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Replicating health economic models

Abstract

Health economic evaluation is a framework for the comparative analysis of the inaidmeafth gains

and costs associated with competing decision alternatives. The process of develdiriregbeamic
models is usually complex, financially expensive and time consuming. For thesesreasoie!
development is sometimes basedbogvious model-based analyses: this endeavour is usually referred
to as model replication. Such model replication activity may involve the compredeaproduction

of an existing modebr “borrowing’ all or part of a previously developed model structure. Generally
speaking, the replication of an existing model may require substamgisdl\effort than developing

new de novo model by bypassing, or undertaking in only a perfunctory manner, certais@tspedel
development such as the development of a complete conceptual model and/or comprehensiee literatur
searching for model parameters. A further motivation for model replicatepnbe to draw on the
credibility or prestige of previous analyses which have been published aseldorouinform decision-
making. The acceptability and appropriateness of replicating models depends eciglmn-dnaking
context: there exists a trade-off betwek‘savings” afforded by model replication and the potential
“costs” associated with reduced model credibility due to the omission of certain stiagesdel
development. This paper provides an overview of the different levels of, anétiwotsfor, replicating
health economic models, and discusses the advantages, disadvantages and caveats adisdhiated wi
type of modelling activity. Irrespective of whether replicated models shouwdrsgdered appropriate

or not, complete replicabilitis generally accepted as a desirable property of health economic models,
as reflected in critical appraisal checklists and good practice guidelinessTanthithe feasibility of
comprehensive model replication is explored empirically across a small number of recent case studi
Recommendations are put forward for improving reporting standards to enhance comprehesive

replicability.

Key pointsfor decison makers

e Model replicability is generally perceived to be an indicator ofjtiedity of published models.

o Model replication is associated with both advantages and disadvantages. Replication may be
quicker and less expensive than developing a de novo model, however model authors should
be aware that these “savings” may impact upon the credibility of the model.

e Our pilot study indicates that even amongst a very small sample of studies, the majority of the

models considered could not be fully replicated.



Replicating health economic models

INTRODUCTION

Health economic evaluation represents a framework for the comparative analysis ofdheimalt
health gains and costs associated with competing decision altern@iivess that a single source of
evidence, such as a randomised controlled trial (RCT), rarely providdstadl elevant information
necessary to estimate costs and health outcomes for all decision alternathesmatical models are
typically required [1]. However, the process of health economic model developrmEorhisonly
complex, financially expensive and time consuming. For these redaBerngevelopment of a model
may draw on previous model-based analyses. The extent to which this is done varies betywsen an
sometimes the new model is based only on an existing model structure, whilst in odrereinshe
new model may be developed with the intention of fully reproducing the functioaati results of a
previous model. This broad endeavour is usually termed model replication.

The replication of models is generally undertaken using a publication and/or othtan wri
documentation describing the existing model. Consistent with the basic principlles scientific
method [2], complete replicability, at least in principle, is generally perdéo be a desirable property
of amodel and may be considered as one facet of the quality of a model-based artaby/sigw is
well supported within the literature. For example, the International SocietydomBboeconomics and
Outcomes Research (ISPOR) Task Force on Good Research Practices stéatesddatiption of the
model should be sufficiently detailed that the model can be replicated mathematically” [3]. Similarly,
the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) chetthtibt has
been adopted by many journals to improve the quality of reporting of economictievaktadies,
recommends the reporting of all assumptions and model parameters that would béoneedsatier
to potentially reprogram the model and to replicate its findings [4]. Géiweral sentimeris also
mirrored within other critical appraisal checklists and related literatnrthe quality assessment of

health economic modeJs-7].

However, these requirements for complete replicability of models are not tydidhl enforced.

Given that the focus of such recommendations lies in the potential rathénéhactual replication of
models, authors and publishers must inevitably apply discretion in reaching judgements abaut wheth
model-based health economic analyses can be considered truly replicable. The exkach ttisv
criterion is met within published analyses is currently unknown and is the tsofig@congoing research
study [8]. This paper provides an overview of the different levels of, andatiotis for, replicating
health economic models, and discusses the advantages, disadvantages and caveats asisdbiated wi
type of modelling activity. In addition, the feasibility of comprehensive mj#icationis explored
empirically across a small number of recent case studies. Recommendations anevanat for

improving reporting standards to enhance health economic model replicability.
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MOTIVATIONS, ADVANTAGES AND DISADVANTAGES OF MODEL REPLICATION

Pur poses of model replication

There are several motivations for replicating published models and their associdysdsarfeor
example,a model author may wish to evaluate a new intervention or assess an extgiugntion
against different comparators using a model structure which has been previonglg dafl agreed as
being appropriate as part of an earlier decision-making process. Altepativebdel author adopting
one particular modelling methodology may wish to reproduce a published model using anvaternat
approach in order to compare and contrast the results. In other instances, modehzajttsmek to
replicate an existing model structure and accompanying parameter inputs in ordesdccestain
structural assumptions that are deenmagpropriate for the current decision problem, to incorporate
alternative and/or newer evidence, and/or to adapt the model parameters to ee@achéhdecision
problem within a different geographical health care jurisdiction. Modelcagmin may also &
undertaken retrospectively for the purposes of cross-validation: for exampldrubtire and/or
parameters of a new model may be manipulated to determine witeteproduce similar results to
previously published analyses. Across all of these situations, there ssaargounderlying assumption
that the conceptual basis of the published model structure is adequadtassahe current decision
problem, or at least that it does not prohibit any necessary adaptatioredegufully address the

current decision problem.

Levelsof mode replication

Broadly speaking, model replication can be thought of in terms of a spectrurtivaf aghich is
dependent both on the purpose of the replication exercise and the extent to which ti@ioresi
implemented. At one end of the spectrum, the model author may attempt to comprehezslicale
a published model in its entirety, with the intention of reproducing thet egsults presented in a study
publication or report (e.g. an incremental cost-effectiveness ratio [IG&Ra given economic
comparison or set of comparisons). There are several examples of comprehensive nicatedmapl
the literature. For example, Woods and Rizzo replicated a previous model of antalgpties®spies
in order to revise the key assumptions around success rates and treatment doicttiorfluenced the
ICER [9]. In another example, Smolen et al. replicated a published model of ormabutakinA for
the treatment of chronic migraine, originally developed by Batty et dl. fdi0the purposes of future

adaptation and expansion [11].

At the other end of the spectrum, the model author may attempt to reglidgtthe published model
structure, without fully mimicking the decision problem in which that structase anginally applied.

In such instances, the goal is not to reproduce the published ICER, and the regammadoifully ensure
that the original model has been accurately replicated without doirfgasieer, the intention is to

“borrow” the published model structure to address a different decision problem to thati¢britwvas

4
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initially developedThere are numerous examples of “borrowing” existing model structures within the
published literature as well as within independent health technology assessmets &sgbr
pharmaceutical company submissiémbealth care reimbursement agencies. For example, the general
hybrid decision tree/Markov structure developed for the assessment of glycopbdtiégfdntagonists

for the treatment of non-ST elevation acute coronary syndromes (ACS) developecheydtall. [12]
(later cited in Briggs et al. [1ivas subsequently used to inform appraisals of other products within the
National Institute for Health and Care Excellence (NICE) Technology Appraggigme, including
ticagrelor for the treatment &4CS [13] and bivalirudin for the treatment of ST-segment-elevation
myocardial infarction [14]. Similarly, the School of Health and Relateg@&eb (SCHARR) Multiple
Sclerosis (MS) Model [15], which was gitally developed to inform NICE’s appraisal of beta
interferon and glatiramer acetate, despite various modifications and adaptatigris {lte¢d as the
source of the general model structure used by the manufacturers of productsubsaljuently
completed NICE appraisals of disease-modifying therapies for MS [17-21]. A festherple is the
York Psoriasis Model: this model was initially developed within NICE TeldgyoAppraisal 103 [22]

and was explicitly adopted by the manufacturers in subsequent appraisalixohah [23],

adalimumab [24], and ustekinemab [25].

Alternatively, the model author may attempt to replicate a published madetddn part of tHe de
novo model structure. This involves replicating the published model strucdliieputs for use aa
“sub-model” within the broader structure of the new model (although in some instancey iban
possible to simply use the original model outputs as input parameters to the new itramlel fudly
replicating its structureyor example, within their economic analysis of oxaliplatin and capecitabine
for the adjuvant treatment of colon cancer, Eggington et al. [26] repliaatexdiel of treatments for
metastatic colorectal cancer [27] to inform downstream costs antl besdbmes for relapsl patients
(in this case, the original model was available hence it was unnectsgaly rely on the reporting of
the study publication). In another example, Kearns et al. [28] produced a modettisigniaint costs
and outcomes of service reconfiguration options for type 2 diabetes and deprdsstoinwolved
replicating the underlying structure and inputs of a published depression r2@dahfl the United
Kingdom Prospective Diabetes Study (UKPDS) outcomes model (version 2) [30-32pbabe study

publications.

The advantages and disadvantages of model replication

Irrespective of the extent to which it is applied, model replication may be assowiilh two clear
advantages. Firstly, replicating an existing model may require consideral@fftesdime and expense

than developing@de novo model as a consequence of bypassing, or undertaking in only a perfunctory
manner, certain stages of model development such as conceptual modelling anaéorecitierature

searching for parameterSecondly, the use @f previously accepted model structure and previously
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identified evidence sources may increase a decisige:’s confidence in the analysis of the new

technology. t this sense, it is not only the model structure and inputs which are being “borrowed”, but

also the credibility or perceived prestige of the original model arfsorg its publication in a peer
reviewed journal or from its acceptance and use by decision-makers. Model implicay however
also be associated with some important disadvantages. In particular, twoderjying assumptions
associated with the use of replicated models should be noted: (i) the existiabstnucture is suitable
to address the new decision problem, and; (ii) the existing model was suitableessatidrdecision
problem for which it was originally intended. Importantly, neither of these gdguma necessarily hold

true.

The first assumption may be unsound for older publications of models which fare poorlyudded |
against currently accepted views of best practice, for models which do not adterend economic
reference casesd for those which reflect outdated theories of disease natural histaytadated
treatment pathways and/or evidence. For example, in the NICE technology apgra@saltmib for
previously treated chronic myeloid leukaemia (CML) [33], the company used an approach to
extrapolate overall survival from a surrogate relationship between major cyiogersgtonse and
overall survival that was based on an analysis undertaken within a preyipreasal for another
treatment for CML [34]. The Appraisal Committee concluded that there was aaid@lancertainty
whether a study that had assessed imatinib escalation for CML could playgibl to bosutinib in the
third-line setting. A further example of questionable model replication caalémind in the NICE
technology appraisal of multiple biologic treatments for rheumatoid arthrifi$. (R this appraisal
[35], all six companies submitted models which, based on previous appraisaB¥]3fade the
structural assumption that Health Assessment Questionnaire Disease Index jHA®eRsed linearly
while on conventional treatments. Conversely, the Assessment Group modelled non-lice&! HA
trajectories using a latent class approach based on a recent relevant odpb\et al. [38]. Finally,

in the NICE appraisal of olaparib for relapsed ovarian cancer, the companyedustifir semi-
Markovian model structure through reference to the previous appraisal of levalsifor the first-line
treatment of ovarian cancer, although the exact definitions of health sttaesddbetween the models.
The ERG had serious concerns regarding the restrictive assumptions adopted within the “borrowed”
structure and its inability to generate plausible overall survival predgtishich reflected the empirical
results of the trial used to infortiee model’s parameters (an issue which was most likely caused by the
adopted structure). The Appraisal Committee notedith@abmpany’s structure was “unconventional”
and expressed concerns regarding the plausibility of the extrapolation of sueriaial data generated

usingthe company’s adopted structure.

The assumption that the replicated model was suitable to address the decision forollnh it was

originally intended may also be invalid as neither the prior acceptance andwuseaé| by a decision-
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maker nor the journal peer review process are perfect signals of model.doatisequently, there is
arisk that what is perceived to have been suitable before is not suitable now, and méanebeen
suitable in the first place. It should further be recognised that when mgl@ptiexisting structurie
would be unwise to entirely bypass the development of a de novo conceptual model. On ang contr
the new conceptual model should be compared with models identified through literaturessaacth
should be discussed with clinical and economic experts to ensure its appropriatengsstad-ad so
may lead to the loss of an important point of model validation [39] and can ingsigetions on the
available choices about how evidence can best be used to inform the current dedidémn. grous,
whilst the intention of model replication may be to borrow credibfliom an existing structure, its

unthinking use may produce the converse result.

FEASIBILITY OF COMPREHENSIVE MODEL REPLICATION - A PILOT STUDY

If a model developer intends to replicatenodel and its results, the advantages of such activity can
only be realised if the published model is actually fully replicable. In ordessesa the feasibility of
comprehensive model replication, we undertackmall pilot study in which we attempted to fully
reproduce five recent economic analyses published in Pharmacoeconomics betweenaAdigust
November 2016 [40-44]. For each study, the feasibility of replicatmgnlalyses was explored through
consideration of published information relating to model structure, assumptions andoaragetter
values (see Table 1) within the full study publication and any supplementary materiall@\ailatz,

but excluding information reported in other papers or reports. As one of the includieds nwvas
developed by one of the authors of this paper (PT), the replication of this modah#dersaken
independently by a different author (IB).

Across the five case studies,rauodel replication efforts were met with limited success: two models
were fully replicated (Versteegh [44] and Tappenden et al. [41]), two modetsumequivocally not
replicable (Oddershede et al. [43] and Davies et al. [42]), and one maleloteatially replicable
although the replication process failed in this instance (Elvidge et d)l. [d€je two instances whereby
the models were reproduced, there were discrepancies between the replicated modelddboke an

reported within the study publications.

The model reported by Davies et al. was based on analyses of the puBli3R&ddiabetes model
(McEwan et al. [45]) which has been previgussed to inform a number of reimbursement decisions.
This paper included a model structure diagram but only parameter values rtdatirgy baseline
characteristics of the model population and treatment effect parameters. Reseuied usost
parameters were reported as supplementary material, however, the event probabilis&segudtions
were not. Consequently, full model replication failed. The paper by Oddershede [4B] was

principally an economic evaluation alongside a clinical trial (EEACT), but ieduldng-term
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modelling beyond the observed study period using generalised linear models (GLMs)hg&3. T
GLMs were calculated from individual patient data and no details were provided on their covariates or
coefficients; asuch, it was not possible to replicate the published results. Within the pppded by
Elvidge et al. [40]), the reporting of the model structure and parameter inpugewaally clear,
however the model structure diagram did not exactly match the implemented modeha@ vithitin

was determined through subsequent personal communication with the authors. As a consetiience of
ambiguity, the replication of the Elvidge et al model was abandoned. With respetrtedel by
Tappenden et al. [41], replication was possible, as the description of the model structure vaasl clear
the list of parameters used in the model was fully reported. However, some reportquavainitities

were subject to rounding errors which led to differences between the publeshdts and those
generated using the replicated model. Based on the information provided in the paper and the
supplementary material, the analyses reported by Versteegh [44] were simpledocepalthough

minor additional assumptions around other-cause mortality and half-cycle correctmmegeired
However, whilst the modelled incremental health gains were broadly similar netiveeeplicated

model and the original publication, the incremental costs remained consistentlyrdlereplicated
model, thereby also affecting the accuracy of the ICERs. A second author (Périddatly attempted

to replicate the Versteegh model; however, this further analysis producéat siisirepancies to the

first replicated model.

Table 1. Feasibility of comprehensive model replication across five published case study models

[INSERT TABLE 1 HERE]

BARRIERSAND FACILITATORS
Barriersto comprehensive model replication
Several barriers may hinder or preclude comprehensive model replication. In particular, these includ

¢ Inadequate and/or insufficient reporting of the model and/or its inphis:rifay relate to the
exclusion of certain model parameters or a lack of correspondence betweeplémeented
model and the reported model. Insufficient reporting of the model may lead to toositua
whereby analysts must make assumptions about the model structure and/or its pararaeters; thi
can lead to discrepancies in the replicated model results.

o The use of ambiguous language: The description of the implemented model maydeambi
and open to multiple interpretations; this may affect all forms adehreplication and may
lead to discrepancies in replicated model results.

¢ Confidentiality of model inputsConfidentiality of input parameters represents a particular
problem in someUK-analyses undertaken to inform the NICE Technology Appraisal

Programmesmanufacturers of a product may offeconfidential price discount as part of a
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Patient Access Scheme (PAS). Unless the ICERs generated using the ligifghegsoducts
are available, it is unlikely that full model replication will be possibladdition, the published
model may have been parameterised using datasets that are not publicly available
Comprehensive replicability of the health economic model may also require fldisdise of
all statistical models used to derive the health economic model parameters.

e Reporting limits Journal publication limits may restrict full reporting of models. This is likely
to be an issue for highly complex models and/or those which feature anlamgeer of
parameters. In addition, the implementation of complex model assumptions and algooithms, f
example, patient-level simulations involving multiple competing events and updbéngnts,
may be technically challenging to reproduce and may require additional assumptions which
deviate from those applied in the original model.

e Errors in original publications: Unidentified programming errors in their@ignodel may

lead to difficulties in replicating published model results.

Alongside the barriers described above, other practical difficulties may alsoFaisexample, if a
different modelling methodology is adopted for comparison purposes, e.g. conepindished
Markov model toa discrete event simulation, parameter inputs may need tedsimated to reflect
the data structures of the new methodology. This may require additional assumptieiisassnew
statistical analyses. In instances whereby the original structure is uséeé llatd inputs are updated,
some aspects of the structural arrangement and model assumptions may be revided tineef
structure of the new data and the characteristics of the target populatierialn instances, the original
structure of the published model may have been heavily influenced by the ndhg@weént risk data;
if the model structure is to be replicated and subselyuadapted to reflect costs and outcomesafor
different population, the existing structure may no longer be able to accommodate taadvinally,
the complexity of some models might render their full replication based swiedypublished paper
unrealistic. Modellers interested in replicating such models would be best atlviapgroach the

authors of the replicated model.

Suggestionsfor improving mode replicability
A recent survey of health economic stakeholders suggested that across all stakahdldetsntries,
making health economic models available in an open format was considered toflogabgfid. The
provision of open source models would circumvent problems around model replicabilgyisTh
however not universal practice; in the absence of such a policy, the follsugggstions may serve to
improve the replicability of published models.

e The stronger enforcement of transparent reporting standards such as theSCtheERist [4)

may increase the number of models which are fully replicable. Most importantlicatidnls
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describing models should include a comprehensive description of the model structufaland

list of model assumptions and input parameters. The use of supplementary appendices may be
helpful in this regard. Wherever possible, model authors should seek to fiftertiality of

all input parameters prior to publication. Ensuring model replicakilipyincipally the concern

of the model author, the main incentive for which is the increased credilfilitye model

through its transparent reporting.

e Model authors should ensure that the description of the model structure, assanapii
parameter sources presented in written documentation reflects the implemented model.
Specifically, authors should ensure that diagrams and text are not ambiguous or open to
multiple interpretations. For highly complex models, the use of separate diagrams fof parts o
the model may be helpful.

e Publishers could require submitting authors to include a statement in any writteredtation
confirming that the model and its results could, in principle, be reproducadcbynpetent
analyst.

e Improving reporting of exact data sources and relevant analytic methods used to ansé¢yse tho
data may increase the transparency of parameter estimation. This includes notiraply cit
studies which report the general specifications of the dataset, butreléding information

about how the data have been used within the model.

CONCLUSIONS

Model replication can take several forms, ranging from comprehensive reproductiom wiotel
structure and its results to the borrowing of a previously accepted modrlgtruComprehensive
replicability is generally perceived to be a desirable property of health economic models, however, th
acceptability and appropriateness of using previously published models depends on the decision-
making contextwhen this type of modelling activitig pursued, model authors should be mindful of

any important aspects of the model development process which have been omitted aheereliethe
replicated model to the current decision problem, as well as any criticisrad kgainst the original

model. Our pilot study indicates that from only a very small sample of ecomoadelling studies,
comprehensive model replication is not always possible; further analyses @ireddq clarify the

extent of this problem.
Data Availability Statement
The replicated models generated during the current study are availablééropriesponding author

on reasonable request.

Compliancewith Ethical Standards
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IB, PT and JY did not receive any funding to support the drafting of thisustript and have no
conflicts of interest to declare. PT attempted to replicate foureofite models included in the pilot
study. IB replicated the remaining model. JY replicated one of the models. IB, PY aedealinvolved

in writing the manuscript.
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Table 1. Feasibility of comprehensive mode replication acr oss five published case study models

Replicating health economic models

Authors Title Disease Model M odel List of Full parameter list Wasfull replication
area type structure | assumptions | reported successful?
diagram | reported
reported
Elvidge et | Cost effectiveness of characteris| Knee Markov Yes Yes. Provided| Yes. Supplementary No. The model structure
al [40] chondrocyte implantation for defects in text appendix provides diagram does not exactly
treatment of cartilage defects of survival model match states in implemente
the knee in the UK parameters and model. This led to some
distributions. difficulty in fully mapping
the transition probability
inputs to the state transition
matrix.
Versteegh | Impact on the incremental cost- | Multiple | Markov Yes Yes. Provided| Yes, excluding life Yes, but with discrepant
[44] effectiveness ratio of using sclerosis in text and tables. results.
alternatives t&Q-5D in a Markov supplementary
model for multiple sclerosis material
Tappenden| A model-based economic Ulcerative | Markov Yes Yes Yes, excluding life Yes. Minor differences
et al [41] evaluation of biologic and non- | colitis tables. between published and
biologic options for the treatment replicated results, likely due
of adults with moderatelie- to rounding errors.
severely active ulcerative colitis
after the failure of conventional
therapy
Oddershedq Cost effectiveness of protease | HIV EEACT No No No. Restricted to No. GLM equations were
et al [43] inhibitor monotherapy versus treatment | with long- resource use parameter| not reported, hence surviva
standard triple therapy in the long term and QALY estimates could
term management of HIV patient modelling not be replicated for either
Analysis using evidence from the treatment group
PIVOT trial
Davies et all Cost effectiveness of IDegLira vg Type 2 Patient- | Yes No No. Event probabilities | No.
[42] alternative basal insulin diabetes | level not reported.
intensification therapies in patien| mellitus | simulation
with type 2 diabetes mellitus
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Replicating health economic models

uncontrolled on basal insulin in a
UK setting

Abbreviations: EEACT, economic evaluation alongside a clinical trial; EQ-5D, EuroQuoiéndions questionnaire; HIV, human immunodeficiency yirus
GLM: generalised linear model; QALY: quality-adjusted life year
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