transition rates; retains interpretability of proportional hazards; accommodates covariates
	Requires pre-specified cut-points; limited flexibility (step functions only)

	Covariate Adjustment of Event Histories Estimated from Markov Chains: The Additive Approach [12]
	2001
	To estimate covariate-dependent transition probabilities in continuous-time Markov multistate models by combining the empirical transition matrix (Aalen-Johansen) with Aalen’s additive regression model, enabling individualised prognosis
	Used the empirical transition matrix for nonhomogeneous Markov chains (Aalen-Johansen) and replaced Nelson-Aalen cumulative intensities with covariate-specific cumulative intensities obtained from nonparametric additive hazard models fitted via counting-process martingale theory. Extended to nested case-control designs via weighted risk sets
	Provides covariate-specific transition probabilities and “probability of being in response” functions; preserves martingale structure so asymptotic properties and covariance of estimated transition probabilities are tractable; allows local, time-varying covariate effects
	Relies on an additive hazard structure that can yield negative intensities, and sufficient information to ensure full-rank design matrices; performance may degrade with sparse data or many covariates, and the approach assumes non-informative censoring

	Estimation Of Covariate-Dependent Markov Transition Probabilities from Nested Case-Control Data [13]
	2002
	To develop methods for estimating covariate-dependent Markov transition probabilities when only nested case-control data (rather than full cohort data) are available
	Combined proportional hazards models for transition intensities with partial likelihood estimation from nested case-control samples, then used Aalen-Johansen type product-integral estimators to derive transition probabilities for given covariate histories
	Greatly reduces the data collection burden compared to full cohort designs, extends previous work on competing risks to general multi-state models, accommodates external time-dependent covariates, and provides asymptotic variance estimation
	Relies on independent censoring, requires exact transition times, and efficiency may be lower than full cohort data

	Multistate Markov Models for Disease Progression with Classification Error [14]
	2003
	To develop a general hidden Markov framework for modelling disease progression when observed states are subject to misclassification
	Constructed a continuous-time hidden Markov model with a transition intensity matrix for latent disease states and a misclassification matrix for observed states; included covariates via proportional hazards (for transitions) and logistic models (for misclassification); estimated parameters by maximum likelihood using matrix product methods, with standard errors via Hessian, delta method, or bootstrap
	Allows simultaneous estimation of disease progression and diagnostic error; flexible (any transition/misclassification structure, covariates at both levels)
	Sensitive to assumptions about initial state distribution and time homogeneity; high-dimensional models risk convergence issues; flat likelihood surfaces may require simplifying models or prior information

	A Random Effects Model for Multistate Survival Analysis with Application to Bone Marrow Transplants [15]
	2005
	To extend multistate survival models by incorporating correlated random effects (frailties) to capture associations between transition intensities in bone marrow transplant recovery
	Used a correlated gamma frailty model with parametric conditional transition intensities; estimated parameters by maximum likelihood; predictions made for prognosis given patient history; uncertainty assessed with a modified bootstrap
	Accounts for unmeasured patient heterogeneity; models correlation between transitions; provides patient-specific prognosis; improves prediction accuracy over independent transition models
	Computationally demanding (especially bootstrap); relies on parametric assumptions; large number of parameters to estimate; interpretation of frailty terms may be challenging

	Additive Hazards Markov Regression Models Illustrated with Bone Marrow Transplant Data [16]
	2005
	To extend Aalen’s additive hazards model to multi-state Markov processes so transition intensities can vary with covariates in an additive (rather than proportional) way
	Developed a regression framework where each transition hazard is modelled additively; derived estimating equations using counting-process theory; used nonparametric baseline hazards with covariate effects entering linearly; demonstrated estimation via simulations and an application
	Provides flexible estimation of covariate effects without the proportional hazards assumption; enables modelling of multiple transitions with interpretable additive effects; can handle time-varying covariates; useful when proportionality is violated
	Additive hazards model can yield negative hazards if poorly specified; more complex to implement and interpret for practitioners than proportional hazards models

	Likelihood Analysis of Multi-State Models for Disease Incidence and Mortality [17]
	2006
	To develop likelihood-based inference methods for multi-state models under incomplete, retrospective, or case-cohort sampling schemes
	Defined likelihoods for illness-death processes under prospective/retrospective observation; introduced pseudo-likelihood/pseudo-score functions to handle case-cohort and retrospective designs; extended to proportional intensity models and parametric/semi-parametric estimation.
	Provides a general framework for analysing life history data from complex designs; pseudo-likelihood allows consistent estimation when full likelihood is infeasible
	Efficiency loss compared to full likelihood; relies on assumptions about sampling independence (non-informative plans); retrospective designs may still introduce bias if misspecified

	Relative Survival Multistate Markov Model [18]
	2012
	To develop and evaluate a new multistate relative survival model to separate covariate effects on disease-related vs. natural mortality when causes of death are unknown
	Extended the MKVPCI model with relative survival; used simulation studies under different cause-of-death scenarios (time-homogeneous and piecewise-constant hazards)
	Provides unbiased estimates of covariate effects on disease-related mortality even without cause-of-death data; reduces bias compared to conventional MKVPCI models; improves fit with piecewise-constant hazards; maintains good CI coverage (>90%)
	Estimates have higher variance, especially when natural mortality is common; model assumptions may be arbitrary; further work needed for more prognostic factors, nonlinear/time-dependent effects, and hypothesis testing of equality across transitions

	Estimating the Parameters of Multi-State Models with Time-Dependent Covariates Through Likelihood Decomposition [19]
	2016
	To develop a simpler and reproducible method for estimating transition rates in complex multi-state models of ESRD treatment courses, accounting for many renal replacement therapies (RRTs) and time-dependent covariates
	Decomposed likelihood into simple sub-models, using Lexis expansion into short intervals, handled incomplete follow-ups via duration of stay in states, and assumed independent patient courses with exact transition times
	Computationally efficient, fast-converging, flexible for Markov/semi-Markov extensions, scalable to region-specific data
	Requires independence of patient courses

	The Wild Bootstrap for Multivariate Nelson-Aalen Estimators [20]
	2017
	To develop a general wild bootstrap framework for the multivariate Nelson-Aalen estimator to enable rigorous inference in multistate and survival models
	Extended wild bootstrap methodology under Aalen’s multiplicative intensity model, incorporated left-truncation, right-censoring, and arbitrary Markov multistate settings; used time-simultaneous confidence bands, equivalence tests, and proportional hazards testing
	Provides a flexible and computationally convenient inference tool applicable to a wide range of time-to-event and multistate processes, with improved power (narrower bands) over Brownian bridge approximations; demonstrated usefulness in diverse medical applications
	Simulation studies did not identify a clearly optimal choice of confidence band or multiplier; further work is needed on transition probability functionals, semiparametric regression extensions, and robust recommendations for practical use

	A Wild Bootstrap Approach for the Aalen-Johansen Estimator [21]
	2018
	To provide a resampling method for valid inference on transition probabilities in general time-inhomogeneous multi-state models
	Applied a wild bootstrap on the Nelson-Aalen estimator using random multipliers, then transformed via the functional delta method to approximate the distribution of the Aalen-Johansen estimator; constructed time-simultaneous confidence bands
	Avoids complex martingale derivations, works under left-truncation/right-censoring, applicable to reversible and irreversible models; conceptually simple
	Computationally intensive with many bootstrap replicates; performance depends on choice of multipliers; large-sample justification, so small-sample accuracy may be limited

	Confidence bands for multiplicative hazards models: Flexible resampling approach [22]
	2019
	To develop and investigate multiplier bootstrap methods for constructing simultaneous confidence bands in Cox and related semiparametric regression models
	Used martingale-based arguments to justify bootstrap procedures, assessed finite-sample performance of different transformations and weight functions, and compared Hall-Wellner vs equal precision bands
	Provides practical, accurate bootstrap-based confidence bands (especially with cantered exponential weights and log-transformation), offers narrower bands with good coverage, and extends easily to functionals like restricted mean survival
	Further adaptation needed for more complex designs beyond standard Cox-type models

	EM algorithms for fitting multistate cure models [23]
	2019
	To develop likelihood-based methods for fitting flexible multistate cure models, allowing simultaneous estimation of a cured fraction and transition hazards in illness-death-type settings
	Specified mixture multistate cure models with shared random effects and different time scales for pre- and post-event transitions, and used EM and Monte Carlo EM algorithms to obtain maximum likelihood estimates and standard errors
	Provides a coherent framework that can distinguish long-term survivors from those at risk, capture complex event histories with covariate effects on both cure and transition processes, and shows good performance
	Computationally intensive due to EM/MCEM iterations and imputations; model identifiability issues can arise if transition hazards are weakly constrained; requires sufficient follow-up to identify the cured fraction

	Estimation for an Accelerated Failure Time Model with Intermediate States as Auxiliary Information [24]
	2020
	To develop an accelerated failure time (AFT)-based estimator for multi-state models that incorporates information from intermediate transitions while focusing on survival to the absorbing state
	Proposed a novel estimating equation treating intermediate failures as auxiliary information, compared performance against Gehan and Peto-Prentice estimators, and explored extensions such as weighted combinations with Huang’s accelerated sojourn model and induced smoothing approaches
	Simulation studies show improved efficiency over traditional estimators, particularly under high censoring and short follow-up, while maintaining robustness to misspecification of intermediate transitions
	Relies on the assumption that acceleration parameters act on all transitions

	Prediction of Risks of Sequence of Events Using Multistage Proportional Hazards Model: A Marginal-Conditional Modelling Approach [25]
	2020
	To propose a simple framework for predicting risks of event sequences in continuous-time multistate models using a stage-wise (marginal-conditional) representation
	Formulated a finite-state, age-dependent Markov model with potentially frequent transitions between non-absorbing states and an absorbing state. Derived within-interval transition probabilities from continuous-time transition intensities, allowing multiple transitions per interval via matrix exponential-based approximations. Specified transition intensities using parametric or semi-parametric hazard models with covariates, and combined estimated hazards and transfer probabilities to construct multidimensional life tables
	Accommodates recurrent transitions between several transient states; provides instructions for computing state- and age-specific transition probabilities, person-years, and transition counts from estimated intensities; and integrates covariate effects at the intensity level
	Relies on correctly specified Cox models and censoring mechanisms; does not develop formal tools for predictive accuracy or uncertainty quantification; limited guidance for high-dimensional or strongly time-dependent covariate settings

	A Proposal for Estimating Intensity Functions In A Three-State Model In The Presence Of Arbitrary Censoring [26]
	2021
	To estimate intensity functions in a three-state model with arbitrary censoring
	Likelihood-based estimation with numerical optimisation
	Realistic handling of multiple censoring types, good model fit, and valid confidence intervals
	Requires large datasets and computationally demanding

	Multistate Modeling and Structure Selection for Multitype Recurrent Events and Terminal Event Data [27]
	2021
	To develop a multistate modelling framework with a data-driven structure selection procedure for analysing multitype recurrent events with an associated terminal event
	Formulated a multistate model linking recurrent and terminal events through transition intensities, allowing different dependency structures; proposed a penalised likelihood approach for structure selection, combining LASSO-type penalties with partial likelihood estimation; used an EM-type algorithm for efficient computation, with model choice guided by information criteria
	Provides a unified and flexible framework for handling complex recurrent-terminal event processes; automatic structure selection reduces reliance on subjective model specification; penalisation improves interpretability and avoids overfitting
	Computationally intensive due to penalised EM algorithm; requires careful tuning of penalty parameters

	Bayesian Blockwise Inference for Joint Models of Longitudinal and       Multistate Processes [28]
	2023
	To develop computationally efficient Bayesian inference approaches for joint multistate models with endogenous longitudinal covariates
	Proposed a block-wise Bayesian estimation strategy that decomposes the inference task, enabled parallel computing, and supported flexible model specification and comparison
	Achieves accurate estimation with major improvements in computational efficiency; scalable to large and complex datasets
	Computational gains rely on parallelisation and decomposition, which may complicate implementation; Bayesian methods require careful prior specification and remain resource-intensive for extremely large models

	Seemingly Unrelated Multi-State Processes: A Bayesian Semiparametric Approach [29]
	2023
	To develop a Bayesian semiparametric framework for jointly modelling multiple related multi-state processes, capturing their dependencies and subject-level heterogeneity
	Defined seemingly unrelated multi-state processes by linking several Markov MSMs through a joint prior on transition intensities; used mixture priors with random numbers of components for clustering subjects; employed Gaussian graphical models to encode dependence between processes; incorporated covariates (time-homogeneous and time-varying) into transition rates; performed posterior inference via a tailored MCMC with adaptive Metropolis-Hastings algorithm
	Flexible and robust framework that handles multiple processes, covariate-driven clustering, missing initial states, and complex dependency structures; interpretable via graph-based dependence representation; accommodates mixed covariate types
	Computationally intensive due to high-dimensional Bayesian inference; results sensitive to prior specification and graph structure assumptions; scalability may be challenging for very large numbers of processes

	Statistical Inference of Multi-State Transition Model for Longitudinal Data with Measurement Error and Heterogeneity [30]
	2023
	To extend multi-state models to handle covariate measurement error and heterogeneous random effects
	Multinomial logistic transition model with additive error and modified Cholesky random effects; inference via pseudo-likelihood/MCEM and Bayesian MCMC
	Corrects bias from measurement error, accounts for heterogeneity, improves estimation accuracy
	Relies on strong distributional assumptions; sensitive to random effects specification

	Joint Modelling of Longitudinal Ordinal and Multi-State Data [31]
	2024
	To develop a unified joint model combining longitudinal ordinal outcomes with multi-state survival processes to account for their mutual dependence
	Linked a cumulative logit mixed-effects model for the ordinal longitudinal data with a multi-state transition model for event histories through shared latent random effects; parameters estimated via maximum likelihood using an adaptive Gaussian quadrature EM algorithm.
	Captures dynamic association between ordinal longitudinal markers and state transitions; accommodates subject heterogeneity; generalises existing joint models beyond continuous markers
	Computationally heavy due to high-dimensional integration; relies on proportional hazards; model misspecification can bias dependence estimates

	Joint Modeling of Multistate and Nonparametric Multivariate Longitudinal Data [32]
	2024
	To develop a joint modelling framework for continuous-time multistate processes and multiple longitudinal biomarkers, allowing flexible (nonparametric) biomarker trajectories and assessing their effects on state transitions
	Specified a continuous-time Markov multistate model with proportional hazards, where transition hazards depend on covariates and underlying biomarker trajectories. Modelled multiple longitudinal markers using B-spline mixed-effects models with subject-specific random effects. Estimated all components jointly via maximum likelihood using an EM algorithm with quasi-Monte Carlo integration
	Accommodates complex multistate structures and multiple biomarkers; allows flexible, nonparametric longitudinal trajectories; directly quantifies biomarker effects on transition hazards; performs well in simulations and yields clinically interpretable results
	Computationally intensive with many spline bases or high-dimensional random effects; assumes proportional hazards and Gaussian longitudinal errors; limited to continuous markers

	Bayesian Analysis of Box-Cox Transformation Model for Multi-State Progression-Free Survival Data [33]
	2025
	To develop a Bayesian inference framework for the Box-Cox transformation model applied to multi-state progression-free survival (PFS) data. To address analysis challenges in censored and composite endpoint data (e.g., progression + death)
	Employed a Bayesian estimation procedure using MCMC with the Adaptive Rejection Metropolis Sampling (ARMS) algorithm
including piecewise constant baseline hazards, frailty terms
	Achieves accurate parameter estimation and stable inference in simulations and real data
	Potentially computationally intensive due to MCMC convergence and ARMS iterations. Paper gives no runtime figures or convergence diagnostics beyond burn-in choice, making it hard to assess practical scalability. Requires large samples for stability and precision. Model complexity (multi-state structure + frailty) limits interpretability

	Bayesian approach for flexible modeling of semicompeting risks data [34]
	2014
	To extend illness-death models for competing risks data by flexibly modelling the association between non-terminal and terminal events
	Introduced random effects structures generalising shared frailty models, and implemented a unified Bayesian framework for estimation and prediction
	Captures heterogeneous associations between events; improves prediction of terminal events by incorporating non-terminal event information
	Bayesian models may be computationally intensive; interpretation of complex random effects structures can be challenging; results may depend on prior specification

	Bayesian measurement-error-driven hidden Markov regression model for calibrating the effect of covariates on multistate outcomes: Application to androgenetic alopecia [35]
	2018
	Develop a Bayesian hidden Markov regression model (HMM) to correct covariate effects when multistate outcomes are misclassified
	Embedded a continuous-time multistate Markov model in an HMM, use a two-stage validation design to inform misclassification probabilities, and estimated all parameters via Bayesian MCMC with forward-backward style recursions
	Provides calibrated, less biased estimates of covariate effects and transition rates under both differential and nondifferential misclassification
	Requires a validation sub study or strong priors on misclassification, assumes correct HMM, and is computationally intensive to implement

	Bayesian semiparametric multi-state models [36]
	2008
	To develop a Bayesian semiparametric multi-state modelling framework with flexible, time-varying transition intensities and covariate/frailty effects, extending simple parametric Markov models
	Transition hazards were modelled in a Cox-type form with P-splines for baseline and time-varying covariate effects plus frailties, estimated via empirical Bayes (mixed-model) or fully Bayesian MCMC using a counting-process likelihood and martingale residuals for model checking
	Provides flexible smooth hazards that capture complex time dynamics and subject heterogeneity, improves fit over constant-intensity Markov models, and offers diagnostic tools based on martingale residuals
	Estimation is computationally intensive, depends on careful choice of priors and smoothing

	Parametric multistate survival models: Flexible modelling allowing transition-specific distributions with application to estimating clinically useful measures of effect differences [37]
	2017
	To promote wider use of parametric survival models in multistate analysis by introducing a flexible framework with transition-specific distributions and time-dependent effects
	Fitted Markov multistate models with transition-specific parametric distributions (e.g., exponential to Royston-Parmar), combined PH and AFT models, used simulation to calculate transition probabilities and length of stay, and implemented likelihood-based estimation
	Captures complex hazard functions, supports extrapolation and prediction, provides interpretable measures (transition probabilities, length of stay), facilitates cost-effectiveness modelling, and allows parameter sharing across transitions
	Current implementation restricted to unidirectional Markov models (extensions to semi-Markov, reversible transitions, and frailties are future work), and performance depends on correct parametric specification of hazards

	Partially hidden multi-state modelling of a prolonged disease state defined by a composite outcome [38]
	2019
	To develop a partially hidden two-state multi-state model to characterise prolonged minimal disease activity in psoriatic arthritis when the composite outcome is incompletely observed
	Fitted a continuous-time Markov model within a hidden Markov framework that models the outcome-defining variables given the latent state, estimated by maximum likelihood with simulation-based summaries
	Uses data from visits with missing criteria to improve precision and reduce bias in estimates of time in outcome and to compare covariate-defined groups via interpretable state-occupancy measures
	Requires parametric distributional assumptions, conditional independence and missing-at-random for the outcome components, and is more complex to implement than standard observed-state multi-state models

	Classification of disease recurrence using transition likelihoods with expectation-maximization algorithm [39]
	2022
	To develop an EM-based classification method that uses transition likelihoods of baseline and recurrent covariates to distinguish relapse from reinfection (and other causes) in recurrent infectious disease
	Specified a multinomial logit model for latent disease outcomes and covariate transition likelihoods between baseline and recurrence, then jointly estimated model parameters and posterior classification probabilities using an EM algorithm
	The approach exploits both baseline and recurrence covariate information, achieves more accurate and efficient classification than the earlier two-stage method (particularly in small samples), and naturally provides uncertainty estimates and extensions with additional transition covariates
	The method depends on correct specification of background recurrence rates and transition models, does not incorporate event times or multiple recurrences, and can become computationally challenging or unstable in high-dimensional covariate settings



Table 5 Literature relevant to Semi-Markov models
	Title	Comment by Chantelle Cornett: Table QCed
	Year
	Aim
	Method
	Benefits
	Limitations

	A Semi-Markov Model for Survival Data with Covariates [40]
	1982
	Develop a semi-Markov multistate survival model incorporating covariates and censoring
	Semi-Markov process with transient and absorbing states, proportional hazards model for transition intensities, censoring treated as an absorbing state, estimation via maximum likelihood with Newton-Raphson algorithm
	Allows competing risks, flexible specification of transition hazards asymptotic properties of estimators derived
	Requires interval grouping of sojourn times; no closed-form MLEs (needs numerical optimisation, computationally heavy)

	Estimation in a model for a semi-Markov process with covariates under right-censoring [41]
	2003
	Develop estimation procedures for semi-Markov processes with covariates under right-censoring
	Models sojourn time hazards with Cox-type proportional hazards, transition probabilities depend on covariates non-parametrically, uses maximum likelihood and product-limit estimators
	Flexible specification (hazards vs transition probabilities), handles censoring rigorously
	Assumes discrete covariates, requires large samples

	A semi-Markov model based on generalized Weibull distribution with an illustration for HIV disease [42]
	2005
	Develop a flexible semi-Markov model using generalized Weibull waiting-time distributions to better capture disease dynamics
	Introduced transition-specific parametric hazard functions (including U or inverse-U shapes), incorporated covariates via proportional hazards, and estimated parameters using maximum likelihood with model selection by likelihood ratio tests
	Provided a parsimonious yet flexible framework that outperformed exponential/Weibull models, allowed transition-specific covariate effects, and improved realism for chronic disease modelling
	Requires large samples to estimate generalised Weibull parameters reliably

	Bootstrap confidence bands for sojourn distributions in multistate semi-Markov models with right censoring [43]
	2012
	Develop nonparametric methods to estimate sojourn distributions in semi-Markov models and construct bootstrap confidence bands under right censoring
	Combines transform methods, saddlepoint inversion, and bootstrap resampling; proposes nested resampling with saddlepoint approximations to compute survival, hazard, and density functions
	Nonparametric; applicable to general finite-state semi-Markov models with feedback; provides accurate bootstrap confidence bands; handles censoring via Kaplan-Meier-based adjustments
	Requires independent, tail-estimable censoring; computationally demanding for complex systems (though saddlepoint reduces burden); bias possible if censoring distribution violates assumptions

	Estimation and asymptotic theory for transition probabilities in Markov renewal multi-state models [44]
	2012
	Develop nonparametric and semiparametric estimators for transition probabilities in semi-Markov multi-state models, and establish their large-sample properties
	Use convolution-based representations of transition probabilities, apply the functional delta method to derive asymptotics, and implement estimation with plug-in and resampling (wild bootstrap) approaches
	Provides estimators valid under right censoring and left truncation, enables variance estimation and confidence bands
	Current implementation excludes non-homogeneous models and models with loops, computation may be intensive for many states and approximations (e.g. bootstrap) may be needed

	Estimation in a Semi-Markov Transformation Model [45]
	2012
	Extend Cox’s modulated renewal process to a class of semi-Markov transformation models for multistate survival data
	Defines transformation-based hazards for sojourn times and one-step transition probabilities, develops estimation procedures for finite/infinite-dimensional parameters, uses Gaussian multiplier method for confidence bands
	More flexible than proportional hazards (captures time-varying relative risks, dissipating/diverging effects), accommodates covariates, provides inference via confidence bands
	Technically complex estimation, computationally intensive, requires strong regularity assumptions

	A multistate additive relative survival semi-Markov model [46]
	2015
	Propose a semi-Markov additive relative survival model to analyse patient trajectories accounting for excess mortality due to disease
	Extends relative survival framework to multistate semi-Markov processes, uses additive hazard structure separating expected (population) and excess (disease-related) mortality, estimation via counting-process likelihood
	Allows decomposition of background vs excess mortality, interpretable additive hazard contributions
	Assumes correct specification of expected mortality, additive hazards less flexible than proportional hazards

	A systematic model specification procedure for an illness-death model without recovery [47]
	2015
	To develop a systematic step-by-step procedure for specifying parsimonious illness-death multi-state models that improve model fit and predictive accuracy
	They start with a full semi-Markov illness-death model and iteratively reduce it using testing of baseline time scales, Markov vs semi-Markov structure, proportional baseline hazard assumptions, and equality of covariate effects, assessing each reduction with LRTs and AIC
	The approach stabilises estimates in small datasets, avoids overfitting, improves precision of hazard ratios, and yields models with better or equal predictive accuracy while remaining interpretable
	The method depends heavily on modelling assumptions (e.g., proportional hazards, shared covariate effects), may introduce bias if these are incorrect, and predictive gains may be limited when progression times are unknown at baseline

	Weibull multi-state models with misclassification [48]	Comment by Chantelle Cornett: Need to double check if individual
	2017
	The paper aims to present alternative representations of the Kaplan-Meier estimator and demonstrate how these formulations can be applied to estimate key quantities in multi-state survival models
	Provides multiple equivalent formulations of the Kaplan-Meier estimator including product-limit, weighted, redistribution-to-the-right, and IPCW forms and shows how these enable presmoothing and improved estimation of transition probabilities
	Provides population-level nonparametric benchmarks (KM/AJ estimates) that can be used to validate calibration and overall accuracy of individual-level multi-state prediction models
	Can become computationally intensive, relies heavily on correct handling of censoring mechanisms and subsampling

	A Hidden Absorbing Semi-Markov Model for Informatively Censored Temporal Data: Learning and Inference [49]
	2018
	Develop the Hidden Absorbing Semi-Markov Model (HASMM) to better represent complex clinical time series data from EHRs
	Extend semi-Markov modelling to handle irregular sampling, temporal correlation, informative censoring, and non-stationary transitions; estimate via Monte Carlo EM with particle filtering; implement real-time inference
	Provides accurate modelling of physiological processes; improves critical care prognosis
	Computationally intensive, practical performance depends on efficient implementation and scalability to larger datasets

	Bayesian nonparametric estimation of first passage distributions in semi-Markov processes [50]
	2020
	To introduce a Bayesian nonparametric approach for estimating waiting-time transitions in semi-Markov models without relying on parametric assumptions
	Apply Dirichlet process priors to model state-to-state transition times, with posterior inference primarily via Monte Carlo simulation
	Offers flexibility, clear interpretability of prior influence, straightforward implementation, and reasonable computational demands
	Current approach has limited capacity to handle censored data

	Bayesian variable selection and shrinkage strategies in a complicated modelling setting with missing data: A case study using multistate models [51]
	2021
	Develop and evaluate Bayesian variable selection and shrinkage methods for multi-state models to improve parameter estimation and model selection
	Modify existing Bayesian priors (point mass at zero, mixture of normals, horseshoe), implement estimation with Gibbs sampling or reversible jump algorithms, and incorporate grouping/ordering of covariates via prior specification
	Improves interpretability and efficiency of multi-state models, handles complex covariate structures, offers flexible shrinkage strategies
	Point mass at zero prior is computationally challenging, reversible jump algorithm is complex, horseshoe prior hyperparameters are difficult to specify and may induce strong global shrinkage, and results may depend on choice of shrinkage method

	Bayesian Blockwise Inference for Joint Models of Longitudinal and Multistate Processes [28]
	2023
	To develop computationally efficient Bayesian inference approaches for joint multi-state models with endogenous longitudinal covariates
	Proposes a block-wise Bayesian estimation strategy that decomposes the inference task, enables parallel computing, and supports flexible model specification and comparison
	Achieves accurate estimation with major improvements in computational efficiency, scalable to large and complex datasets
	Computational gains rely on parallelisation and decomposition, which may complicate implementation, Bayesian methods require careful prior specification and remain resource-intensive for extremely large models

	An augmented illness-death model for semi-competing risks with clinically immediate terminal events [52]
	2024
	Extend illness-death models to distinguish between immediate and non-immediate terminal events after a non-terminal event
	Augmented frailty-based illness-death model with logistic submodel for immediate events and semi-Markov hazard for later events; Bayesian estimation with custom MCMC
	Captures clinically meaningful heterogeneity in terminal event timing, improves model fit over standard illness-death, enables nuanced covariate effects, provides dynamic individualized risk prediction
	Parametric hazard assumptions may limit flexibility, computational burden in Bayesian estimation

	Estimation of transition probabilities and bootstrap in a semiparametric markov renewal model [53].
	1995
	To develop semiparametric methods for estimating regression parameters, renewal matrices and transition probabilities in finite-state semi-Markov models with covariates, and to study the validity of bootstrap procedures for inference
	Specify transition intensities in a Cox-type form with baseline hazards depending on backward recurrence time and covariates possibly depending on calendar and duration time, focus on the special case where covariates depend only on backward recurrence time, yielding Cox-like profile likelihood estimation for regression and baseline cumulative hazards. For semi-Markov processes with time-independent covariates, construct estimators of the semi-Markov kernel, renewal matrix and transition probability matrix via product integrals and matrix convolutions, and prove weak convergence and bootstrap consistency under right censoring
	Unifies Cox regression with semi-Markov, provides asymptotic normality for regression and baseline hazard estimators under mild extensions of Andersen-Gill conditions, yields estimators for renewal and transition probability matrices with explicit Gaussian limits, and shows that a modified bootstrap consistently approximates their sampling distribution
	The bootstrap consistency result is only weak, and requires bounded covariates and finite-support censoring

	Bayesian approach for flexible modeling of semicompeting risks data [34]
	2014
	To extend illness-death models for competing risks data by flexibly modelling the association between non-terminal and terminal events
	Introduces random effects structures generalising shared frailty models, and implements a unified Bayesian framework for estimation and prediction
	Captures heterogeneous associations between events; improves prediction of terminal events by incorporating non-terminal event information
	Bayesian models may be computationally intensive, interpretation of complex random effects structures can be challenging, results may depend on prior specification

	Flexible hazard ratio curves for continuous predictors in multi-state models: an application to breast cancer data [54]
	2010
	Propose a flexible additive multi-state modelling (MSM) framework using smooth functions to capture non-linear effects of continuous predictors 
	Apply P-splines (with REML-based smoothing selection) to estimate smooth hazard ratio curves, use semi-Markov models to relax the Markov assumption, and assess predictors through HR curves with confidence bands.
	Enables detection of non-linear predictor effects, provides interpretable smooth HR curves, identifies prognostic factors for recurrence and mortality, and supports biologically meaningful insights without prior functional assumptions.
	Choice of smoothing and reference points affects interpretation; confidence bands are pointwise, not global; optimal smoothing selection in multivariate settings is challenging; further work needed on adaptive smoothing and factor-by-curve interactions.

	Analysis of functional status transitions by using a semi-Markov process model in the presence of left-censored spells [55]
	2006
	Model functional status transitions in older populations using a semi-Markov process to capture duration effects while handling left-censored spells in longitudinal survey data
	Proposes a stochastic EM algorithm that iteratively imputes unknown elapsed durations of left-censored spells and fits a discrete-time semi-Markov transition model via conditional likelihood
	Allows duration-dependent transition modelling, retains left-censored observations instead of discarding them, avoids high-dimensional likelihood integration, and converges robustly across different initializations
	Relies on assumptions about stability of the underlying process; computationally intensive due to iterative simulation and EM steps




Table 6 Literature regarding non-Markov methods
	Title
	Year
	Aim/Purpose
	Method
	Benefits
	Limitation

	Smoothed landmark estimators of the transition probabilities [56]
	2016
	To improve landmark estimators of multi-state transition probabilities by reducing their large standard errors through smoothing techniques
	The paper introduces two smoothing strategies presmoothing and direct smoothing and applies them to components of the landmark estimation procedure
	The smoothed landmark estimators substantially reduce variability and improve efficiency compared with the original unsmoothed estimator, especially when the Markov assumption is violated
	The methods introduce additional smoothing parameters whose choice affects performance, and the estimators may still be sensitive to bandwidth selection and small-sample behaviour

	A hybrid landmark Aalen-Johansen estimator for transition probabilities in partially non-Markov multi-state models [57]
	2021
	To introduce the hybrid AJ estimator as a middle ground between AJ and LMAJ for analysing transition probabilities under non-Markov behaviour
	Defines transition probabilities as functionals of transition-specific rates, allowing a bias-variance trade-off by selectively assuming Markov behaviour in certain transitions
	Achieves lower variance than LMAJ with minimal bias cost, remains feasible in small-sample contexts, and enables transition-specific sensitivity analysis
	Performance is data-generating-mechanism dependent, with potential inferiority to AJ or LMAJ in some cases, and interpretation requires careful consideration of non-Markov behaviour

	A semiparametric transition model with latent traits for longitudinal multistate data [58]
	2008
	The aim is to develop a semiparametric multi-state transition model that incorporates latent traits to account for individual heterogeneity and correlation in repeated transitions across multiple health states
	The method specifies transition-specific multiplicative intensity models with nonparametric baseline hazards, introduces state-specific multivariate latent traits with factor loadings to model associations among transitions, and estimates parameters using a semiparametric EM algorithm with Monte Carlo integration
	Model  flexibly captures complex dependence structures including correlations within and across states and dependence between competing transitions while avoiding restrictive Markov or parametric assumptions and provides more accurate inference in heterogeneous longitudinal multi-state data
	Estimation is computationally intensive

	Direct modeling of regression effects for transition probabilities in the progressive illness-death model [59]
	2017
	Propose a new method to incorporate covariates into the transition probability matrix of right-censored progressive illness-death models
	Applies direct binomial regression, allowing time-varying coefficients, multiple covariates, and non-Markov structures
	High flexibility with no imposed structure on covariate effects, robust to violations of the Markov assumption, capable of capturing complex covariate influences that may be missed in less flexible models
	Possible inefficiency and violation of natural constraints

	Direct modelling of regression effects for transition probabilities in multistate models [60]
	2007
	To review regression techniques for estimating transition probabilities in multistate models and propose a simple inverse-probability censoring weighting (IPCW) regression approach
	Introduced a direct binomial regression framework requiring modelling of the censoring distribution, and compared with intensity-based product-limit estimators
	Provides estimates directly on the transition probability scale, is easy to implement, allows flexible regression effects, and performs reasonably well in simulations despite inefficiency
	Inefficient compared to intensity-based methods, poses challenges with time-dependent covariates and left-truncated data, and requires further development for efficiency and goodness-of-fit assessment

	Estimation of the transition probabilities in multi-state survival data: New developments and practical recommendations [6]
	2020
	To develop new nonparametric estimators of transition probabilities in multi-state models that remain valid under non-Markov assumptions
	Construct estimators using cumulative hazards weighted by first-duration information, and compare them with Aalen-Johansen and subsampling-based estimators; introduce a local graphical test for the Markov assumption
	Provides accurate estimates across scenarios, improves reliability when the Markov assumption is violated, and enables more informative testing of Markovianity
	All methods perform poorly at the right tail

	Flexible semi-parametric regression of state occupational probabilities in a multistate model with right-censored data [61]
	2018
	Propose a flexible method to estimate conditional state occupation probabilities in multistate models under right-censoring
	Uses inverse probability of censoring weighted (IPCW) re-weighted single index models (SIM) to estimate transition counts and at-risk processes, combines with product-limit formula to compute occupation probabilities, validated with simulations
	Handles non-linear covariate effects, works with multiple covariates, robust finite-sample performance, bootstrap tests for covariate effects, competitive with existing methods
	Computationally intensive, focus on baseline covariates, extension to time-varying covariates is required

	Inference for transition probabilities in non-Markov multi-state models [62] 
	2022
	The paper aims to develop and compare methods for estimating transition probabilities in non-Markov multi-state models, addressing the limitations of standard Markov-based estimators
	The authors review and extend nonparametric, landmark, and plug-in approaches for estimating transition probabilities, study pseudo-observation-based regression, and evaluate all methods using simulations and medical data examples
	The proposed methods allow valid estimation of transition probabilities when the Markov assumption is violated and offer practical tools, especially via landmarking and pseudo-observations, for analysing non-Markov processes
	The plug-in estimators rely on correctly specified intensity models, landmark estimators can be inefficient due to reduced sample size, and pseudo-values may be unstable or computationally intensive, especially under heavy censoring

	Nonparametric estimation of conditional transition probabilities in a non-Markov illness-death model [63]
	2014
	To propose methods for estimating transition probabilities in multi-state models conditional on a continuous covariate, accounting for right censoring
	Developed two local smoothing estimators with regression weights (IPCW and LIN-based), evaluated by simulations and real data
	Both estimators perform well even under non-Markov settings, provide useful covariate-specific summaries, and the IPCW approach performs particularly well for some transitions
	LIN-based estimators can yield non-monotone transition probability curves and both methods are computationally intensive, especially with bootstrap resampling

	Nonparametric regression of state occupation, entry, exit, and waiting times with multistate right-censored data [64]
	2013
	To develop nonparametric regression estimators for conditional state occupation probabilities and waiting-time distributions in progressive multi-state models, allowing these quantities to vary smoothly with a continuous covariate, without assuming Markov or semi-Markov structure
	The authors extend the Datta-Satten nonparametric multi-state estimators by computing kernel-smoothed counting and at-risk processes conditional on covariate value, combined with inverse probability of censoring weighting using Aalen’s linear hazard model to address dependent censoring
	The estimators require no parametric or semi-parametric assumptions, have closed-form expressions, and perform well in simulations
	Requires correct modelling of the censoring mechanism and may face challenges extending to multiple covariates due to dimensionality

	Pre-Smoothing Methods for Transition Probabilities in Complex Non-Markovian Multistate Models [65]
	2025
	To improve estimation of transition probabilities in non-Markovian multi-state models by reducing variability and bias from landmark time selection
	Extended the Landmark Aalen-Johansen estimator by replacing binary transition indicators with smoothed conditional transition probabilities estimated via binary regression (logit, probit, cauchit links), producing a pre-smoothed LM estimator
	Provides more stable and precise transition probability estimates under non-Markov settings, handles right censoring, reversible transitions, and complex multistate structures, improving bias and MSE especially in small samples
	Does not handle left truncation or recurrent event data

	Competing Risks and Time-Dependent Covariates [66]
	2010
	Clarify how time-dependent covariates affect competing risks and propose methods for prediction when covariates are internal
	Uses landmark-style and extended state-space approaches to model cumulative incidence conditional on covariate values at chosen times, rather than modelling the entire covariate trajectory; treats the covariate at the landmark time as a standard covariate in a competing-risks or multi-state model and estimates covariate-conditional cumulative incidences
	Avoids building a fully specified, often intractable joint model for the internal covariate process; provides implementable, regression-style tools for covariate-conditional prediction
	Relies on standard survival and censoring assumptions and on correct specification of the working hazard models, expanding the state space or using many landmark times can be cumbersome, predictions at different landmarks may not be fully coherent

	Dynamic risk prediction triggered by intermediate events using survival tree ensembles [67]
	2023
	Develop a unified tree-based framework for dynamic risk prediction with updated, possibly irregularly observed information
	Proposes an ensemble procedure that averages unbiased martingale estimation equations (instead of survival probabilities), accommodates subject-specific landmark times defined by intermediate events, and incorporates irregularly observed time-dependent covariates as predictors
	Handles large and increasing numbers of predictors without strong model assumptions; avoids small-node bias; flexibly integrates irregular measurement times into prediction models

	Assumes a fixed maximum number of repeated measurements (K) and requires further validation in diverse clinical settings with complex longitudinal data structures


	Estimation of integrated transition hazards and stage occupation probabilities for non-Markov systems under dependent censoring [68]	Comment by Chantelle Cornett: Table QCed
	2002
	To develop a fully nonparametric estimator for transition probabilities in the illness-death model without relying on the Markov assumption
	Uses conditional Kaplan-Meier estimators and inverse probability weighting to construct consistent estimators of transition probabilities under general non-Markov dependence, with variance obtained via bootstrap
	Provides valid transition probability estimation in illness-death settings even when the Markov property is violated, and performs well under realistic non-Markov dependence
	Method is restricted to the three-state illness-death structure, relies on strong support conditions for consistent weighting, and requires bootstrap resampling for inference which increases computational cost




Table 7 Literature relevant to unspecified structure multi-state models

	Title	Comment by Chantelle Cornett: Table QCed
	Year
	Aim
	Method
	Benefits
	Limitations

	The Analysis of Transition Times in Multistate Stochastic Processes Using Proportional Hazard Regression Models [69]
	1982
	To extend the Cox proportional hazards model to analyse transition times between multiple states, allowing for several transient disease states and competing causes of death in one unified framework
	Specified separate proportional hazards regression models for each possible state-to-state transition and estimated their coefficients and baseline hazards using partial likelihood and counting-process style risk sets
	Provides a flexible, interpretable way to assess covariate effects on specific transitions (including recurrent or competing events), can incorporate history-related covariates if desired
	Focuses on transition-specific hazards rather than full prediction of transition probabilities, implicitly assumes Markov behaviour unless history variables are added, and can become complex to specify and interpret when there are many states and transitions

	Using Cox Models to Study Multiepisode Processes [70]
	1989
	To show how Cox proportional hazards models can be used to analyse recurrent processes, capturing how the risk of an event changes across repeated spells for the same individual
	Represented each episode as a separate spell in a Cox model with episode-specific covariates and design choices for how coefficients vary (or are constrained) across episodes, estimated via standard partial likelihood
	Provides a flexible and relatively straightforward way to study duration dependence and covariate effects over multiple episodes, and to test hypotheses about whether the impact of predictors changes from one spell to the next
	May require strong coding and modelling choices for episode effects, and can become cumbersome when there are many episodes or complex histories

	Censored regression with the multistate accelerated sojourn times model [71]
	2002
	To develop a regression approach for state-specific sojourn times in progressive multi-state disease processes that can handle censoring without imposing Markov or semi-Markov assumptions
	Proposed a multi-state accelerated sojourn times model with semi-parametric estimating equations that directly relate covariates to each state’s sojourn time under an independent censoring assumption
	Allows interpretable time-ratio effects for each state, accommodates unspecified dependence between sojourn times, and includes large-sample inference and diagnostics
	Assumes progressive processes with independent censoring, and is relatively complex to implement with no standard software

	Dynamic Prediction by Landmarking in Event History Analysis [72]
	2007
	To explore extensions and refinements of landmarking methods for dynamic survival prediction using proportional hazards models
	Developed pseudo-likelihood approaches with risk-set corrections, varying prediction horizons, and time-dependent regression coefficients, compareed original vs. reset time scales
	Provides flexible modelling framework for dynamic prediction, accommodates time-dependent covariates, preserves risk set structure, and allows biologically motivated extensions (e.g., autoregressive covariate models)
	Predictive gain from more complex extensions may be limited, coherence across landmarks is difficult to ensure

	Multiple time scales in multi-state models [73]
	2015
	To investigate the role of multiple time scales in multi-state models and propose flexible approaches for modelling transition hazards that depend on more than one time variable
	Extended proportional hazards models to include multiple time scales (Efron’s two-way PH model), implemented using Poisson regression with time-splitting, and applied likelihood-ratio tests for model selection
	Captures dependence on multiple timing variables, improves model fit and interpretability, avoids rigid assumptions, and provides practical tools for implementation and simulation-based prediction
	Simulation may be required, and interpretation of regression parameters can be challenging without graphical support

	Boosting multi-state models [74]
	2016
	To propose a boosting approach for multi-state model building that achieves structural parsimony, interpretability, and stability
	Used structured additive modelling with boosting to detect and combine structural information across transitions, accommodating non-linear covariate effects
	Provides a practical alternative to LASSO for complex models, enables structured cross-transition effect estimation, and supports interpretable, parsimonious model building
	Theoretical challenges remain for incorporating frailty terms, automated time-scale selection is unresolved, and extension to multiple time dimensions requires further methodological development

	Regression models for expected length of stay [75]
	2016
	To develop regression models for expected length of stay (ELOS) in multi-state models that relate ELOS directly to covariates, without relying on the Markov assumption
	Defined ELOS via state-occupation probabilities, estimated these non-parametrically using the Aalen-Johansen estimator at landmark ages, constructed pseudo-observations for each subject and state, and then fitted generalised estimating equation (GEE) regression models (including landmark “supermodels”) with ELOS as the outcome
	This approach gives directly interpretable covariate effects on remaining time in each state, accommodates time-dependent covariates and non-Markov behaviour through landmarking, and can be implemented with standard multi-state and GEE software
	The method depends on consistent estimation of state-occupation probabilities (including correct handling of censoring and left-truncation), may yield negative ELOS under an identity link, and its performance, especially for the non-strict version with substantial left-truncation, still lacks full theoretical justification and requires further study

	Non-parametric estimation of transition probabilities in non-Markov multi-state models: The landmark Aalen-Johansen estimator [76]
	2018
	To develop a simple non-parametric estimator, the landmark Aalen-Johansen estimator (LMAJ), that provides consistent estimates of transition probabilities in general non-Markov multi-state models, avoiding unrealistic support restrictions and improving performance over existing subsampling methods
	Selected subjects who are in a chosen state at a pre-specified landmark time, computed partly conditional transition rates within this subsample, and applied the Aalen-Johansen product-integral to these landmark-restricted data to estimate transition probabilities under non-Markov settings
	The estimator is non-parametric, easy to implement, robust to violations of the Markov assumption, avoids restrictive censoring-support conditions, works for general multi-state structures, and shows good small-sample performance in simulations
	Accuracy depends on having enough subjects at the landmark time (sparsity issue), it requires separate estimation for each landmark time and state, it does not incorporate covariates, and it may be less efficient than fully model-based approaches when the Markov assumption actually holds

	Modeling the hazard of transition into the absorbing state in the illness-death model [77]
	2020
	To provide a practical strategy for modelling the hazard of death in an illness-death model that can distinguish and accommodate Markov, semi-Markov, and more general time-dependent structures
	Used a series of transition-specific regression models on different subsamples defined by time scales (e.g. time since entry, time since illness, and timing of illness) to diagnose which time dependencies are present and then fitted corresponding flexible hazard models for the death transition
	Offers a clear, data-driven way to choose between Markov, semi-Markov, and extended specifications for the death hazard, potentially improving model fit and clinical interpretability in illness-death settings
	Is tailored to the illness-death framework with a single intermediate state, relies on proportional hazards-type models and adequate events in each subsample, and may be relatively complex to implement in routine practice

	Parametric landmark estimation of the transition probabilities in survival data with multiple events [78]
	2022
	To propose a parametric landmark-based approach for estimating illness-death transition probabilities that remains valid without the Markov assumption and can perform well when that assumption is violated
	Used subsampling at chosen landmark times to form state-specific risk sets and then fitted generalized gamma survival models to event times within each subsample, from which the relevant transition probabilities are derived
	Provides transition probability estimators that are explicitly free of the Markov condition, can be more efficient than nonparametric landmark estimators, and are flexible enough to capture complex non-Markov patterns in illness-death data
	Is tailored to progressive illness-death settings with one intermediate state, relies on correct specification of the generalized gamma models and sensible choice of landmark times, and is not yet widely implemented in standard software

	Landmarking for Left-Truncated Competing Risk Data [79]
	2024
	To extend the landmarking framework to competing risks with left-truncated data
	Developed a landmark Cox model for cause-specific hazards that correctly adjusts for delayed study entry (left truncation) and competing outcomes; extended to a landmark supermodel combining information from multiple landmark times via time-smooth parameter functions (polynomials in landmark time); used Breslow-type estimation under random truncation; evaluated performance through simulation comparing to time-dependent Cox and multi-state models
	Enables dynamic prediction in the presence of competing risks and delayed entry, retains interpretability and computational simplicity relative to multi-state models
	Computational load increases with number of landmarks, relies on proportional hazards and smoothness assumptions in supermodels, small-sample bias may occur under heavy truncation
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