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Abstract

Objectives This research aims to (1) replicate published health economic models, (2) compare reproduced results with origi-
nal results, (3) identify facilitators and hurdles to model replicability and determine reproduction success, and (4) suggest
model replication reporting standards to enhance model reproducibility, in the context of health economic obesity models.
Methods Four health economic obesity models simulating an adult UK population were identified, selected for replication,
and evaluated using the Consolidated Health Economic Evaluation Reporting Standards (CHEERS) checklist. Reproduction
results were compared to original results, focusing on cost-effectiveness outcomes, and the resulting reproduction success
was assessed by published criteria. Replication facilitators and hurdles were identified and transferred into related reporting
standards.

Results All four case studies were state-transition models simulating costs and quality-adjusted life-years (QALY's). Compar-
ing original versus reproduction outcomes, the following deviation ranges were observed: costs — 3.9 to 16.1% (mean over
all model simulations 3.78%), QALYs — 3.7 to 2.1% (mean — 0.11%), and average cost-utility ratios — 3.0 to 17.9% (mean
4.28%). Applying different published criteria, an overall reproduction success was observed for three of four models. Key
replication facilitators were input data tables and model diagrams, while missing standard deviations and missing formulas
for equations were considered as key hurdles.

Conclusions This study confirms the feasibility of rebuilding health economic obesity models, but minor to major assump-
tions were needed to fill reporting gaps. Model replications can help to assess the quality of health economic model docu-
mentation and can be used to validate current model reporting practices. Simple changes to actual CHEERS reporting criteria
may solve identified replication hurdles.
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Method replicability and result reproduction are common
criteria of high-quality research to assure scientific rigor,
but have received little attention in health economic
evaluation so far.

Model replication and reproduction of the results of
published health economic obesity decision models were
conducted for the first time ever. Our study confirms

the feasibility of replicating complex obesity models,
although some challenges were identified.

Small changes to existing reporting criteria have the
potential to increase the transparency of model report-
ing and may increase the reproduction success of health
economic modeling results, which may subsequently
increase the transparency and acceptance of health eco-
nomic modeling studies.
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1 Introduction

Method replicability and reproduction of results, which in
other disciplines are common criteria of adequate research
reporting to assure scientific rigor, are gaining importance
in the field of health economic modeling, and have been the
subject of recent studies [1, 2]. In the field of health economic
modeling, the topics of research reporting, model transpar-
ency, and model quality have been commonly discussed and
investigated in great detail; this is reflected in the availability
and application of multiple quality and reporting standards
for health economic assessments [3—5]. A recently published
review investigated the definitions of replicability in other
disciplines, and produced a set of definitions for the success
of result reproduction in health economic modeling [6]. This
approach goes beyond the usual topics of reporting standards,
transparency, and quality. The issues of model replication and
the reproduction of results have not yet been explored within
health economic obesity decision models, which is especially
relevant because obesity is a complex disease with several
comorbidities. Consequently, complex modeling frameworks
simulated over long-term horizons are required, and these
carry the potential risk of errors by the modeler and/or mis-
interpretations by the reader. In order to investigate the repro-
ducibility of results in this context, we have selected health
economic obesity models for replication, on the basis of a
previously published systematic review [7, 8] and on the basis
of previously published structural quality criteria for health
economic obesity models [9]. The field of obesity modeling
is in general very diverse; this is driven by multiple preven-
tive and therapeutic approaches and multiple complications
and comorbidities, which have triggered the development of
various unique modeling approaches. Of 87 systematically
identified obesity model publications, 69 (79% of the total)
were based on unique modeling approaches [7], whereas in
type 2 diabetes, of 78 systematically identified published mod-
els, only 20 (26% of the total) were based on unique mod-
eling approaches [10]. This observed difference might also be
based on the fact that there are currently no attempts to align,
compare, and validate obesity modeling approaches, such as
the still ongoing Mount Hood challenge for type 2 diabetes
[11-13]. Furthermore, it was found that most of these unique
obesity models lack an external event validation [8], making
the replication of obesity models specifically an interesting
research exercise.

According to previously published research in the field of
model replication, comprehensive replicability is generally
perceived to be desirable in health economic models [1],
but additional work is needed to understand how to improve
model transparency and in turn increase the chances of
successful result reproduction [2]. These existing publica-
tions state that further work is needed to better understand
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facilitators and hurdles, and to define standards that could
ultimately increase the chances of replication. Accordingly,
our research goes beyond currently published approaches
and investigates model replication and result reproduction
in complex obesity models, with a special focus on a sys-
tematic assessment of results reproduction success and on
identifying solutions for improving current reporting stand-
ards to enhance model replicability.

Therefore the objectives of our research were (1) to rep-
licate published health economic models in obesity, (2) to
compare the reproduction results to the original results,
(3) to determine facilitators, hurdles, and challenges of the
replication process and to assess the reproduction success
measured by different definitions suggested by McManus
et al. 2019 [6], and finally (4) to suggest model replication
reporting standards to enhance model reproducibility.

2 Data and Methods
2.1 Model Selection and Model Overview

Based on a previous systematic review identifying 87 health
economic obesity models [7, 8], the models for replication
were selected using an expert panel consensus [9]. The panel
assessed the key structural modeling approaches applied in
published obesity models, and provided an expert consensus
to improve the methodology and consistency of the appli-
cation of decision-analytic modeling in obesity research.
In order to select high-quality obesity models, the related
minimal structural requirements for health economic obesity
models were applied, consisting of the following criteria: (1)
simulation time horizon: long-term (lifetime or comparable)
[n =55 of 87]; (2) model type: state transition model (STM)
or discrete event simulation (DES) [STM n = 74 or DES n
=2 of 87]; and (3) events simulated: at least coronary heart
disease, type 2 diabetes and stroke (n = 39 of 87). To assure
that the models were simulating a comparable setting and
patient population, the United Kingdom (UK) country set-
ting (n = 15 of 87) and the adult population were used (n =
70 of 87) as final model selection criteria, which resulted in
four health economic obesity models [14—17]. Additional
details of this step-wise model selection process are pre-
sented in the appendix (Online Resource 1, Table 6; see the
electronic supplementary material).

The details of these health economic models are pre-
sented in Table 1.

The first obesity model (case study 1) is based on exten-
sive research, informed by a systematic review, a mixed
treatment comparison, and a lifetime health economic
Markov modeling approach, consisting of 13 health states.
This research was funded by the UK National Institute for
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Health Research Health Technology Assessment (HTA) pro-
gram and is presented in a full-length HTA report, includ-
ing an appendix with the health economic model, published
in Health Technology Assessment [14]. The second obesity
model (case study 2) is based on a systematic review focus-
ing on interventions based on food purchasing patterns,
and used a long-term health economic Markov modeling
approach consisting of nine main health states. Although the
model description in the original paper, published in Nutri-
tion & Diabetes, is very brief, the publication is accompa-
nied by an extensive appendix in which all relevant informa-
tion on the modeling approach and on the underlying input
data can be found [15].

The third obesity model (case study 3), funded by an
industry research grant, is based on intervention-related clin-
ical trials simulated over a lifetime horizon, using a health
economic Markov modeling approach consisting of five
main health states. All relevant information on the modeling
approach and the input values was provided in the original
paper, published in the Journal of Medical Economics [16].
Of the four case studies, this was the only one that presented
information on internal and external validation of the model.

The fourth obesity model (case study 4), funded by an
industry research grant, uses an intervention-related clini-
cal trial, a company dataset, and a lifetime health economic

Markov modeling approach based on nine health states. All
relevant information on the modeling approach and the input
values was provided in the original paper, published in Clini-
cal Obesity [17].

2.2 Replication of Health Economic Obesity Models

To prepare the replication of a specific model, a predefined
data/information availability check was performed, and the
results were recorded in table format for each selected model.
This initial check was supplemented by the documentation of
all identified issues, hurdles, and facilitators observed during
the model replication (this process is described in Online
Resource 1, and the results of this two-step procedure are pre-
sented in Online Resource 1, Tables 7—10; see the electronic
supplementary material). The replication was performed in
TreeAge Pro Healthcare (version 2020; TreeAge Software,
Inc.) by one modeler. This specialized modeling software was
used in order to minimize potential programming errors, as
all relevant calculations are automated once the model struc-
ture and inputs have been defined by the modeler. A summary
of identified replication facilitators and hurdles is provided
in the result section (Table 2); details for each model are pro-
vided in the appendix (Online Resource 1; see the electronic
supplementary material).

Table 1 Health economic obesity models selected for the replication process

Coding Reference. Model type  Time horizon/  Events Intervention; Country/per- Health Software
cycle length comparator spective outcomes(s)
Case study 1 Araetal. Cohort STM Lifetime/1 year MI, T2D, Diet and exer-  UK/NHS QALYs Simul8
(2012) [14] stroke, death cise advice
plus orlistat,
sibutramine,
rimonabant;
placebo
Case study 2 Auetal. (2013) Cohort STM 40 years*/6 MI, T2D, SBT; SBT UK/NHS QALYs Excel
[15] months stroke, CC, combined
OA death with meal
plans and
shopping lists
(SBT+list);
do nothing
Case study 3 Caro et al. Cohort STM Lifetime/1 MLI, stroke, AP, Diet and UK/NHS QALYs Excel
(2007) [16] month TIA, T2D, exercise
death advice plus
rimonabant;
placebo
Case study 4 Meads et al. Cohort STM Lifetime/l year MI, T2D, Commercial UK/NHS QALYs Excel
(2014) [17] stroke, death weight loss
program;
usual care

AP angina pectoris, CC colorectal cancer, MI myocardial infarction, NHS National Health Service, OA osteoarthritis, QALY quality-adjusted
life-year, SBT standard behavioral therapy, STM state transition model, 72D type 2 diabetes, TIA transient ischemic attack, UK United Kingdom

* Regarded as comparable to lifetime
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2.3 Comparison of Reproduction Results
to the Original Results

For each replicated model, model simulations were per-
formed according to those presented in the original paper.
The results were then compared to the original results,
focusing on the health economic model outcomes, namely
costs, clinical effects (especially quality-adjusted life-years
[QALYs]), and cost-utility (as all models used QALY as the
effectiveness parameter). For each case study all published
long-term comparisons were analyzed and the related costs,
QALY, and cost-effectiveness (CE) results were presented
as average CE ratios (for each alternative) and as incremen-
tal CE ratios (ICER). These health economic outcomes are
presented together with the deviation of results between the
replication and the original (absolute and as a percentage) in
table format. In order to achieve a better rating of the devia-
tion between original and reproduction results, the incre-
mental costs and the incremental QALY results are visual-
ized for all comparisons of the underlying case studies in the
incremental CE coordinate plane.

2.4 Assessment of the Reproduction Success

A recently published review, presented in 2019 by McManus
et al., investigated published definitions for replicability in
health economics and other disciplines and produced a set
of potential definitions for result reproduction success in
health economic models, based on definitions from other
scientific disciplines [6]. These definitions are (1) the same
conclusions for the intervention’s CE were reached; (2) costs
and outcomes replicated for some treatment pathways/model
scenarios and not others; (3) results for the costs and out-
comes vary by only a specific percentage and are consist-
ent with the original conclusions in comparison with the

Table 2 Summary of key facilitators and key hurdles for model replication

original; (4) the calculated ICER varies by only a specific
percentage in comparison with the original; (5) CE figures
could be reproduced to a reasonable degree of success (for
example, the ICER plane or the CE acceptability curve); and
(6) identical results are produced. The findings according
to these success criteria are presented in table format for
each case study. On the basis of these findings, the different
replication success criteria are interpreted and combined in
order to allow a final overall assessment of the success of
the model reproduction of results. For each case study all
published long-term comparisons were analyzed and the
related results of the reproduction success assessment are
indicated by “yes” (assessment criteria are fulfilled) and by
“no” (assessment criteria are not fulfilled). For all criteria
that are investigating a relative variation, expressed as a per-
centage, we investigated thresholds of 5%, 10%, and 20%,
for the intervention, the comparator, and the incremental
results, in order to see how this might influence the rating
of the reproduction success.

2.5 Assessment of Model Replication Reporting
Standards

The selected case studies were appraised for quality of
reporting using the Consolidated Health Economic Evalu-
ation Reporting Standards (CHEERS) checklist [18]. One
reviewer assessed the reporting quality of the included
studies. The twenty-four items of the CHEERS checklist
were scored using “yes” (reported in full), “part” (partially
reported), “no” (not reported), and “not applicable.” Accord-
ing to a previously published approach [19], a score of 1 was
assigned if the requirement of reporting for a specific item
was fulfilled completely, 0.5 for partial fulfillment, and 0
otherwise, resulting in a maximum score of 24 for an article
that reported all information completely.

Category Detailed description of key replication facilitator/hurdle Applies to specific
case study (yes/no)
#1 #2 #3 #4
Key facilitators Model structure and possible state transitions were presented in a state transition diagram Yes Yes Yes Yes
Overview of input parameters was provided in table format Yes Yes Yes Yes
Key hurdles PSAs were performed Yes No Yes Yes

Relevant PSA values for PSA result reproduction were provided (type of distribution and either meanand No No No No
standard deviation or distribution parameters were provided)

Clinical event simulation results were provided (which are very helpful to guide potential assumptions No No Yes Yes
to be made for rebuilding the model and which provide an additional means of testing the fit of the
replication)

Relevant details on the underlying life tables were provided (including year of data) Yes Yes No No

Several self-created regression equations were introduced but without details on how to apply/solve the ~ Yes No No No

provided regressions correctly

PSA probabilistic sensitivity analysis
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On the basis of the assessed quality of reporting, how
successful the reproduction of results is, and the identified
facilitators and hurdles, specific model replication report-
ing standards are suggested. The detailed health economic
model reporting recommendations, provided in the CHEERS
statement, are then used as the basis for evaluating whether
and which changes of these existing reporting criteria would
enhance the reproducibility of model results.

3 Results
3.1 Replication Process: Facilitators and Hurdles

It was possible to replicate all selected models, but in all
cases there were hurdles, which needed to be overcome by
specific assumptions, which potentially influenced the repro-
duction of results. A summary of the key facilitators and the
key hurdles, identified during the publication review and
during the model replication process, is presented in Table 2.

3.2 Comparison of Reproduction Results
to the Original Results

The reproduced results, the original results, and the com-
parison of both results as absolute and as relative (presented
as percentage) variation are presented in Table 3 for all four
obesity case studies. In addition, the incremental cost-util-
ity analysis (CUA) results are visualized as a CE coordi-
nate plane (Fig. 1), presenting the ICER as cost per QALY
gained, for both the original model and the replication.

In summary, the intervention and comparator cost of the
replication showed quite good results when compared to
the original values; in case studies 2, 3, and 4, the varia-
tion in costs between the reproduction costs and the origi-
nal costs was always < 5%. This was also observed for the
comparator in case study 1, but here the various intervention
costs showed higher deviations (between 5.2% and 16.1%).
Looking at the QALY result reproduction of the interven-
tion and comparators, the variation observed was always
< 5%. However, when looking at the incremental cost and
QALY results, the relative deviation (in percent) increases
substantially in all case studies. This comes about because
the absolute incremental numbers are quite low, and hence
only a small deviation in absolute numbers translates into a
much higher relative deviation. The same issue is observed
when looking at the key outcome of the case studies, namely
the ICER.

In Fig. 1, it could be seen that the incremental costs were
fairly comparable between the replication and the original
(presented by the very similar height of the ICER point
estimates for the replication and the original shown in the
coordinate plane). This picture changes if looking at the

incremental QALYs, where, especially in case study 1, a
strong deviation is observed (presented by the horizontal dis-
tance between the ICER point estimates for the reproduction
results and the original results). This distance is considerably
smaller for case studies 2, 3, and 4, showing the best fit of
reproduction results for case studies 3 and 4, in which the
ICER point estimates almost overlap.

3.3 Assessment of the Success of Result
Reproduction

The success ratings of reproduced results, according to the
different criteria proposed in a recently published literature
review [6], are presented in Table 4.

In summary, the same conclusion for CE (in all studies
defined as an ICER per QALY < 20,000 GBP) was reached
in each investigated case study comparison; this reflects the
broadest definition of reproduction success (success crite-
rion #1).

With regard to assessing a different degree of success
in reproducing results, considering the different scenarios
analyzed within one case study, for case study 1, the best
reproduced results are observed for the comparison of orl-
istat versus placebo; a worse result fit was observed for all
the other comparative scenarios (10/15 mg rimonabant and
sibutramine vs. placebo), whereas no such issues were iden-
tified for case studies 2, 3, and 4 (success criterion #2).

A smaller variation of 5%, 10%, or 20% in intervention
and comparator costs, utilities, and (intervention-specific)
average CE ratios was observed in many cases. However,
looking at incremental costs, utilities, and the ICERs as well,
this situation was rarely observed. This is due to the smaller
absolute numbers when looking at incremental results; even
small absolute variations might lead to a strong relative
variation. A good example of this issue is observed in case
study 2 for the comparison of standard behavioral therapy
combined with provision of detailed meal plans and corre-
sponding shopping lists (SBT+list) versus standard behav-
ioral therapy (SBT). Here the original incremental costs
are GBP-10, and in the reproduction, the incremental costs
are GBP-21, a result that is to be rated as quite compara-
ble considering the 40-year simulation time horizon. How-
ever, when expressed as a percentage, the relative variation
comparing the original to the replication for this example is
110% (success criteria #3 and #4).

Therefore, for the assessment of incremental costs,
QALYs, and ICERs, the calculation of relative varia-
tions may be misleading. This issue could be overcome by
another success criterion, such as visualizing the original
and reproduction of the incremental costs and QALY's in the
CE coordinate plane. Here, the distance between the mean
ICER estimates can be used to rate whether the result could
be reproduced within a reasonable degree. On the basis of
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Case Study 1 - Orlistat vs. Placebo

1000

88588
o oo

A Reproduction A Original

0 01 02 03 04
Incremental Effectin QALYs

Case Study 1 - Rimonabant vs. Placebo

A Reproduction A Original

0 0,1 0,2 03 04
Incremental Effectin QALYs
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Fig. 1 Incremental cost-effectiveness results—original vs. reproduc-
tion by case study and comparison. BSC best supportive care/usual
care, D&E diet and exercise, QALY quality-adjusted life-year, SBT

this approach, the rating of a successfully reproduced result
was finally made for case studies 2, 3, and 4, but not for
case study 1, where the variation of incremental QALY's

Case Study 1 - Rimonabant vs. Placebo
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Case Study 1 - SIB (10 mg) vs. Placebo
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Case Study 2 - SBT+list vs. Do Nothing
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Case Study 4 - Slimming World vs. BSC
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standard behavioral therapy, SBT+list standard behavioral therapy
combined with provision of detailed meal plans and corresponding
shopping lists, SIB sibutramine

was regarded as too strong. However, a partially successful
reproduction could be seen in quite comparable incremental
costs (success criterion #5).
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The strictest criterion, namely the production of identi-
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Table 5 CHEERS checklist results for all included obesity models/case studies

Item # Case study 1 [14] Case study 2 [15] Case study 3 [16] Case study 4 [17]
Rating Score Rating Score Rating Score Rating Score

Title and abstract
Title Yes 1 Yes 1 Yes 1 Yes 1
Abstract 2 Yes 1 Yes 1 Yes 1 Yes 1
Introduction
Background and objectives 3 Yes 1 Yes 1 Yes 1 Yes 1
Methods
Target population and subgroups 4 Yes 1 Yes 1 Yes 1 Yes 1
Setting and location 5 Yes 1 Yes 1 Yes 1 Yes 1
Study perspective 6 Yes 1 Yes 1 Yes 1 Yes 1
Comparators 7 Part 0.5 Yes 1 Part 0.5 Part 0.5
Time horizon 8 Part 0.5 Part 0.5 Part 0.5 Part 0.5
Discount rate 9 Part 0.5 Yes 1 Part 0.5 Part 0.5
Choice of health outcomes 10 Part 0.5 Part 0.5 Part 0.5 Part 0.5
Measurement of effectiveness 11a NA NA NA No 0

11b Yes 1 Yes 1 Part 0.5 NA
Measurement and valuation of prefer- 12 Yes 1 Yes 1 Yes Yes 1

ence-based outcomes

Estimating resources and costs 13a NA NA NA

13b Part 0.5 Yes 1 Part 0.5 Part 0.5
Currency, price date and conversion 14 Yes 1 Yes 1 Yes 1 No 0
Choice of model 15 Part 0.5 Part 0.5 Part 0.5 Part 0.5
Assumptions 16 Yes 1 Yes Yes 1 Yes 1
Analytical methods 17 Yes 1 Yes 1 Yes 1 Yes 1
Results
Study parameters 18 Part 0.5 Yes 1 Part 0.5 Part 0.5
Incremental costs and outcomes 19 Yes Yes 1 Yes Yes
Characterizing uncertainty 20a NA NA NA NA

20b Part 0.5 Part 0.5 Yes Yes 1
Characterizing heterogeneity 21 NA 0 NA 0 NA 0 Yes 1
Discussion
Study findings, limitations, generaliz- 22 Yes 1 Yes 1 Yes 1 Yes 1

ability and current knowledge

Other
Source of funding 23 Yes 1 No 0 Yes 1 Yes 1
Conlflicts of interest 24 Yes 1 Yes 1 No 0 Yes 1
Total CHEERS score 19.0 20.0 18.0 18.5

CHEERS Consolidated Health Economic Evaluation Reporting Standards, NA not applicable

modelers to “report the values, ranges, references, and if
used, probability distributions for all parameters” [18]. How-
ever, it is not made clear in the related CHEERS example
table that, in addition to the distribution type, the standard
deviation is required to inform the PSA. This lack of clarity
in the related CHEERS example table might have led to the
observed situation, namely that all case studies that have
applied a PSA (case studies 1, 3, and 4) have not provided all
the required information. This resulted in the rating of “par-
tial” compliance with the CHEERS criteria with regard to
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the quality of reporting study (input) parameters (CHEERS
item #18).

Two further identified key hurdles for model replication
are also related to the reporting of input parameters, namely
the lack of reporting of details on life tables (case studies
3 and 4) as well as the introduction of several self-created
regression analyses without providing details on how to
apply/solve the provided regressions correctly (case study
1). All those aspects are also related to the CHEERS criteria
related to the quality of reporting study (input) parameters
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(CHEERS item #18). These were already rated as being in
“partial” compliance due to the PSA issue stated above.

With regard to the identified lack of reporting of clinical
event results (in two case studies), the CHEERS statement
offers no guidance or related requirements. Hence, the miss-
ing information on clinical event results (case studies 1 and
2) had no impact on the CHEERS rating on the quality of
reporting results (CHEERS item #19). As generally health
economic models are driven by clinical events and related
mortality, we believe that this issue should be addressed in
future adaptations of the reporting standard. In this con-
text, it would be most helpful to present event and mortality
results (for all simulated alternatives) over the whole time
horizon of the model, for each model cycle; this would be
most helpful for checking how adequately a model adapta-
tion predicts the underlying clinical events. This informa-
tion helps to identify whether a potential result deviation
(between the original and reproduction) is driven by clinical
events or by the related cost and utility valuation approach
of these health states.

4 Discussion

This study confirms the feasibility of rebuilding four identi-
fied health economic obesity models. However, success in
reproducing results was observed in only three out of the
four studies, and some challenges were observed. The rep-
lication of health economic models is an important topic,
especially as there is no broad application of open-source
models, although these were proposed by several authors
in order to enhance model transparency and result cred-
ibility [20-22]. Such open-source models would have the
advantage of joint development, joint validation, and ongo-
ing improvement by the scientific community, but to date
only a view open-source models are available, mainly due
to lack of funding and other challenges (e.g., organization,
software, and intellectual property restrictions) of such ini-
tiatives [22, 23]. The replication of a health economic deci-
sion analytic model is a complex exercise, and one should
keep in mind that the more information and results of a
model that are provided, the more information is available
to investigate whether a result reproduction was success-
ful or not. From the perspective of a modeler performing
a replication of quite complex long-term obesity models,
it is extremely helpful if the authors publish the simulated
clinical event output frequencies, as these make it possible
to check whether the event simulation and hence the clinical
heart of the replicated model is working correctly (or not). If
the clinical event frequencies are comparable, the replication
of the structure of the model and transition probabilities can
be considered correct. If the ICER is then different, the rea-
son can be due to the inappropriate replication of the costs

or utilities, or inappropriate reporting of costs or utilities by
authors. This knowledge helped to determine the source of
potentially observed mismatches between original and repro-
duction results, as it enabled the researchers to better locate
the potential issue. It is no coincidence that this information
was not provided for case study 1, for which we failed to
perform a successful result reproduction.

However, it needs to be taken into account that the rep-
lication of a model itself is an error-prone exercise. Hence,
a failed reproduction could be based on errors made during
programming, and might not necessarily come from a lack
of documentation or inadequate reporting by the original
authors. In order to minimize this potential source of errors,
we have used specialized modeling software (TreeAge Pro
Healthcare) to rebuild the selected health economic obe-
sity models. Consequently, potential errors might be due
mainly to input data typos, as building the model structure
(and related calculations) is widely automated. However,
using TreeAge instead of the software used in the original
study could also be an issue preventing a 1:1 reproduction of
modeling results, due to the automatic application of some
TreeAge features (e.g., automatic half cycle correction) as
stated in detail in the appendix tables (Online Resource 1;
see the electronic supplementary material). Furthermore, it
needs to be considered that the success of a model repli-
cation is also influenced by the skills of the programmer;
hence one limitation is that the replication was performed
by only one modeler. However, this modeler has over 20
years of experience as a professional health economist and
all critical issues were reviewed and discussed within the
team, which included experienced health economic model-
ers. On the other hand, programming errors in the original
publication could not be ruled out completely, as especially
complex Excel models require complex testing and valida-
tion to assure the correctness of all calculations, and this
might also impact the presented reproduction results.

For assessing the success of the reproduction results, we
have applied different criteria as defined and proposed in a
recently published review on this topic [6]; to our knowledge
these criteria were applied for the first time in this study
to systematically assess the reproduction success. The six
criteria applied range from very broad to very specific;
accordingly it is easier or harder to fulfill them. The strict-
est criterion, namely that identical results be produced, was
not achieved by any of the case studies. This is not unex-
pected considering that all obesity models were simulating
a long-term time horizon, and hence a small deviation (even
a rounding issue) will get more and more pronounced over
time. Another reason may be the high complexity of obe-
sity models, triggered by including all the relevant compli-
cations of obesity. The greater the complexity, the greater
the chance of misinterpreting the data, assumptions, and
model structure description in the original paper, combined
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with a higher probability of errors by either the replicator
or the original programmer. This strictest definition does
not seem to be very helpful as identical results have not
yet been achieved with regard to the publications of other
model replications [1, 2]. Moreover, the other proposed
criteria were not rated as sufficient to adequately define
reproduction success, as all were rated as too soft to act as
stand-alone reproduction success criteria. Therefore we have
used a combination of various criteria in order to investigate
and to determine the success of reproduction. Although this
proposed combination does not assure identical results, it
assures that the CE conclusion is identical, that the devia-
tion in single components is acceptable (< 5%), and that the
incremental CE results are fairly comparable. As this study
was, to our knowledge, the first application of these replica-
tion success criteria, and hence also of this criteria combi-
nation, further research and scientific dialog is required to
investigate and define how to best rate the success of a health
economic model replication; we believe that the applied cri-
teria developed by McManus et al. [6] and our research will
help to inform this scientific dialog.

The identified key model replication facilitators were
input data tables and model diagrams showing the model
structure and possible state transitions. Key replication
hurdles were missing standard deviations for performing
probabilistic analysis, missing clinical event results, missing
details on applied life tables, and missing formulas for equa-
tions based on own calculations. Whereas the key facilitators
were quite in line with those identified by other research
teams [1, 2], our identified key barriers seem to be more spe-
cific than those identified in previous research. This might be
related primarily to the fact that we have selected long-term
obesity models, whereas other research teams [1, 2] included
a broader range of health economic models, including short-
and long-term time horizons and different disease areas. This
focus on only one disease area and on long-term models is
also a limitation of our research; the transferability of our
findings to other kinds of health economic models needs to
be investigated by future research.

Looking specifically at the reproduction of the cost and
utility results of single strategies, a previous study [2] found
that there was a tendency for greater variation in the repro-
duced costs than in outcomes, which is also seen in our
research; costs ranged from — 3.9 to 16.1% (mean over all
model simulations 3.78%), whereas QALY's varied by — 3.7
to 2.1% (mean — 0.11%). However, looking at the compari-
son of reproduced results and original results in terms of
incremental cost and QALY (please refer to Fig. 1), which
was done for the first time in our study, the observed vari-
ations in incremental QALYs were more pronounced than
the variations in incremental costs; this highlights the impor-
tance of reporting and visualizing incremental replication
results.
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As one key facilitator McManus et al. [2] suggested that
cost and outcome results should be presented over time in an
additional table to enhance model replication. We agree that
this information would be very helpful for replication, espe-
cially to see from which point in time deviations between
reproduced results and original results are observed. How-
ever, on the basis of this information, it would not be clear
where the replication error might be located, which is why
we are suggesting that the clinical events be presented over
time. If it is possible to reproduce the results of the clinical
events, the structure and related transition probabilities are
replicated correctly. If a deviation in costs or outcomes is
then observed, this is related to costs or to the parameter
values for costs and utilities, and the methodology of includ-
ing these parameters. Hence, in the best case, all model
outcomes, including the underlying event rates, would be
presented to facilitate model replication.

We applied the CHEERS checklist [18] as it looks par-
ticularly at the quality of reporting, a core criterion for suc-
cessful model replication, and as it was found to be the most
commonly used checklist since 2017 in a recently published
systematic review [3]. Other frequently applied checklists
(such as the Phillips checklist [24] or the CHEC project
[25]) assess the quality of conducting the health economic
study, which was not our key focus. We investigated whether
the CHEERS score might be predictive for the success of
model replication, but this was not the case, with scores
ranging from 18 to 20. The non-successful replication case
study 1 rated a score of 19 (the maximum possible CHEERS
score is 24). A comparable finding was observed by another
research team that investigated the Phillips checklist [24] in
the context of model replication; they found that the Phillips
checklist was not reliable for ensuring that studies are rep-
licable [2]. However, we believe that simple changes in the
CHEERS reporting criteria might be adequate to solve the
key hurdles for model replicability that we observed in our
presented research. These proposed changes are (1) the prob-
ability distribution and all the necessary parameters to define
its shape are to be presented for all input parameters, assur-
ing the reproduction of PSA results; (2) when a model simu-
lates (clinical) events, the event simulation results should
be presented, to guide potential necessary assumptions and
to better locate potential replication errors; and (3) for all
included regressions/risk equations (whether published or
unpublished) applied in the model, the calculation formula
should be presented, preferably with an application example,
to assure the correct replication of formula-based transition
probabilities, costs, and outcomes. Although the current
CHEERS statement covers parts of these aspects—namely
it asks for “probability distributions for all parameters” to
be included and for “outcomes of interest” to be reported—
we believe that these aspects need to be made clearer to
adequately guide reporting on the model.
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To our knowledge, there are currently no other publica-
tions that suggest specific changes to CHEERS or other
health economic reporting guidelines to enhance health
economic model replication. However, we have identified a
recently published paper that suggests a nine-item osteopo-
rosis-specific addition to the CHEERS checklist, in order to
address disease-specific issues adequately [26]. The further
development of health economic reporting standards is an
ongoing process, and there is a specific International Society
for Pharmacoeconomics and Outcomes Research (ISPOR)
task force currently working on an update of the CHEERS
criteria.

5 Conclusion

Small changes to existing reporting criteria, as presented
above, may increase both the transparency of health eco-
nomic model reporting and the success of reproducing its
consequent results. Proofing the replicability of our health
economic simulation “experiments” might increase the
scientific rigor and acceptance of our field. In conclusion,
model replications can help to assess the quality of health
economic model documentation, can be used to validate and
refine current model reporting practices, and might subse-
quently increase the transparency and acceptance of health
economic modeling studies.
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