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Abstract

Objective

To comprehensively synthesise the evolution of health-economic evaluation models (HEEMs) of 

all OA interventions including preventions, core treatments, adjunct non-pharmacological 

interventions, pharmacological and surgical treatments.

Methods

The literature was searched within health-economic/biomedical databases. Data extracted 

included: OA type, population characteristics, model setting/type/events, study perspective, 

comparators; and the reporting quality of the studies was assessed. The review protocol was 

registered at the International Prospective Register of Systematic Reviews (registration: 

CRD42018092937).

Results

Eighty-eight studies were included. Pharmacological and surgical interventions were the focus in 

51% and 44% studies, respectively. Twenty-four studies adopted a societal perspective (with 

increasing popularity after 2013), however most (63%) did not include indirect costs. Quality-

adjusted life years (QALYs) was the most popular outcome measure since 2008. Markov models 

were used by 62% of studies, with increasing popularity since 2008. Until 2010, most studies used 

short-to-medium time horizons; subsequently a lifetime horizon became popular. Eighty-six 

percent of studies reported discount rate(s) (predominantly between 3% and 5%). Studies 

published after 2002 had a better coverage of OA-related adverse events (AEs). Reporting quality 

significantly improved after 2001.

Conclusions 

OA HEEMs have evolved and improved substantially over time, with focus shifting from short-to-

medium-term pharmacological decision-tree models to surgical-focused lifetime Markov models. 

Indirect costs of OA are frequently not considered, despite using a societal perspective. There was 

lack of reporting sensitivity of model outcome to input parameters including discount rate, OA 

definition, and population parameters. Whilst the coverage of OA-related AEs has improved over 

time, it is still not comprehensive.
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Significance and Innovations

 This is the first study comprehensively reviewing the evolution of health-economic 

evaluation models of all OA interventions including preventions, core treatments, adjunct 

non-pharmacological interventions, pharmacological and surgical treatments.

 It identifies the key strengths and limitations facing existing OA health-economic 

evaluation models and provides directions for improvement in the current modelling 

practice.

 Modelled OA health-economic evaluations have evolved substantially over time, with 

focus shifting from short-to-medium-term pharmacological decision-tree models to 

surgical-focused lifetime Markov models.

 Indirect costs are mostly not considered in the OA health-economic evaluation models, 

even when the study is conducted from a societal perspective. The coverage of OA-related 

adverse events is not comprehensive.
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Introduction

Approximately 240 million people globally were affected by osteoarthritis (OA) in 2016 (1) and 

its prevalance is projected to rise steadily (1-3). OA is characterised by joint pain, stiffness, 

swelling, loss of function and disability; which in turn, negatively impacts individuals’ health-

related quality of life (HRQoL) (4) and poses a significant economic burden to patients and 

society in terms of both direct (healthcare) and indirect costs (from lost productivity [early 

retirement/absenteeism/presenteeism]) (5-10).

Whilst there is no cure for OA, there are treatments available to ease OA symptoms and postpone 

disability progression. According to recent OA management guidelines (11), treatments include 

lifestyle (e.g.: exercise, weight management), non-medical (e.g.: heat packs, manual therapy), 

medical, and surgical interventions. In chronic diseases like OA, healthcare policy decisions 

should be informed by evidence of the long-term health and economic impacts. Given the scarcity 

of healthcare resources, it is critically important that the most cost-effective interventions are 

chosen.

Health-economic evaluations (HEEs) compare alternative treatment options in terms of both 

economic costs and clinical effectiveness to identify the interventions that are best value for 

money. The models used for these incorporate clinical, health-economic and epidemiological data. 

HEEs include full (e.g.: cost-benefit, cost-effectiveness and cost-utility analysis) and partial (e.g.: 

cost of illness analysis) evaluations (Appendix 1) (12). Since the first model-based HEE of OA 

treatments was performed in 1994, numerous modelling studies have been conducted, particularly 

in Western developed nations (13-15). OA models vary in their methodological framework, model 

structures, division of model events, and input data sources (16-19). The availability of better 

quality clinical and epidemiological data, and methodological advances have contributed to the 

evolution of modelled HEEs over time (16, 17, 20).

The scope of previous systematic reviews of OA health-economic evidence was often limited to a 

specific treatment type (e.g.: surgical, pharmacological, physical) (21-23). None have synthesised 

the evolution of health-economic evaluation models (HEEMs) of all OA interventions. As the 

comprehensive investigation of the diverse HEEMs could lead to significant improvements in 

modelling practice (24, 25), we aimed to explore the evolution of HEEMs used for all forms of 
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OA interventions, with an emphasis on their strengths and weaknesses and study gaps to inform 

the future development of an improved and overarching HEEM of OA.

Methods

This study is reported in accordance with the Preferred Reporting Items for Systematic Reviews 

and Meta-analyses (PRISMA) guidelines (26). The protocol was registered at the International 

Prospective Register of Systematic Reviews (PROSPERO) (registration number: 

CRD42018092937).

Literature search

Three biomedical (Medline via OvidSP, Embase via Ovid, and China National Knowledge 

Infrastructure) and three health-economic/economic databases (American Economic Association, 

the Centre for Reviews and Dissemination and the Cost-effectiveness Analysis Registry) were 

searched according to a search strategy that was defined in consultation with co-authors and a 

research librarian (Appendix 2). The literature was searched from each database’s inception to 

July 2018. Reference lists of included studies and relevant reviews were hand searched.

Screening criteria

Title/abstract screening and full-text screening were performed in Covidence (27) by two 

reviewers (TZ and QX) independently based on predefined inclusion and exclusion criteria. 

Screening conflicts between the two reviewers were resolved through discussion with senior 

researchers (AP, HA and BdeG).

The inclusion criteria were studies: 1) in humans; 2) that reported the 

construction/application/validation of partial or full OA HEEM; 3) that were available as full-text; 

and 4) that were published in English/Chinese/German. Studies were included if they focused on 

arthritis populations including OA if they did not report the proportion of OA participants or if 

they reported on a cohort with ≥90% OA. Review articles, conference abstracts, comments and 

books were excluded. (Appendix 3)

Data extraction 

A Microsoft Excel spreadsheet designed by co-authors was used to extract data by two reviewers 

(TZ and HA) independently. Discrepancies were resolved by consensus, and an additional A
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reviewer (AP) was consulted in cases of no consensus. Data extracted included authors, 

publication year, study setting, OA type, targeted interventions and comparators, and information 

related to HEEMs (simulated population characteristics, study perspective, time horizon, discount 

rate, clinical effectiveness measures, cost inputs, model type, modelling software, health states, 

health events, and sensitivity analysis type). (Appendix 4)

Assessment of reporting quality 

We assessed each study’s reporting quality using the 24-item Consolidated Health Economic 

Evaluation Reporting Standards (CHEERS) checklist (28). We adapted the evaluation methods 

published by de Graaff et al. (29). Twenty-four items were equally weighted with ‘1’ referring to 

the item being well performed, and ‘0’ otherwise. As not all items were applicable to all studies 

(e.g.: for a cost of illness analysis, “effectiveness” was not applicable), the quality scores were 

converted to percentages, adjusting the denominator to reflect the different number of applicable 

items. Studies were categorized into low (≤50%), moderate (50%-75%) and high reporting quality 

(>75%) groups (29).

Strategy for data synthesis

We adopted a narrative, descriptive synthesis approach (30) to assess and outline the evolution of 

HEEMs of OA interventions over time.

Results

Screening results

As shown in Figure 1, our search identified 1,683 potential references (1,498 from biomedical and 

185 from economic databases). After removal of duplicates (n=424), 1,259 were left for title and 

abstract screening, which excluded 1,080. Of the 179 left, 96 were excluded during full-text 

screening (Figure 1). We identified an additional 5 studies through hand-searching, resulting in a 

total of 88 included studies (Appendix 5).

Year of publication

The first model-based HEE of OA treatment was published in 1994 (31) and more than half (51%, 

n=45) were published between 2013 and 2018 (Figure 2a).

Study settingsA
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Almost half of the studies (49%, n=43) were conducted in the Americas, followed by Europe 

(36%, n=32) (Figure 2b). Most studies were performed in the United States (US) (40%, n=35), 

followed by the United Kingdom (UK) (18%, n=16) and Canada (7%, n=6). Only two studies 

were conducted in Australia and/or New Zealand. Seven did not report the study location. Studies 

from Australia, New Zealand, Saudi Arabia and China were published only after 2011.

OA types and intervention options

Thirty-seven studies (42%) focused on knee OA and 13 (15%) on hip OA. One study each focused 

on ankle arthritis and glenohumeral OA. Thirty-six (41%) studies did not specify OA type, most of 

which targeted non-surgical treatments. Most studies focusing on a specific type of OA evaluated 

surgical treatments. Seventy-five percent (48/64) of post-2005 publications focused on a specific 

type of OA, compared to only 17% (4/24) of such studies pre-2005. (Figure 3a)

Of the 88 studies, 45 (51%) focused on pharmacological interventions and 39 (44%) focused on 

surgical interventions (Figure 3a, Appendix 6 [for the full list of interventions by OA type, 

intervention categorization, frequency, and references]). Four of 88 included studies assessed OA 

preventions (32-35), all of which were performed after 2014. Before 2005, all but two (16, 36) 

compared alternative pharmacological treatments, particularly cyclo-oxygenase 2 (COX-2) 

inhibitors selective nonsteroidal anti-inflammatory drugs (NSAIDs) with non-selective NSAIDs. 

Studies focusing on OA surgical treatments became popular thereafter.

Targeted populations

The target population was generally patients aged >40 years. Three studies specifically focused on 

older patients with mean ages of 74, 78 and >80 years (37-39). Of 45 pharmacological-focused 

studies, 17 analysed two patient subgroups separately: 1) low risk patients (younger and without 

prior history of upper gastrointestinal [GI]) events); and 2) high risk patients (older and with upper 

GI history).

Study perspectives and reporting of costs

Study perspectives were reported in 79 (90%) studies. Of these, 38 (48%) adopted a national 

healthcare perspective and 24 (30%) a societal perspective, however, 15 (63%) of these 24 studies 

did not consider indirect costs. Eleven studies adopted a third-party payer perspective, and single A
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studies used patient and veteran health administration perspectives. In addition, four studies 

considered more than one perspective, all of which were published after 2013 (Figure 3b).

For pharmacological-focused studies, direct medical costs generally comprised of drug acquisition 

and adverse events (AEs) treatment costs, while for surgical-focused studies, direct costs were 

from primary/revision surgery. Indirect costs included productivity losses (n=6), time lost from 

work (n=2), lost wages (n=3), and caregivers’ expenses (n=1).

Effectiveness measurements

Eighty-nine percent (78/88) of studies reported the measurement of effectiveness, most commonly 

quality-adjusted life years (QALYs) (n=62), followed by multiple measures (n=7), and disease-

specific effectiveness measures (n=6) (e.g.: AEs/complications averted, revision-free life years) 

(Figure 4a). The use of QALYs almost doubled, from 48% of studies published pre-2008 to 93% 

for those published after 2008 (Figure 4b).

Model types and computational software

Model type was reported in 87 (99%) studies. There were three key types: 1) Markov models 

(n=54, 62%), 2) decision-tree models (n=30, 34%), and 3) discrete-event simulation models (n=3, 

3%) (Figure 5a). Markov models predominantly focused on surgical treatments, while 

pharmacological treatments were evaluated in 87% of decision-tree models (Figure 5a). The 

popularity of Markov models increased over time from 7% (pre-2008 period) to 88% (after 2008) 

(Figure 5b). There were four commonly used OA model structures : 1) OA policy (OAPoL) model 

(a Markov model to simulate the natural history of knee OA and predominantly used in the US) 

(19, 35, 38, 40-42); 2) the National Institute for Health and Care Excellence (NICE) model (a 

Markov model originally developed to compare NSAID/COX-2 inhibitor oral analgesics and 

subsequently extended to incorporate dose titration, discontinuation and AEs in addition to GI and 

cardiovascular (CV) AEs) (14, 18, 20, 43-46); 3) a model developed by Fitzpatrick (a Markov 

model aimed at evaluating hip OA surgical treatments) (47-51); and 4) a decision-tree model 

developed by Burke to compare NSAID/COX-2 inhibitor oral analgesics (52-55) (Appendix 7).

The adopted modelling software was mentioned in 57% (n=49) studies, with TreeAge being the 

most common (n=38), followed by Microsoft Excel (n=8), and Arena (n=1). Two studies used 
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more than one software, and no clear time trend was observed in the choice of software (Appendix 

4).

Time horizon

Forty-eight (55%) studies ran the model over a lifetime horizon while 39 (45%) used short-to-

medium-term horizons (from 2 weeks to 30 years). Markov model-based evaluations mostly 

adopted lifetime horizons (78%) while decision-tree evaluations largely used a pre-defined short-

to-medium-term horizon (83%) (Figure 5c). The lifetime modelling horizon became more 

prevalent after 2010 (Figure 6a).

Discount rates for costs and outcomes

Seventy-six (86%) studies reported the discount rate, which was most commonly 3% (n=39, 51%) 

for costs and outcomes (Figure 6b). Ten (13%) and six (8%) studies utilised 3.5% and 5% discount 

rates, respectively. Thirty (of 39) studies using a 3% discount rate were based in the US, and 9 (of 

10) studies using a 3.5% discount rate were based in the UK. Seven used alternative discount rates 

for costs and outcomes. Twelve studies did not report use of a discount rate, with 11 of these 

published before 2010 (Figure 6c). The impact of varying discount rates on model outcomes was 

assessed by 15 of 88 (17%) included studies.

Model health states

Pharmacological-focused studies defined health states based on: 1) the occurrence of 

AEs/complications (43); 2) OA severity, the presence of joint pain, obesity and comorbidities (41); 

and 3) the Kellgren-Lawrence radiographic scale of OA (56). For surgical-focused studies, health 

states were defined based on: 1) the American College of Rheumatologists (ACR) functional 

status classification (47); 2) the event pathway following surgical treatment (57); 3) pain severity, 

postoperative complications, and subsequent surgical procedures (58); and 4) the Western Ontario 

and McMaster Osteoarthritis Index (WOMAC) scores (13).

All surgical-focused studies considered revision surgery, and 23 considered two or more surgical 

revisions. Nine studies also considered surgery-related complications (e.g.: infection, bleeding, 

dislocation).

For pharmacological-focused studies, the most important modelling event was medical 

AEs/regimen toxicity. Studies conducted before 2002 only included GI AEs, while post-2002 A
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studies also considered CV AEs and renal toxicity. Twenty studies included CV AEs, and eleven 

considered discontinuation (mostly published after 2013). Only three studies considered treatment 

adherence (55, 59, 60).

Uncertainty analysis

Uncertainty analysis was reported in 86 (98%) studies, with most (n=47) conducting more than 

one type of sensitivity analysis. The adopted methods included: (a) deterministic (univariate 

and/or multivariate) sensitivity analysis (DSA) (n=68), (b) probability sensitivity analysis (PSA) 

(n=43), (c) threshold analysis (n=4), and (d) scenario analysis (n=2). Five studies did not report 

the type of sensitivity analysis. Whilst DSA was popular across the reporting periods, PSA was 

first adopted in 2001 and became increasingly common thereafter. The most commonly evaluated 

parameters included costs, health state utilities (HSUs), probabilities of AEs, and treatment 

efficacy.

Reporting quality assessment

The reporting quality of all studies was assessed, with the exception of one study for which this  

was not applicable (61). The mean (standard deviation) score of all studies was 81% (9%). The 

reporting quality improved after 2001 and remained relatively high thereafter (Appendix 8a). 

Overall, 64 out of 87 studies exhibited a high reporting quality (>75%) (Appendix 8b). Whilst no 

study fully met CHEERS criteria, three achieved the highest reporting quality score of 96%. The 

CHEERS criteria were mostly met for the items of introduction, comparators, time horizon, 

resources and cost estimation, and uncertainty characterisation. However, the title (in terms of 

describing the interventions compared), abstract (in terms of the study perspective, setting, study 

inputs, and uncertainty analyses), and effectiveness measurement were commonly under-reported.

Discussion

This is the first study comprehensively reviewing the evolution of HEEMs for all forms of OA. 

Our review found that OA modelled evaluations are of a wide variety and have evolved 

substantially over time, with their emphasis and complexity shifting from pharmacological-

focused short-to-medium term decision-tree models to surgical-focused lifetime Markov models. 

Existing HEEMs have limitations related to the choice of model input parameters, discount rates, 

and model health states/events. For instance, indirect costs related to OA were mostly not A
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considered. Discount rates were mostly consistent with local guidelines, however, most studies 

failed to gauge the sensitivity of the model outcomes to discount rate changes. Most studies failed 

to consider important model events (e.g.: CV AEs), therapeutic adherence and treatment 

discontinuation. Despite clear guidelines (11), studies failed to pay adequate attention to lifestyle 

management, non-drug treatments and preventions. The reporting quality of included studies was 

reasonably satisfactory, however, the title, abstract, and effectiveness measures were mostly 

reported inadequately.

Cost categories considered in OA models should be consistent with the perspective (62). In this 

review, however, more than half (15 of 24) of the studies using a societal perspective failed to 

incorporate indirect costs, and of the 14 focused on patients of working age (< 65 years), only six 

considered productivity losses. Similarly, when modelling is for older populations (37-39), special 

consideration should be given to include the potentially large contribution of informal care costs 

(63), but only one study in this review included this. Given the increasing popularity of the 

societal perspective in recent years, we recommend future studies include all relevant costs, 

particularly the indirect costs from lost wages/productivity (64).

The focus of modelled evaluations of OA interventions changed over time. Prior to 2005, studies 

focused on pharmacological treatments; subsequently the focus shifted to surgical treatments. Our 

finding is consistent with the increasing popularity of surgical treatment for OA since 2000 (65) 

but the availability of relevant longitudinal data from national joint replacement registries may 

also have contributed to this rise (66). Most pharmacological studies focused on all types of OA 

combined and/or general arthritis patients, as there is no evidence of different treatment effects of 

drugs between OA types (43). In contrast, most studies of surgery focused on a specific type of 

OA (e.g.: knee and/or hip OA). Other (e.g.: ankle and glenohumeral) joints attracted limited 

attention, as might be expected due to the relatively low prevalence of OA at those joint sites (67, 

68). As the studies focusing on ankle and glenohumeral joints were published before 2010, 

updated studies of these joint sites should be on the agenda for future research.

A limited number of HEEMs focused on lifestyle, non-drug treatments and preventions. This is 

despite guidelines (11, 69) recommending such interventions before pharmacological and surgical 

treatments. Because OA is a preventable, non-curable and progressive condition, it is critical that A
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future studies investigate the impact of prevention and non-drug and non-surgical treatments on 

clinical and health-economic outcomes.

The most commonly used effectiveness measure was QALYs, with the proportion of studies 

reporting this increasing from 48% before 2008 to 93% thereafter. This is in accordance with 

national and international guidelines that recommend the use of QALYs (70). Importantly, the 

calculation of QALYs relies on HSUs that can be obtained from a variety of sources such as 

primary studies (37), systematic reviews (47) or randomized controlled trials (71). As different 

populations may value health states differently, caution is required when using non-locally derived 

HSUs (37, 72). Whilst disease-specific effectiveness measures (e.g.: revision free life years) 

provide information in more clinically relevant terms, these measures are not preference-based and 

also suffer from other limitations including the lack of comparability, and difficulty in trading-off 

across different diseases (73). Thus, the transition to use of QALYs reflects best practice, and use 

of QALYs based on local HSUs is recommended in future studies.

More than half studies applied lifetime horizon; however, this only became popular after 2010. 

This change could be related to two factors: first, Markov models became more popular in recent 

years which tend to adopt lifetime horizons due to their ability to take into account the re-

occurrence of model events (74); and second, CV AEs of pharmacological treatments were taken 

into account in recent years which, comparing with GI AEs, have a larger impact on mortality (60). 

As OA is a chronic condition with on-going medical management, we recommend use of lifetime 

horizons in future studies, especially when using a Markov model structure (75) and in situations 

where an intervention is expected to influence mortality rates (76).

Discount rates varied between study settings. The use of 3% and 3.5% discount rates in most US 

and UK based studies aligned well with the local guidelines (77, 78). However, 64% (9 out of 14) 

of studies conducted in other nations did not use discount rates from national guidelines (15, 47, 

60, 79). Reporting of the discount rate has improved over time, which is as expected from the 

recent introduction of CHEERS statement for the development and appraisal of health economic 

evaluations (28). A significant majority (83%) of included studies did not conduct sensitivity 

analyses for discount rates, which contrasts recommendations (80). Future studies should choose a 

discount rate that is in-line with local guidelines and assess the sensitivity of the model outcomes 

to discount rate changes.A
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The choice of model events varied between studies and over time. Pharmacological-focused 

models evolved in their complexity by incorporating more AEs (such as CV AEs) and regimen 

discontinuation. However, the models of surgical treatments (with revision surgery being the most 

important model event) did not evolve to the same extent. Differences existed between studies in 

terms of the number of considered revisions. Considering the ten-yearly cumulative re-revision 

rates of primary total knee (22.8%) and hip replacement (21.5%) and the factors influencing these 

rates (81), the times of revision surgery should be decided based on the age of the target 

population and the surgery techniques of interest. The high rates of OA medical AEs and 

possibility of revision surgery impose significant additional costs (40), likely impacting the 

outcomes of cost-effectiveness analyses (22). Future HEEMs should therefore incorporate all 

relevant OA and treatment related events and complications/revisions.

The choice of modelling method varied between studies and over time, with Markov models 

becoming more popular after 2008. This is consistent with numerous decision analytic modelling 

guidelines (74, 76, 82), and suits the chronic nature of OA with the possibility of recurrent health 

events (75). Consistent with previous findings (83, 84), TreeAge was the single most popular 

modelling software followed by Microsoft Excel at all periods. Both software have been found 

equally reliable in conducting health-economic evaluations, and choice of software can depend on 

software availability, implementation skills, time constraints and end-user requirements (83, 84). 

We identified four popular OA HEEM structures, each with their own strengths and limitations. 

The original form of the NICE model included GI and CV AEs; however, treatment 

discontinuation and adherence were not included. The NICE model was extended in two studies 

by incorporating dose titration, discontinuation and additional AEs (44, 46). However, data on 

discontinuation is not easily available. The OAPoL model accounts for the inter-relationships 

among key variables such as the function of pain, obesity, and comorbidities. However, the 

inherent dependence of this model on scarce data for key variables limits its widespread use. The 

model developed by Fitzpatrick can be easily adapted to suit alternative settings and study 

objectives. However, it is considered too simple to fully evaluate the various outcomes between 

alternative surgeries (37, 85). Lastly, the model developed by Burke considered the severity of GI 

AEs and can easily be adapted to different settings (53, 54). However, it fails to consider other 

events such as CV AEs, discontinuation, and its time horizon of <1-year is not well suited to the 

chronic nature of OA.A
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PSA showed increasing popularity after 2001 which could be the result of an increasing awareness 

of PSA’s importance in health economics over time (86) and advances in computational 

technologies. Limited studies evaluated the sensitivity of model outcomes to important input 

parameters including OA definitions and population parameters. We recommend considering these 

relatively neglected aspects in future modelling studies.

We recommend the use of Markov models due to their ability to incorporate repetitive (short and 

long-term) health events, including important medical AEs, therapeutic adherence, and 

discontinuation. Importantly, the probabilities of medical AEs, and time to events (e.g.: decision 

for joint replacement, revision surgery) depend on the history of previous states; however, no 

study in our review considered this important dimension. We therefore recommend future studies 

to integrate memory into their models to avoid problems associated with the Markov assumption 

of memoryless-ness. Future HEEMs should also benefit from the recent availability of MRI-based 

data on OA definitions, progression and MRI-based markers (19), and advances in new data 

science (that have enabled the use of machine learning-based patient-specific prediction models) 

(87).

This review found the reporting quality of studies has improved and has been reasonably 

satisfactory over time. Nonetheless, further improvements could be made, particularly, in relation 

to the quality of title, abstract, and effectiveness measures. As poor reporting may lead to costly 

decisions, future studies should ensure high transparency and reporting quality in all areas.

The strengths of our review include its comprehensive nature and the incorporation of assessment 

of reporting quality. The inclusion of all OA therapies builds on two existing systematic reviews 

of OA oral therapies and surgical interventions (21, 22). Furthermore, our review summarised the 

development of OA models in terms of various model characteristics, which will help to evaluate 

the existing OA HEEMs and guide the development of a comprehensive gold standard HEEM of 

OA. Lastly, our assessment of reporting quality should be of interest to future researchers in 

improving the reporting quality of their health-economic modelling studies. A limitation is that our 

study did not cover studies published in languages other than English, Chinese and German. 

However, this may have a minimal impact on our key conclusions as only a small number of 

studies (n=20) were subject to language exclusions. A further limitation is that as we only had a 

small number of studies comparing OA preventative interventions, the review is predominantly A
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focused on OA treatments. Future studies will need to consider the synthesis of OA prevention 

models as more evidence becomes available.

Conclusion 

OA HEEMs are of a wide variety and evolved substantially over time. Furthermore, the number of 

modelled OA evaluations have rapidly increased in recent years. The focus of OA HEEs has 

shifted from short-to-medium-term pharmacological-focused decision-tree models to surgical-

focused lifetime Markov models. We recommend future HEEMs use life-time Markovian model 

structures with memory integration and should also incorporate all relevant costs, model events, 

therapeutic adherence, discontinuation, appropriate discount rate and time horizon, and conduct 

sensitivity analyses for input parameters. Finally, we recommend improvements in relation to the 

reporting quality of (1) title, (2) abstract, and (3) effectiveness measurement. 
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Figure 1. Flow chart results of study search based on Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses methodology.

References identified through 
biomedical database searching 

(n=1498)

References identified through 
economic database searching 
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3 less than 90% OA patients
 

424 duplicates 
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References for title and abstract 
screening (n=1259) 
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Figure 2. The distribution of published model-based osteoarthritis (OA) health economic evaluations by years of publication (a) and study settings (b). 

*Americas included both North and South America. NZ=New Zealand.
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Figure 3. The distribution of included studies by focused OA types and intervention options (a) 

and the distribution of adopted perspectives by published time (n=79) (b). OA/arthritis includes 

OA without a specified site and arthritis comprising OA and rheumatoid arthritis. 
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Figure 5. The number distribution of model types and treatments (a), by published time (b), and time horizon (c).

12(32%)

36(73%)

26(68%)

13(27%)

0

10

20

30

40

50

60

1994-2010 2011-2018
lifetime short-medium

(a)

N
um

be
r o

f s
tu

di
es

51%(rate 
3%)

14%(undisco
unted)

13%(rate3.5
%)

13%(others*)

8%(rate 5%)
(b)

12
271

9

15

12

11

1

0

10

20

30

40

50

60

1994-2010 2011-2018
3% 3.5% Others NA

(c)

N
um

be
r o

f s
tu

di
es

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Figure 6. The distribution of adopted time horizon in included studies by published time (a), the percentage distribution of the adopted discount rates 

in the included modelling studies (n=76) (b), and the distribution of the adopted discount rates by published time (c). *Others included alternative 

discount rate for cost and outcomes, discount rate of 4%, 4.76%, and 6%.
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Appendix 1 

 

Types of health economic evaluations 

Economic evaluation is defined as “the systematic appraisal of costs and benefits of projects, normally undertaken to determine the relative 

economic efficiency of programs.” In simple words, economic evaluation is the understanding and use of economic evidence in decision making. 

There are two levels of economic evaluations: 1) partial and 2) full. Partial economic evaluation measures program or disease costs/outcomes but 

does not involve a comparison with alternative options and does not relate costs to outcomes (e.g.: cost-of-illness analysis and program cost 

analysis). On the other hand, full economic evaluations compare two or more public health interventions through the examination of costs of 

inputs and outcomes. Full economic evaluations include cost-benefit, cost-effectiveness, cost-utility, cost-consequences, and cost-minimization 

analyses. 

Type Description Cost measurement Outcome measurement 

Partial economic evaluations 

Cost of illness disease economic burden $ ─ 

Program cost analysis Net program cost $ ─ 

Full economic evaluations 

Cost-benefit analysis 
Compares different programs with different outcomes (e.g., health vs. other 

area) 
$ $ 

Cost-effectiveness analysis Compares interventions with the same outcomes $ 
Single “natural” unit 

outcome measure 

Cost-utility analysis Compares interventions with different health outcomes $ 
Multiple outcomes—life-

years adjusted for quality-A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

of-life 

Cost-minimization 

analysis 
Compares the costs of alternative interventions that have equal effects $ 

Equivalence demonstrated 

or assumed in comparative 

groups 

Cost-consequences 

analysis 

Lists separately all the direct and indirect costs and catalogues different 

outcomes of all alternatives, with no specific preference for one costing 

approach/outcome measure (as is the case for cost‐ effectiveness analysis or 

cost-utility analysis) 

$ 
Multi-dimensional listing of 

outcomes 
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Appendix 2  

The literature search strategy for Medline* 

1. Cost effective*.mp. 

2. Cost-effective*.mp. 

3. Cost utility.mp. 

4. cost-utility.mp. 

5. Cost benefit.mp. 

6. cost-benefit.mp. 

7. Cost*1.mp. 

8. quality-adjusted life years.mp. 

9. Health-economic*1.mp. 

10. Economic evaluation.mp. 

11. Cost-Benefit Analysis/  

12. Model*1.mp. 

13. exp models, economic/ 

14. Osteoarthritis.mp. 

15. OA.mp. 

16. exp Osteoarthritis/ 

17. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 

18. 12 or 13 

19. 14 or 15 or 16 

20. 17 and 18 and 19 

Note: * The search strategy used for Medline was adapted to suite other databases. A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

Appendix 3 

 

Inclusion criteria 

1. Studies in humans; 

2. Studies reporting the construction, validation and application of health economic 

evaluation models for OA interventions. Both the partial (cost of illness, program 

costs) and full (cost-effectiveness, cost-benefit, cost-utility, cost-minimization, and 

cost-consequences analysis) economic evaluation studies were included; 

3. Studies that were available as full text; 

4. Studies published in English, Chinese, or German languages; 

5. Studies focusing on arthritis population including OA when the proportion of OA 

participants was not available or when the proportion of OA participants was 

available, and ≥90% participants in the sample had OA. 

Exclusion criteria 

1. Studies in animals; 

2. Studies that did not report OA-related health-economic evaluation models (e.g.: non-

model-based cost of illness or cost-effectiveness studies); 

3. Conference abstracts; 

4. When studies focused on arthritis population including OA and reported the 

proportion of OA participants being <90%; 

5. Studies published in languages other than English, Chinese and German (e.g.: Spanish 

and Italian languages); 

6. Review articles;  

7. Comments; and 

8.  Books/book chapters. 
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Appendix 6 

Interventions in the included studies 

KNEE OA (n=37) 

  pharmacological treatment (n=10) 

  interventions Frequency References* 

celecoxib vs. naproxen 1 43 

opioid, tramadol, tramadol+oxycodone 1 70 

Tanezumab 1 42 

NSAIDs and opioids 1 32 

Hylan G-F 20 2 14,25 

disease modified drugs 1 41 

naproxen, celecoxib, hyaluronan 1 86 

rofecoxib and celecoxib vs. acetaminophen or ibuprofen 1 30 

pharmacologic regimens 1 40 

surgical treatment (n=23) 

  interventions Frequency References* 

meniscus repair, meniscectomy, and nonoperative treatment  4 21,22,63,64 

unicompartmental knee arthroplasty (UKA) with total knee arthroplasty (TKA) 5 12,23,57,67,72 

Patellofemoral arthroplasty vs. TKA 1 17 

TKA, UKA, and high tibial osteotomy (HTO) 2 34,69 A
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Knee Joint Distraction vs. TKA 1 78 

early vs. late TKA 1 47 

five commonly used prosthesis for TKA 1 59 

robot assistant UKA vs. traditional UKA 1 53 

TKA vs. nonoperative treatment 3 5,44,65 

TKA without delay vs. waiting period with/without non-operative treatment 1 49 

computer-assisted surgery vs. TKA 1 68 

UKA vs. HTO 2 11,38 

Others treatment (n=4) 

  interventions Frequency References* 

exercise, booster, manual therapy 1 7 

adjunct non-pharmacological therapy 1 85 

no specific treatment 1 84 

10 types of treatment 1 31 

   HIP OA (n=13) 

  surgical treatment (n=13) 

  interventions Frequency References* 

Dual mobility implants vs. conventional bearings 1 4 

total hip arthroplasty (THA) vs. non-operative management  3 16,33,35 

timely THR, delayed THR, and non-surgical therapy 2 54,55 A
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metal-on-metal hip resurfacing procedure vs. commonly employed THR 3 8,26,62 

five commonly used combination of components in THA, including type of fixation and bearing of 

surface 1 61 

three commonly used prosthesis for THR 1 60 

cement-less with hybrid prosthesis in THR 1 20 

antibiotic-impregnated bone cement for THA vs. cement without antibiotics 1 19 

   OA (n=36) 

  pharmacological treatment (n=35) 

  interventions Frequency References* 

cox-2 selective vs. non-selective NSAID, with and without PPI 8 9,10,13,36,37,56,75,80 

cox-2 selective vs. non-selective NSAID (NSNSAID alone, NSNSAID+PPI, NSNSAID +H2RA, 

NSNSAID+ misoprostol) 4 2,15,52,88 

cox-2 selective vs. non-selective NSAID 14 

1,3,28,29,45,46,48,58,66,

74,76,77,79,87 

duloxetine, NSAIDs (celecoxib, diclofenac, Naproxen), opioid (Hydromorphone, Oxycodone) 1 83 

duloxetine vs. celecoxib, naproxen, a combination of oxycodone/acetaminophen, oxycodone extended 

release, and tramadol and tapentadol 1 82 

celecoxib; traditional NSIDs switch to celecoxib; traditional NSAIDs+ PPI switch to celecoxib 1 6 

celecoxib, nonselective NSAIDs (naproxen, diclofenac and piroxicam) and acetaminophen 1 18 

The Osmotic Controlled-Release Oral delivery System hydromorphone vs. equianalgesic dose of 1 81 A
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extended release oxycodone  

tramadol/paracetamol, NSAIDs alone, NSAIDs+PPIs, NSAIDs+H2RAs 1 39 

NSAID alone, NSAID with PPI, coxib alone (with and without aspirin were compared) 1 73 

celecoxib 1 24 

piroxicam vs. ibuprofen 1 51 

surgical treatment (n=1) 

  total hip and knee replacements compared with 'doing nothing'(continued non-surgical therapies 

without joint replacements) 1 27 

   Other joints OA (n=2) 

  surgical treatment (n=2) 

  total shoulder arthroplasty and hemiarthroplasty 1 50 

total ankle arthroplasty vs ankle fusion 1 71 

Note: *references were shown in appendix 5 
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Appendix 7 

There were four commonly used osteoarthritis (OA) model structures : 1) OA policy (OAPoL) 

model which was adopted in 6 studies which is a Markov model to simulate the natural 

history of knee OA and predominantly used in the US; 2) the National Institute for Health 

and Care Excellence (NICE) model which was adopted in 7 studies which is a Markov model 

originally developed in the UK to compare Nonsteroidal anti-inflammatory drugs (NSAID)/ 

cyclooxygenase (COX)-2 inhibitor oral analgesics and subsequently extended to incorporate 

dose titration, discontinuation and adverse events (AEs) in addition to gastrointestinal (GI) 

and cardiovascular (CV) AEs; 3) a model developed by Fitzpatrick which was adopted in 4 

studies. It is a Markov model aimed at evaluating hip OA surgical treatments; and 4) a 

decision-tree model developed by Burke which was adopted in 4 studies to compare 

NSAID/COX-2 inhibitor oral analgesics. Further specific details of each model are 

mentioned below. See also the table that is included at the end of this document to summarise 

these commonly used OA health economic evaluation model structures.  

(1) The Osteoarthritis Policy (OAPol) Model 

The OAPol Model is a state-transition, computer simulation model of the natural history of 

knee OA that runs on an annual cycle. “State transition” refers to the fact that the model 

characterizes each person’s history as a sequence of annual transitions from one health state 

to another. Annual transition probabilities used in the OAPol model, are derived from 

published data or secondary data analyses. Health states are chosen to describe the 

individual’s current health including the number of comorbidities, obesity status and knee 

OA status. They are designed to be predictive of comorbidities and mortality. The model 

defines four general health state categories: knee OA- and obesity-free, knee OA only, 

obesity only, knee OA and obesity. Throughout most of their lives, patients reside in one of 

these chronic states. Death can occur in any state. The OAPol Model utilizes the Kellgren-

Lawrence (K-L) scale to define OA severity: K-L 0 (normal radiograph) is defined as ‘no 

OA,’ K-L 1 (questionable osteophytes) as ‘pre-radiographic OA,’ K-L 2 (definite osteophytes) 

as ‘early OA,’ K-L 3 (< 50% narrowing of knee joint space) as ’advanced OA,’ and K-L 4 (≥ 

50% narrowing of joint space) as ’end-stage OA.’ Symptomatic knee OA is defined as the 

concomitant presence of radiographic knee OA and knee pain on most days. A
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The OAPol Model tracks subjects’ life courses until death. Over their life spans, subjects 

without knee OA are at risk for developing OA and subjects with the disease are at risk for 

progressing to more advanced stages based on subjects’ current K-L grade and obesity, as 

defined by body mass index (BMI). 

Knee OA incidence and progression rates in the OAPol Model are stratified by obesity and 

sex. Incidence is further stratified by year of age and progression is further stratified by K-L 

grade. At the beginning of a simulation, subjects are assigned a K-L grade and symptom 

status, based on their age and BMI. During each model cycle (one year), subjects may 

develop knee OA if they are currently OA-free or progress by one K-L grade if they already 

have OA. For example, a subject with symptomatic early OA (K-L 2) at baseline surviving to 

the following year may be assigned one of two states: (1) symptomatic early OA (where they 

started), or (2) symptomatic advanced OA (K-L 3). Competing risks for mortality are 

accounted for in the OAPol Model by incorporating several major comorbidities including 

cardiovascular disease, diabetes, chronic obstructive pulmonary disorders and malignancies. 

Source: Holt HL, Katz JN, Reichmann WM, Gerlovin H, Wright EA, Hunter DJ, et al. 

Forecasting the burden of advanced knee osteoarthritis over a 10-year period in a cohort of 

60–64-year-old US adults. Osteoarthritis and cartilage. 2011;19(1):44-50 

(2) National Institute of Health and Care Excellence (NICE) model 

The model is in the form of a Markov model with a 3-month cycle length. The probability of 

moving between states is based on within-state decision trees which are informed by clinical 

evidence and expert opinion. The health states that make up the Markov model represent a 

range of possible adverse events.  

The model seeks to compare the cost effectiveness of individual NSAIDs and COX-2 

inhibitors for which sufficient adverse event data exists. Patients do not move between 

treatments in the model (apart from the addition of a PPI in some circumstances and 

switching to paracetamol following serious adverse events or at the end of the treatment 

period). This is a simplifying assumption which keeps the model manageable. Therefore, the 

model considers first-line NSAID or COX-2 inhibitor treatment. 

The model can be split into two key components:   

• Markov model health states  A
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• Within state decision trees to determine type of adverse event (if any). 

The possible health states considered in the model are as follows: 

• no complications  

• GI symptoms / dyspepsia  

• symptomatic ulcer  

• post-symptomatic ulcer  

• complicated GI bleed  

• post-complicated GI bleed 

• myocardial infarction (MI)  

• post MI  

• stroke  

• post Stroke  

• heart failure (HF)  

• post HF  

• post treatment (given no serious adverse events during the treatment period). 

Source: Conditions NCCfC, Excellence NIfC, editors. Osteoarthritis: national clinical 

guidelines for care and management in adults2008: Royal College of Physicians

A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

(3) Model developed by Fitzpatrick and colleagues 

This Markov type model is aimed at predicting the prognosis of patients who have undergone 

primary total hip arthroplasty. Following the operation, patients are assumed to enter one of 

the four distinct Markov states. 

1. Successful primary: if patients survive the initial total hip replacement (THR) they 

move to this state.  

2. Revision THR: patients move to this state if their hip replacement fails (e.g. due to 

infection or loosening) and they then require revision surgery. As some patients 

require more than one revision operation, it is possible for a patient to move into this 

state more than once. Patients only remain in this state for one cycle.  

3. Successful revision: if patients survive revision surgery they progress to this state.  

4. Death: patients can die and enter this state at any point in the model. Patients can 

enter this state due to death related to surgery or due to the underlying risk of death. 

Source: Fitzpatrick R, Shortall E, Sculpher M, Murray D, Morris R, Lodge M, et al. Primary 

total hip replacement surgery: a systematic review of outcomes and modelling of cost-

effectiveness associated with different prostheses. Health technology assessment (Winchester, 

England). 1998;2(20):1-64 

(4) Model developed by Burke 

This model is based on a decision-tree framework and aims to compare different treatments 

for patients with OA and Rheumatoid Arthritis (RA). The model compares the costs and 

clinical events for patients on the following arthritis treatments: NSAID alone, celecoxib, 

NSAID and prophylactic PPIs (NSAID + PPI), NSAID and prophylactic H2RAs (NSAID + 

H2RA), NSAID and prophylactic misoprostol (NSAID + misoprostol), and a single-tablet 

formulation of diclofenac/ misoprostol. 

The primary clinical outcomes measured in the model are GI distress, serious GI 

complications requiring hospitalisation, symptomatic ulcer, anaemia with occult bleeding, 

and GI-related death.  

The model uses the following definitions for the clinical outcomes:  

• GI distress – moderate to severe dyspepsia, abdominal pain, or nausea  A
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• Serious GI complications – any of the following events requiring hospitalisation: gross GI 

bleed, perforation, gastric outlet obstruction, GI distress, ulcer, or anaemia  

• Symptomatic ulcer – uncomplicated, symptomatic gastric or duodenal ulcer confirmed by 

endoscopy (ulcers detected via protocol-driven endoscopy were not included)  

• Anaemia with occult bleeding – anaemia serious enough to require withdrawal from the 

trial, or classified by the investigator as ‘severe’  

• GI-related death – mortality associated with a hospitalised GI adverse event; the mortality 

rate of serious GI complications resulting in hospitalisation was assumed to be 10%. 

Source: Zabinski RA, Burke TA, Johnson J, Lavoie F, Fitzsimon C, Tretiak R, et al. An 

economic model for determining the costs and consequences of using various treatment 

alternatives for the management of arthritis in Canada. PharmacoEconomics. 2001;19 Suppl 

1:49-58.
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Table. Summary of four identified commonly used OA health economic evaluation models 

Model 

Structure 

Studies 

(n)* 

Publication 

years Study settings 
Model 

type 

OA 

type of 

interest 

OA 

treatment of 

interest 

Key model 

features 
Key Strengths Key Weakness 

OAPoL 6 

2013, 2014, 

2016, 2017, 

2018 

US Markov 
Knee 

OA 

Simulate the 

nature history 

of knee OA 

Knee OA 

incidence and 

progression 

rate are 

stratified by 

obesity and 

sex. 

Considers inter-

relationships among pain, 

obesity and comorbidities 

Sex and obesity specific data on 

knee OA incidence and 

progression rate is not available 

for countries other than USA 

but is imperative to build the 

OAPoL model structure. 

NICE 7 

2009, 2011, 

2012, 2013, 

2014, 2015 

UK, US, 

Canada, 

Sweden, Saudi 

Arabia 

Markov OA 
NSAIDs/Cox-

2 

Consider GI 

and CV AEs 

Considers GI, CV AES, 

and treatment 

discontinuation 

Lack of adequate data on 

discontinuation 

Burke 4 

2001, 2002, 

2008 

Canada, 

Netherlands, 

Switzerland, 

Hong Kong 

Decision-

tree 
OA 

NSAIDs/Cox-

2 

Consider GI 

AEs 

Easy to be adapted for 

different settings 

Fails to consider other AEs, 

discontinuation, and is based on 

short time horizon 

Fitzpatrick 4 

2013, 2015, 

2016, 2017 UK, Germany, 

Italy 
Markov Hip OA Surgery 

Hip OA 

surgery 

Easy to be adapted for 

alternative settings and 

study objectives 

Fails to consider the impacts of 

other important variables (for 

example, age) on surgery 

outcomes A
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*This is the number of included studies adopted by each of the four model structures. 

OAPoL: OA policy model; NICE: National Institute of Health and Care Excellence; GI: gastrointestinal; CV: cardiovascular; AEs: adverse events. 
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Appendix 8a 

The description of the reporting quality assessment scores of included studies 

Published year Mean SD Minimum Maximum Q1 Q2 Q3 Q4 95%CI 

1994-2000 (n=7) 68% 0.12 50% 79% 61% 73% 77% 79% 58%-79% 

2001-2010 (n=32) 83% 0.06 71% 95% 79% 83% 87% 95% 81%-85% 

2011-2018 (n=48) 82% 0.09 61% 96% 75% 81% 88% 96% 79%-84% 

Total (n=87) 81% 0.09 50% 96% 75% 83% 87% 96% 79%-83% 

SD: Standard deviation, Q1: First quartile, Q2: Second quartile, Q3: Third quartile, Q4: 

Fourth quartile, 95%CI: 95% confident interval. 

Appendix 8b  

The distribution of reporting quality of included studies by published time 
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