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Abstract

Objectives

The purpose of this study was to compare three strategies for reducing population health
burden of osteoarthritis (OA): improved pharmacological treatment of OA-related pain,
improved access to joint replacement surgery, and prevention of OA by reducing obesity
and overweight.

Methods

We applied a validated computer microsimulation model of OA in Canada. The model simu-
lated a Canadian-representative open population aged 20 years and older. Variables in the
model included demographics, body mass index, OA diagnosis, OA treatment, mortality,
and health-related quality of life. Model parameters were derived from analyses of national
surveys, population-based administrative data, a hospital-based cohort study, and the litera-
ture. We compared 8 what-if intervention scenarios in terms of disability-adjusted life years
(DALYs) relative to base-case, over a wide range of time horizons.

Results

Reductions in DALYs depended on the type of intervention, magnitude of the intervention,
and the time horizon. Medical interventions (a targeted increase in the use of painkillers)
tended to produce effects quickly and were, therefore, most effective over a short time hori-
zon (a decade). Surgical interventions (increased access to joint replacement) were most
effective over a medium time horizon (two decades or longer). Preventive interventions
required a substantial change in BMI to generate a significant impact, but produced more
reduction in DALYs than treatment strategies over a very long time horizon (several
decades).
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Conclusions

In this population-based modeling study we assessed the potential impact of three different
burden reduction strategies in OA. Data generated by our model may help inform the imple-
mentation of strategies to reduce the burden of OA in Canada and elsewhere.

Introduction

Osteoarthritis (OA) is the most common joint disease and a massive public health problem in
Canada and around the world [1-3]. In the US and Canada, about 10-15% of all adults have
clinical OA [1, 2]. OA is one of the top reasons for seeing a doctor [4]. According to the Global
Burden of Disease (GBD) study, prevalence of OA in high-income countries has increased by
55% since 1990 [5]. The population health burden of OA is expected to continue to rise due to
population aging and increasing levels of obesity [2, 3].

Over the past two decades, a number of strategies to halt the OA pandemic have been iden-
tified [6-8]. A report sponsored by several European organizations recommended a wide
range of strategies, from primary prevention (avoiding obesity, gain in physical fitness, injury
prevention) to case finding, better management of pain, biomechanical devices, exercise, and
timely access to surgery [6]. Similar approaches have been advocated by patient groups in the
US [7] and Canada [8]. Evidence for the effectiveness of pharmacological interventions, non-
pharmacological therapies (physical, psychosocial, and mind-body approaches) and surgical
treatments have been synthesized in practice guidelines issued by professional organizations,
such as the European League Against Rheumatism [9], Osteoarthritis Research International
[10], American College of Rheumatology [11], or American College of Orthopaedic Surgeons
[12, 13].

To identify and implement the most effective burden-reducing strategies in OA, policy-
makers need projections of their future population-level health and quality-of-life impact. This
information is currently lacking. Recommendations based on individual-level risk and treat-
ment effectiveness data from clinical and epidemiological research are critically important.
However, they may not automatically translate into burden reductions at the population level.
For example, adherence to guidelines is often far from perfect, resulting in smaller than
expected uptake of recommended treatments or preventive behaviors [14, 15]. Furthermore,
projecting the impact of interventions or policies of known efficacy on disease burden in an
open population is not a trivial task. It may require that several additional factors are taken
into consideration, for example, population aging, current treatment and risk factor distribu-
tion, frequency of adverse events, and their impact on quality of life. The purpose of this study
was to compare three strategies for reducing OA burden at the population level, namely
improved pharmacological treatment of OA-related pain, improved access to joint replace-
ment surgery (JRS), and prevention of OA by reducing obesity.

Methods

Microsimulation model

We used a previously validated microsimulation model of OA (MSM-OA) [16]. The model
generates individual life and health histories by assigning events to individuals over time (con-
tinuously or discretely) based on statistical prediction equations. The structure of MSM-OA
has been described in previous studies [16, 17]. MSM-OA uses the Population Health Model
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(POHEM) simulation platform developed at Statistics Canada [18]. It is a model of a Cana-
dian-representative open population 20 years of age and older. As the simulation progresses,
individuals age and can be removed from the population by death or emigration. People can
also enter the population by becoming 20 years of age or immigrating to it. Key variables in
MSM-OA are sociodemographic variables, presence of OA, body mass index (BMI), medica-
tion use and side effects, JRS, and health-related quality of life (HRQOL). Model parameters,
along with their methods of derivation and sources of data are provided in Appendix 1 in S1
File.

The initial population has been derived from the 2001 cycle of the Canadian Community
Health Survey (CCHS) [19]. The CCHS is an ongoing cross-sectional survey of about 130,000
Canadians per two-year cycle. Projected changes in the demographic structure of the popula-
tion are based on Statistics Canada’s mortality and other demographic projections [20]. BMI
has been modeled using self-reported data from the 1994-2006 National Population Health
Survey (NPHS), a nationally representative cohort of over 17,000 individuals who were sur-
veyed every 2 years [21]. Log-transformed BMI is predicted from an autoregressive linear
model. Predictor variables include prior values of BMI, age, education, income and region.
Separate models were developed for males and females.

OA incidence in MSM-OA is a function of age, sex and BMI. Baseline incidence of OA was
obtained as the age/sex-specific incidence of physician-diagnosed OA of any joint observed in
a comprehensive administrative (claims) database in the province of British Columbia (BC),
Canada [22], and applied to the Canadian population age/sex structure. In administrative data,
OA was defined as at least two visits to a health professional within two years or one hospital
separation with the ICD-9 code 715 or the ICD-10 code M15-M19 [23]. We modeled overall
OA since no data on joint-specific OA or multiple joint involvement were available. The initial
age/sex-specific prevalence of OA was calibrated such that the population was in a steady state
at the beginning of the simulation. Age-adjusted relative risks for the effect of BMI on OA inci-
dence, separately for males and females, have been derived by analyzing multiple cycles of the
NPHS in a survival regression model [16].

HRQOL was measured with a well-established multi-attribute measure of health utility, the
Health Utilities Index Mark 3 (HUI3) [24]. The attributes (domains or components) are
vision, hearing, speech, mobility, dexterity, emotion, cognition, and pain. They were initially
measured on a 5 or 6-point ordinal scale; however, all attributes except pain were collapsed to
various extent prior to implementation due to reporting limitations of public-use CCHS and
small numbers of respondents in some categories, leading to model instability. For pain, the
levels were as follows: 1—no pain or discomfort; 2—mild to moderate pain that prevented no
activities; 3—moderate pain that prevented a few activities; 4—moderate to severe pain that
prevented some activities; and 5—severe pain that prevented most activities. The HUI3 predic-
tion model has been developed from the 1994-2012 cycles of the NPHS. We have modeled
each of the 8 HUIS3 attributes individually using ordinal logistic regression with proportional
odds. Predictors included previous values of the attribute (2 years back), calendar time, demo-
graphics (age, sex, education, and income), smoking, BMI, OA, and selected comorbidities
(diabetes, hypertension, cardiovascular disease, stroke, ulcer, and non-ulcer dyspepsia), some
of which may be affected by OA medication. Additional predictors included other concurrent
HUI3 attributes according to a conceptual, hierarchical model. The attributes were updated
one at a time, each model including concurrent values of the already-updated attributes.

The frequency of use of four types of pain medication in OA (acetaminophen, NSAIDs,
COX-2 inhibitors, and opioids) has been derived from two sources, the PharmaNet database
in BC and self-reports of drug use in Canada from the 1996-2012 cycles of the NPHS. Pharma-
Net includes virtually all prescription drugs dispensed by pharmacies in BC [25]. Self-report
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data were necessary to account for over-the-counter use, which is common with acetamino-
phen and NSAIDs. We estimated the probability of medication use in Canada by modeling the
ratio of all use to prescription use for acetaminophen and NSAIDs in BC. We estimated the
use (point prevalence) of each medication according to age, sex, OA stage (diagnosis of OA<5
years prior, OA>5 years, post-JRS<5 years, and post-JRS>5 years), and level of pain as mea-
sured by HUI3. We included five types of side effects of pain medication: serious gastrointesti-
nal (GI) complications (ulcer with bleeding or perforation), cardiovascular disease, stroke,
dyspepsia, and lethal opioid overdose. Probabilities of developing these side effects were
obtained from the literature [26-36]. For GI complications, we applied excess rates among
medication users. For CVD and stroke, we obtained baseline incidence for Canada from the
GBD study [5] and applied the relative risk among users. For prescription opioid overdose, we
obtained the number of deaths in Canada from published reports and calibrated the probabili-
ties by titration [35, 36].

We used administrative data from BC to derive baseline joint (knee or hip) replacement sur-
gery rates [22]. Rates of primary and revision JRS were obtained using a Poisson regression
model with three predictors, age, sex, and calendar year. The odds of getting JRS in people with
OA according to the level of each HUI3 attribute were derived from a population-based case-
control study in which cases were 220 patients with OA scheduled to undergo hip/knee replace-
ment at the Vancouver General Hospital between 2000 and 2005 and controls were age- and sex-
matched (3:1) participants in the 2001 CCHS who reported being diagnosed with OA [37, 38].

In our model, medical (pharmacological) treatments of OA could have a positive direct
effect on the level of pain in HUI3. Other HUI3 domains could be affected indirectly, because
of their relationship with pain. For each class of drugs, their impact on pain, which incorpo-
rated placebo effect and was expressed as change in pain relative to baseline, was obtained
from an extensive review of the literature [39, 40]. In addition, all HUI3 domains could be neg-
atively affected by the side effects of medical treatment. In particular, certain classes of drugs
increase the risk of CVD and stroke and can cause ulcer and non-ulcer dyspepsia. Model coef-
ficients for CVD, stroke, and ulcer were derived from the 2001 cycle of the CCHS and the coef-
ficient for dyspepsia was obtained from the literature [41, 42]. The impact of JRS on HUI3
domains was modeled using data from a cohort of patients treated at the Vancouver General
Hospital [37]. Each side effect of medical treatment (except dyspepsia) and JRS were associated
with a specified risk of death based on data from the literature [5, 35, 36, 43-47].

Selection of intervention (counterfactual) scenarios

In a preliminary analysis, we compared a number of intervention scenarios within each treat-
ment strategy in order to select the scenarios for the between-strategy comparisons. This step
was necessary to reduce the scenarios to a manageable number and avoid redundancy. For the
medical treatment strategy, our goal was to identify target groups in which the benefits of pain
reduction outweighed the negative side effects. Thus our question was how much can OA bur-
den be reduced by an appropriately targeted intervention, rather than indiscriminate use of
medication. For the surgical treatment strategy, the same principle was applied. Given the limi-
tations on surgical capacity, we additionally considered the net benefits per number of addi-
tional surgeries. For the prevention intervention strategy, because everyone who did not have
OA was at risk of developing OA, the target group was everyone in the population who was
obese or overweight.

For each of the four medication types, we developed scenarios that differed in the odds mul-
tiplier (amount by which the odds of using a given drug were increased or decreased) and the
intervention target group defined by pain level (2 to 5). We did not include scenarios for
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patients without pain or discomfort (level 1) as they would not benefit from treatment in our
model. Scenarios were compared in terms of differences relative to base-case in average qual-
ity-adjusted life years (QALYs) per person in the population, for age groups 20-69 and 70

+ years. According to our model, side-effects of treatment outweighed the benefits of pain
reduction is some scenarios. Specifically, increased use of traditional NSAIDs and coxibs in
OA patients aged 70+ years with mild (level 2) pain reduced population QALYs, and opioids
reduced QALYs in all patients with mild pain (Table A2-1, Appendix 2 in S1 File). These
results were used to select the final scenarios in which the intervention was applied to those
who would, on average, benefit from it.

We developed two scenarios with different multipliers to allow for extrapolation and inter-
polation of results. In selecting the multipliers, we aimed to generate robust results that are
clearly distinguishable from the random noise in the model. In addition, we sought to strike a
balance between what is realistic and what is achievable under optimal conditions. Although
maximum improvement in population QALY would ensue if all patients experiencing net
benefit (and none experiencing net harm) received medication, we considered such a scenario
as too implausible. Given these considerations, we selected the odds multipliers 2 and 3. These
scenarios are referred to as Medication x2 and Medication x3.

Within the surgical treatment strategy, we compared scenarios with different JRS rate mul-
tipliers and target groups, defined by age (20-49, 50-69 and 70+ years) and pain level (2 to 5).
The main outcome was the difference in average QALY per person in the population com-
pared with base-case. In addition, we compared the scenarios in terms of effectiveness ratio,
defined as a ratio of the difference in average QALY to the difference in the number of JRSs,
relative to base-case. As expected, our model predicted that all categories of OA patients with
pain >2 would, on average, benefit from an increased access to JRS, although the gain in
QALYs varied by age, pain level, and rate multiplier (Appendix 2, Table A2-2 in S1 File). In
selecting the scenarios for inter-strategy comparisons we applied similar principles to those
used for medical scenarios. In addition, we wanted the results to be easily comparable across
different strategies. Based on these considerations and the results from the model, we selected
two scenarios, in which the rates of JRS were doubled or tripled in all age and pain >2 groups.
Applying a higher rate multiplier would generally produce more gain in QALY at the popula-
tion level, but extremely high rates of JRS (e.g., a multiplier of 20) would be unrealistic and had
a lower effectiveness ratio. The selected scenarios are referred to as Surgery x2 and Surgery x3.

For the prevention strategy, we selected four intervention scenarios. The scenarios were
selected based on the results of a previously published study of the effect of BMI reduction on
OA prevalence [48]. We sought to cover a broad range of trajectories in obesity prevalence,
from a stable trend to a strongly declining one. Therefore, we assumed a reduction in BMI
ranging from 0.1 to 1.0 units per year in each person with BMI>25. The intervention would
last until the individual reached normal weight (BMI<25). The scenarios are referred to as
BMI-0.1, BMI-0.3, BMI-0.5 and BMI-1.0. All intervention scenarios and the base-case scenario
are described in Table 1.

In the medical intervention scenarios, all 4 types of drugs were allowed to be used in the
same patient, assuming independent probabilities. The drugs were assumed to act indepen-
dently in terms of both pain reduction and side effects. Incorporating interactions between
drugs was not feasible due to a lack of data and additional model complexity this would entail.
In the surgical scenarios, each subject could have up to 4 primary JRSs and any number of revi-
sion JRSs. In all counterfactual scenarios, interventions were assumed to be effective starting
in 2020. Although actual implementation of medical and surgical interventions would likely
stretch over a longer period, modeling details of the implementation process was beyond the
scope of our study.
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Table 1. Description of the scenarios for inter-strategy comparisons.

Scenario Description of intervention
name
Base-case No intervention. All variables in the simulation change over time according to underlying statistical

prediction models

Medication x2 | The odds of taking each of the four classes of medication are multiplied by 2 in the following
groups of simulated individuals:
o Acetaminophen: in all persons with OA and pain>2;

« NSAIDs: in all persons with OA aged 20-69 and pain >2 and all persons aged 70+ and pain >3
« Coxibs: in all persons with OA aged 20-69 and pain >2 and all persons aged 70+ and pain >3
« Opioids: in all persons with OA and pain >3

Medication x3 | The odds of taking medication are multiplied by 3 in the same groups as above

Surgery x2 The hazard rate of obtaining JRS (a parameter in MSM-OA), is multiplied by 2 in all persons with
OA and pain >2

Surgery x3 The hazard rate of obtaining JRS is multiplied by 3 in all persons with pain >2

BMI-0.1 BMI is reduced by 0.1 units per year in all persons with BMI >25 until they reach BMI<25
BMI-0.3 BMI is reduced by 0.3 units per year in the same groups as above

BMI-0.5 BMI is reduced by 0.5 units per year in the same groups as above

BMI-1.0 BMI is reduced by 1 unit per year in the same groups as above

OA = Osteoarthritis; BMI = Body mass index; NSAIDs = Non-steroidal anti-inflammatory drugs;

MSM = microsimulation model; JRS = Joint replacement surgery

https://doi.org/10.1371/journal.pone.0261017.t001

Sensitivity analysis

We estimated the impact of uncertainty in 17 key model parameters on average lifetime
QALYs per person in a one-way sensitivity analysis. For each parameter, we ran the model for
the base-case and three intervention scenarios (one per strategy), assuming three values for the
parameter, the mean, upper limit, and lower limit of the estimated 95% confidence interval
(Appendix 3 in S1 File). We specified the sample size as 1 million for the duration of the simu-
lation, which resulted in about 360,000 simulated individuals in 2020.

Outcomes

The simulated population was described according to age, sex, BMI distribution, and OA inci-
dence and prevalence. For those with OA, the key variables were medication use, hip/knee
replacement surgery rates, side effects of treatment (including mortality) and HRQOL mea-
sured by HUI3. Intervention scenarios were compared in terms of disability-adjusted life years
(DALYs) due to OA relative to base-case (DALYs averted) over time. We used OA-related
DALYs rather than QALYs to compare OA burden associated with treatment and prevention
strategies because reducing BMI in the population affects HRQOL and mortality through vari-
ous mechanisms, some of which are not related to OA. While it might be important from a
policymaker’s point of view to estimate all effects associated with an intervention, our goal was
more circumscribed—to assess reduction in OA-related burden—and our model did not
include other effects of high BMI in the general population. BMI interventions reduced OA-
related DALY’ by decreasing OA incidence, while medical and surgical interventions
improved HRQOL in people with OA. However, the latter interventions also increased
DALYs through side effects affecting HRQOL or causing death.

Differences in DALY due to OA in the simulated population for each scenario relative to
baseline (DALYs averted) were computed as a difference in years lived with disability (YLDs)
plus difference in years of life lost (YLLs) [49]. YLDs for each year were calculated for males
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and females as OA prevalence rate x disability weight (scenario-specific) x population person-
time. Differences in YLLs due to OA for each year were calculated as person-time in each
intervention scenario minus person-time in the base-case scenario. For calculating OA-related
DALYs, we assumed no effect of BMI reduction on OA-related YLLs. Disability weights were
calculated as a difference in mean HUI3 between people with and without OA, separately for
males and females. To calculate DALY averted for each intervention as a proportion of total
DALYs, total YLDs in the base-case scenario were calculated as described above and OA-
related YLLs were calculated as a difference in person-time between base-case and a scenario
in which all effects of drugs and surgery were suppressed. The study was approved by the Uni-
versity of British Columbia Behavioral Research Ethics Board.

Results
Simulated open population (base-case scenario)

The sample size for the duration of the simulation was 10 million, resulting in a simulated
open population of about 3,600,000 individuals in 2020, or 12% of the Canadian population 20
years of age and older. In the base-case scenario, the projected proportion of person-time in
the age group 70+ years increased from 12.6% in males and 15.5% in females in 2020 to 20.0%
and 23.4%, respectively, in 2040 (Table 2).

In males, the proportion with normal BMI (18.5-24.9) diminished from 32.7% in 2020 to
29.1% in 2040, whereas the proportion obese increased from 24.7% to 29.6%. In females, nor-
mal BMI decreased from 44.2% to 39.7% and obese increased from 21.3% to 26.1%. Prevalence
of OA showed an increasing trend in both males and females. In 2020, 12.2% of males and
17.0% of females had OA. By 2040, these proportions were projected to increase to 15.6% and
21.4%, respectively.

Among males with OA, mean projected HUI3 decreased from 0.783 in 2020 to 0.757 in
2040 (Table 2). HUI3 was lower in females and showed a similar trend, from 0.742 to 0.723,
respectively. In 2020, the majority of males with OA (74.1%) reported no pain or discomfort
(pain level 1), 6.0% had pain level 2, 8.6% had pain level 3, 7.0% had pain level 4, and 4.2% had
pain level 5. The corresponding proportions in females were 70.4%, 6.2%, 9.2%, 8.3%, and
5.8%. Pain levels remained steady between 2020 and 2040 in both sexes.

In both males and females with OA, the most common pain medication was NSAIDs, fol-
lowed by acetaminophen, opioids, and coxibs. In 2020, 37.7% of males and 38.5% of females
were estimated to use NSAIDs on any given day (prescribed and over-the-counter combined).
The corresponding proportions for other medications in males and females were 16.6% and
24.0% for acetaminophen, 4.1% and 5.0% for opioids, and 3.7% and 4.4% for coxibs, respec-
tively. The projected use of acetaminophen increased slightly from 2020 to 2040 in both sexes,
whereas changes in the use of other analgesics were minimal (Table 2).

Joint (hip and knee combined) replacement rates among persons with OA in 2020 were
higher in males (45.0 per 1000 person-years) compared with females (40.1 per 1000 p-y). From
2020 to 2040, the rates were projected to increase by 22.3% (to 55.0 per 1000) in males and
18.2% (to 47.4 per 1000) in females. Revision rates increased as well during that time, from 4.0
to 4.6 per 1000 in males and from 3.3 to 3.6 in females (Table 2).

Simulated changes due to interventions

Changes in the use of analgesics as a result of the simulated medical interventions are shown
in Fig 1a and 1b. In males with OA, NSAIDs increased to 43.1% in 2021 under the Medication
x2 scenario and 46.0% under the Medication x3 scenario, equivalent to relative increases by
14.5% and 22.0%. The use of acetaminophen increased by 29.3% and 49.2%, opioids by 55.4%
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Table 2. Descriptive data for the simulated population (base-case scenario).

Variable Males Females

2020 ‘ 2040 2020 2040
General population
Age (%)
20-69 87.4 80.0 84.5 76.6
>70 12.6 20.0 15.5 23.4
BMI (%)
Underweight (<18.5) 1.0 0.9 53 5.6
Normal weight (18.5-24.9) 32.7 29.1 44.2 39.7
Overweight (25.0-29.9) 41.6 40.4 29.3 28.6
Obese (>30.0) 24.7 29.6 21.3 26.1
Osteoarthritis (OA)
Incidence per 1000 8.1 9.8 11.1 13.3
Prevalence (%) 12.2 15.6 17.0 21.4
People with osteoarthritis
HUI3
Mean 0.783 0.757 0.742 0.723
Pain level (%)
1 (No pain or discomfort) 74.1 74.1 70.4 70.9
2 (Mild pain) 6.0 6.0 6.2 6.1
3 (Moderate pain) 8.6 8.6 9.2 9.2
4 (Moderate-to-severe pain) 7.0 7.0 8.3 8.1
5 (Severe pain) 4.2 4.3 5.8 5.7
Medication use (%)
NSAIDs 37.7 38.9 38.5 39.4
Acetaminophen 16.6 19.2 24.0 26.9
Coxibs 3.7 3.6 4.4 4.2
Opioids 4.1 39 5.0 4.8
Joint replacement surgery (JRS)
Primary JRS rate per 1000 45.0 55.0 40.1 47.4
Revision JRS rate per 1000 4.0 4.6 3.3 3.6

BMI = Body mass index; HUI3 = Health Utilities Index Mark 3; NSAIDs = Non-steroidal anti-inflammatory drugs; JRS = Joint replacement surgery

https://doi.org/10.1371/journal.pone.0261017.t002

and 100.8% and coxibs by 55.0% and 102.0%, respectively (Fig 1a). In females with OA, the use
of NSAIDs increased to 44.9% and 48.2% under Medication x2 and Medication x3, respec-
tively (relative increase by 16.8% and 25.2%). Of the other analgesics, acetaminophen increased
by 25.7% and 41.6%, opioids by 58.9% and 105.3%, and coxibs by 58.2% and 106.8%, respec-
tively (Fig 1b).

Changes in JRS rates resulting from the simulated surgical interventions in persons with
OA are described in Fig 2a (males) and Fig 2b (females). In males, the rates increased to 72.0
per 1000 in 2020 (by 61.6%) under Surgery x2 and 92.6 per 1000 (by 107.9%) under Surgery
x3. In females, rates increased by 66.6% and 116.3%, respectively, but remained lower than
those in males (Fig 2b).

Weight reduction interventions produced gradual changes in the distribution of BMI in the
entire population (not just persons with OA) over time, as shown in Fig 3a and 3b. Under the
BMI-0.1 scenario, the proportions obese and overweight remained approximately constant in
both sexes. With stronger interventions, the proportion declined substantially over time, and
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Fig 1. Use of four classes of analgesics before and after Medication x2 and Medication x3 interventions in people with
osteoarthritis. All interventions are described in Table 1.

https://doi.org/10.1371/journal.pone.0261017.9001
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Fig 2. Joint replacement rates before and after Surgery x2 and Surgery x3 interventions in people with osteoarthritis. All
interventions are described in Table 1.

https://doi.org/10.1371/journal.pone.0261017.g002

the percent with normal BMI increased. The proportion overweight did not change much
under BMI-0.3 and BMI-0.5, as persons moving from obese to overweight were offset by those
moving from overweight to normal BMI. However, with BMI-1.0, the proportion overweight
diminished to 11.5% in 2040 in males and 11.3% in females, whereas obesity was reduced to
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Fig 3. Percentage obese and overweight in the population under four preventive intervention scenarios. All interventions are
described in Table 1.

https://doi.org/10.1371/journal.pone.0261017.9g003
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1.4% in males and 2.6% in females. Only about 1% of males and 5-6% of females were in the
underweight category throughout the study period.

Comparing the impact of interventions on OA burden

The average HUI3 in males with OA increased rapidly in 2020 as a result of the Medication x2
and Medication x3 interventions, achieving a peak in 2021 and resuming its downward trend
(largely due to population aging) thereafter, whereas the surgical interventions took longer for
a full impact, with a peak in 2024 (Surgery x2) and 2025 (Surgery x3) (Fig 4). In females, the
pattern was similar, but the effect of medical and surgical interventions on HUI3 was stronger.
In females, both medical interventions achieved a peak in 2021, whereas Surgery x2 achieved a
peak in 2026 and Surgery x3 in 2027. BMI reductions had, on average, very little impact on
HUI3 in persons with OA.

In Fig 5a and 5b we compare all interventions in terms of OA-related DALY averted, rela-
tive to base-case, for males and females, accumulated over 20 years (2020-2040). In both males
and females, Medication x3, which showed a linear accumulation, resulted in more DALYs
averted in the first decade than all other interventions. Surgery x3 showed a slower growth ini-
tially but a steeper accumulation later on. As a result, Medication x3 was surpassed by Surgery
x3 in 2035 in males and 2032 in females. Similarly, Medication x2 was surpassed by Surgery x2
in both males and females before 2040. The impact of preventive interventions in the first two
decades of the interventions was relatively small. Reductions in DALY for all scenarios were
greater in females. By 2040, accumulated reductions in the simulated population ranged from
7,107 DALY averted for BMI-0.1 to 84,657 for Surgery x3 in males, and from 10,277 to
161,615 in females, respectively.

The impact of interventions looked quite different when we extended the time horizon to
80 years (until 2100) as DALY averted from preventive interventions accumulated much
faster than those from treatment interventions over a longer term (Fig 5c and 5d). By the end
of the century, the greatest impact in both males and females was achieved by BMI-1.0, fol-
lowed by BMI-0.5, Surgery x3, BMI-0.3, Medication x3, Surgery x2, Medication x2, and BMI-
0.1.

In Fig 6, we show DALYs averted as a percentage of all DALYs due to OA in the population.
By 2100, reductions in OA burden were 12.6% in males and 15.6% in females for BMI-1.0,
11.1% and 11.3%, respectively, for BMI-0.5, 9.8% and 11.2% for Surgery x3, 9.2% and 7.8% for
BMI-0.3, 6.9 and 7.3% for Medication x3, 6.3% and 7.2% for Surgery x2, 4.5% and 5.0% for
Medication x2, and 4.2% and 2.9% for BMI-0.1.

Sensitivity analysis

Our sensitivity analysis showed a large variation in the impact of different parameters on the
results (Fig A3-1—A3-3, Appendix 3 in S1 File). In the BMI scenarios, the relative risk of OA
associated with obesity was the most influential parameter, as expected. In both medical and
surgical scenarios, the greatest impact was seen for model parameters determining the effect of
JRS on pain. These parameters were derived from a relatively small study and had wide confi-
dence intervals. Variation in the effects and side effects of medications, which was estimated
from the literature, had relatively little impact on the results, and the impact was difficult to
distinguish from random error in the model.

Discussion

To our knowledge, this is the first population-based comparative simulation study of the
potential impact of different burden reduction strategies in OA. Using a previously validated
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Fig 4. Mean HUI3 among persons with osteoarthritis before and after each intervention. HUI3, Health Utilities Index Mark

3. All interventions are described in Table 1. The trend in HUI3 may appear steep because the Y-axis range was restricted to
better visualize the impact of interventions.

https://doi.org/10.1371/journal.pone.0261017.9g004
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microsimulation model, we compared two medical treatment interventions, two surgical treat-
ment interventions, and four preventive interventions against a base-case scenario. Reductions
in DALYs depended on the type and magnitude of the intervention and the time horizon.
Among the 8 specific interventions studied, Medication x3 reduced DALY very quickly
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Fig 6. DALYs averted due to 8 interventions as a percentage of all OA-related DALYs, relative to base-case, over an
80-year time horizon. DALYs, disability-adjusted life years. OA, osteoarthritis. All interventions are described in
Table 1.
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through its impact on pain and was, therefore, most effective over a short time horizon (a
decade). Surgery x3 took longer to produce large reductions in DALYs, but was more effective
than Medication x3 over a longer time horizon (2 decades or more). Preventive interventions
did not make a strong impact in the short-to-intermediate term, but BMI-1.0, followed by
BMI-0.5, resulted in the largest reductions in DALY’ over a very long time horizon (several
decades).

Our data provide estimates of how much burden reduction, both in absolute DALY counts
and in relative terms, can be expected from an intervention of a given scope and duration, and
how quickly the reduction in DALY can be expected to accumulate. We hope this kind of
information may be useful to policymakers in developing and implementing interventions to
reduce OA burden within a desired timeframe. We did not, however, model the mechanisms
through which the specified changes in medication use, JRS rates, or obesity levels could be
realized. Therefore, we are not suggesting that such changes would occur as a result of any spe-
cific intervention or policy. Rather, our data can be used to estimate the impact of any inter-
vention of the general type we analyzed through interpolation or extrapolation of our findings.
The advantage of this approach compared with modeling a specific intervention is greater gen-
eralizability of results.

Our assumption that the medical and surgical interventions would be effective immediately
was a simplification. However, this does not imply that the amount of change was implausible.
For example, in the Medication x2 intervention, NSAIDs increased by 15% among males and
17% among females with OA. Changes of this magnitude are not unrealistic, as larger fluctua-
tions in the use of some analgesics have been observed [50]. Similarly, surges in JRS rates
approaching those assumed in our model actually took place in Canada in the past in response
to government policies [51]. With respect to OA prevention, our BMI-0.1 scenario resulted in
stable levels of obesity/overweight. Although reducing obesity has been a challenge in Canada
and many other countries, obesity rates have stabilized or declined slightly in some countries
in the past decade [5]. Examples of population-level interventions whose effects on obesity
rates have been modeled include physician counselling, food labeling, fiscal measures, worksite
interventions, mass media campaigns, food advertising regulation, and school-based interven-
tions [52].

The results can also be interpreted in terms of equivalence between different types of inter-
ventions. For example, Medication x3 and Surgery x3 are equivalent in terms of DALY's
averted around 2035, i.e., at 15 years since intervention onset, in males, and around 2032, i.e.,
at 12 years, in females. Prior to that Medication x3 is more effective and after that Surgery x3 is
more effective. Similarly, Medication x2 is equivalent to Surgery x2 around 2039 in males and
2035 in females. In other words, if a 10-year time horizon is important from a policy perspec-
tive, a surgical intervention stronger than Surgery x3 is needed to match the effects of Medica-
tion x3. We could also infer from Fig 5 that in 2030 (over a 10-year time horizon) Surgery x2 is
approximately equivalent to a medical intervention with a multiplier of 1.7 in both sexes, and
Surgery x3 is approximately equivalent to a medical intervention with a multiplier of 2.7 in
males and 2.8 in females.

Differences in the impact of different strategies with respect to time horizon in our model
seem plausible. Pain in OA is often undertreated [53, 54]. On the other hand, for many older
patients with relatively mild pain, harms likely outweigh the benefits. Appropriately selective
and guideline-consistent pharmacological treatment of pain, with a stronger focus on adher-
ence, would likely bring about improvements in quality of life and potentially reduce the need
for surgery.

It is useful to consider the medical treatment strategies analyzed here in the context of cur-
rent clinical guidelines for the management of OA. Current guidelines recommend the use of
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NSAIDs; they discourage the use of acetaminophen because of its low effectiveness compared
to placebo. They also discourage the use of opioids because of their potential for addiction [9,
10]. We assumed an increase in the use of all 4 types of analgesics, but only in the types of
patients who would, on average, benefit from their increased use. In our model, the risks out-
weighed the benefits of treatment for oral NSAIDs, coxibs, and opioids in older persons with
mild pain, hence acetaminophen was the only option in this group.

It is also well-established that many OA patients who would benefit from joint replacement
do not receive surgery [55]. At the population level, the effect of increased access to JRS on OA
burden could be significant, although it would take a little longer to materialize than the effect
of a pharmacological intervention. Our model predicted an average net benefit from hip/knee
replacement in all patients with pain, and the two surgical scenarios we considered assumed a
proportional increase in JRS rates in all pain levels. However, the individual benefits were
greater in those with more severe pain. Hence, for the same number of additional surgeries,
reductions in DALY would be greater if the increase in JRS was restricted to patients with
more severe pain. On the other hand, increasing access to surgical treatment may be associated
with JRS being performed on patients with less pain. This would result in less benefit than
observed in our study. Finally, preventive measures that reduce OA incidence can be effective
in the long-term, but require a substantial reduction in obesity, which seems difficult to
achieve in most populations at this time.

We are not aware of other population-based simulation studies comparing the impact of
pharmacological, surgical, and preventive interventions in OA. Segal et al. compared cost-
effectiveness of various treatment and prevention options of OA using the Health-sector Wide
model in Australia [56]. They found JRS to be most cost-effective, whereas the net benefits
from NSAIDs were close to none and prevention programs could not be evaluated due to lim-
ited data. A number of modeling studies examined cost-effectiveness of specific treatments,
such as knee and hip arthroplasty [57-59], hip resurfacing [60], viscosupplementation [61],
and various pharmacological agents [62-68]. The results of these studies are difficult to com-
pare with our data because our objectives, simulated population, and types of interventions
were different, and we did not include costs in the current analyses.

For example, Ponnusamy et al. [59] used a Markov model to estimate the cost-effectiveness
of knee replacement against non-operative management among 6 BMI cohorts. Surgical treat-
ment was more expensive but also more effective in obese patients, making it cost-effective in
all groups. Losina et al. evaluated the cost-effectiveness of generic celecoxib relative to
naproxen using the Osteoarthritis Policy (OAPol) model [67]. The study compared 8 specific
medical treatment scenarios in terms of effectiveness, costs, and incremental cost-effectiveness
ratios in a simulated cohort of patients with knee OA and severe pain. They found that cele-
coxib was not cost-effective at its current price. Another application of the OAPol model was a
recent study to estimate QALY lost due to inactivity in the US population aged >45 years
with knee OA [69]. What-if scenarios assumed that 5%, 10%, or 20% of the inactive population
were instead active. The results demonstrated considerable potential benefits of increased
physical activity among persons with knee OA.

Losina and colleagues estimated the burden of knee OA in terms of QALY lost over life-
time in people aged 50-84 in the US [70]. They found a loss of 1.71 QALYSs per person. Abbott
et al. reported QALY lost due to OA in New Zealand to be, depending on the method of mea-
suring health utilities, 3.44 or 1.65 [71]. Although our simulation was designed to compare
reductions in OA burden relative to base-case, rather than measure the burden itself, our
model did provide an estimate of average lifetime QALYs in persons aged 70+ years with and
without OA. The difference was 1.89 QALYs, consistent with the aforementioned studies.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261017 December 8, 2021 16/23


https://doi.org/10.1371/journal.pone.0261017

PLOS ONE

Reducing the burden of osteoarthritis: A simulation study

A long history of successful applications of POHEM-based models [16, 17, 72-76] suggests
a high degree of credibility of our computer simulation platform. The conceptual structure of
MSM-OA has been discussed in prior publications [16, 17, 77]. Sources of data, methods of
analysis, and computer implementation are described in Methods and in greater detail in
Appendix 1 in S1 File. The distribution of sociodemographic variables in our population at the
start of the simulation reflected the household population of Canada in 2001. In 2018, the pro-
portion of persons aged 70+ years under base-case scenario matched the corresponding pro-
portion in the CCHS (13.4% vs. 14.0%, Table A1-19), supporting our demographic
projections. For other variables, model projections also generally agree with actual data for the
periods when such data are available. Specifically, the distribution of BMI and its changes over
time agree with data reported by the Public Health Agency of Canada [78]. OA prevalence in
our model is almost identical to OA prevalence observed in the Canadian Chronic Disease
Surveillance System [79]. Use of major classes of analgesics in OA in our simulation is similar
to that reported by Kingsbury et al. from the Osteoarthritis Initiative in the US [80], despite
some differences in populations and methodology. The projected rates of JRS among persons
with OA in our model are close to the rates reported by the Canadian Joint Replacement Regis-
try [81].

Although our model is based on the Canadian population, generalizability of our findings
extends to other high-income countries. Some key parameters have been obtained from the lit-
erature and are likely generalizable across many populations. This applies to the effect of anal-
gesics on pain and frequency of side effects. For the parameters derived from Canadian
studies, such as the impact of side effects on HUI3 or the effect of JRS on pain, there is no rea-
son to assume these relationships vary substantially across countries. Even if the absolute
changes in DALY vary due to differences in population age structure, risk factor distribution,
or access to and quality of healthcare, it is likely that the relative benefits from different inter-
ventions are broadly generalizable [82].

Microsimulation is a powerful methodology that has allowed us to develop a complex (and
therefore more realistic) stochastic model of OA, with a large number of parameters (Appen-
dix 1 in S1 File). This is an important strength of our study. However, complexity of the model
is also a limitation. In particular, it was not feasible to generate uncertainty bands for the
DALY estimates. When interpreting our results it is, therefore, important to acknowledge that
the results represent mean values and are subject to uncertainty. This uncertainty comes
almost exclusively from parameter error, as Monte Carlo error (due to stochastic nature of the
model) is practically negligible. In our sensitivity analysis we only tested a small fraction of all
parameters in the model. The analysis demonstrated that uncertainty is much greater for some
parameters than others, and this translates into a greater potential impact on the outcomes of
the study. Generally, variation in outcomes associated with parameter uncertainty was signifi-
cantly less than the effect of the interventions. Nonetheless, when extrapolating our data to
interventions with smaller effects, the level of uncertainty in model parameters we observed
need to be taken into consideration. Uncertainty could potentially be reduced in the future by
replacing parameters derived from relatively small studies with more robust parameters from
published meta-analyses, when such data become available.

Other limitations of the study should be mentioned. We did not consider topical NSAIDs
and non-pharmacological therapies such as exercise, both of which are strongly recommended
by current guidelines [9-11]. The main reason was a lack of data on the use of these modalities
in our databases. Given the strong evidence of the benefits of exercise, especially in knee OA,
in terms of both pain reduction and functional improvement, and a very favorable safety pro-
file compared with most pharmacological therapies, modeling of the population impact of
exercise-based interventions should be a priority. Data limitations also did not allow us to
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build separate models of OA of different joints and to account for OA of multiple joints. In
addition, our BMI estimates were based on self-reported weight and height, which are known
to be less accurate than measured values.

In developing and selecting disease burden reducing policies, cost of the intervention is
often an important consideration. Our study was designed to compare effectiveness rather
than cost-effectiveness of interventions and we did not include costs in our analysis. However,
since we have provided a detailed description of each what-if scenario, our results can be used
in future studies to perform cost-effectiveness analyses.

In summary, we have for the first time projected and compared the population health
impact of different OA treatment and prevention strategies. We have demonstrated that com-
parable reductions in OA burden can be achieved by improving pharmacological therapy,
increasing access to JRS, and reducing obesity. We have also shown how burden reduction
depends on the magnitude of each intervention and the time horizon for assessing impact. We
hope these results might help healthcare providers and policymakers in developing strategies
for addressing the population health impact of the OA pandemic.
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