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Abstract

Objective

Osteoarthritis and cardiovascular disease are major public health challenges. We aimed
to estimate the average sex-specific effects of knee and hip osteoarthritis on the risk of
cardiovascular disease.

Methods

We used 2001-2015 Danish national health registry data to identify all adults with knee

or hip osteoarthritis and an age-, sex-, and education-matched group without osteoar-
thritis. Cardiovascular disease outcomes were identified with relevant ICD-10 codes. The
effects of osteoarthritis were estimated with sex-stratified multivariable Cox regression
models, accounting for multiple sources of confounding determined a priori with a directed
acyclic graph. Results were reported with cumulative incidence curves and hazard ratios
(HR) conditioned on age, sex, education, and obesity diagnosis. Sensitivity analyses
explored the potential impacts of bias owing to outcome misclassification and unmeasured
confounding.

Results

We analysed data from 1,838,434 adults, including 290,781 people with knee or hip osteo-
arthritis and 1,547,653 age-, sex-, and education-matched controls. Women with knee or
hip osteoarthritis had a 44% increased hazard of cardiovascular disease (HR [95% CI] =
1.44 [1.43 to 1.46]), while men with knee or hip osteoarthritis had a 24% increased hazard
of subsequent cardiovascular disease (HR[95% CI] = 1.24 [1.23 to 1.26]) compared to
people without osteoarthritis. These results were confirmed by sensitivity analyses.
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Conclusion

The apparent effect of osteoarthritis on cardiovascular disease was stronger in women
than in men. Clinicians who care for patients with osteoarthritis should be aware of cardio-
vascular disease risk when selecting therapies and consider behavioural approaches to
improving health-related physical activity behaviour in this population.

Introduction

Osteoarthritis and cardiovascular disease are major public health challenges. Worldwide,
osteoarthritis is a leading source of disability, while heart disease is the number one cause
of mortality.[1] Clinicians and researchers often consider osteoarthritis and cardiovascular
disease in isolation despite the fact that nearly all people living with osteoarthritis have one or
more co-morbid conditions, including 80% with cardiovascular disease.[2]

Multimorbidity (i.e., the coexistence of two or more long-term conditions)[3] nega-
tively affects healthcare utilisation,[4] quality of life,[5] and mortality risk.[6] Osteoarthritis
is an impactful risk factor for multimorbidity.[7] When musculoskeletal conditions are a
part of the multimorbid state, they negatively impact physical health and healthcare costs.
[8] Specifically, evidence points to osteoarthritis as a risk factor for cardiovascular disease
and cardiovascular-related mortality.[9] Potential mechanisms explaining this link include
pain-related reductions in physical activity,[10] increased use of non-steroidal anti-
inflammatory drugs (NSAIDs),[11, 12] and persistent low-grade inflammation.[13] However,
a recent systematic review[14] reported that prior studies have not sufficiently addressed con-
founding, and few studies have focussed on the sex-specific associations between osteoarthritis
and cardiovascular disease.

Addressing the impact of sex and gender in research is a matter of social justice with
tangible benefits, such as developing more effective health policies.[15] Unfortunately,
sex and gender are often overlooked in the conduct and reporting of health research.[16]
This reality has stimulated recent calls to integrate sex and gender in health research,[17]
including in the fields of rheumatology[18] and orthopaedics.[19] Despite differences in the
prevalence of osteoarthritis[20] and cardiovascular disease[21] between women and men,
little evidence is available on the sex-specific effects of osteoarthritis on cardiovascular dis-
ease. Therefore, we aimed to estimate the average effects of knee and hip osteoarthritis on
the risk of subsequent cardiovascular disease in women and men using data from a national
health registry.

Methods

Study design and setting

We undertook a longitudinal study using 2001-2015 data from the Danish National Patient
Register. Established in 1977, the Register contains prospectively collected inpatient and
outpatient hospital health data for all Danish residents.[22] The international classification of
disease version 10 (ICD-10) codes in the Danish National Patient Registry are valid compared
to results from medical record reviews for both orthopaedic-related[23] and cardiovascular
disease[24] diagnoses. This was a dynamic cohort in that participants initially assigned to the
unexposed group, who later received a diagnosis of osteoarthritis, were subsequently classified
as exposed from the date of diagnosis, and a new set of matched participants were added to
the unexposed group. Participants were enrolled from 1 January 2001 to 31 December 2010
until the earliest of the following events: the outcome of interest, death, or 31 December 2015.
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It was not possible to extend the study period later than this date owing to changes in the
electronic medical record system.

Participants

The source population for this study comprised all Danish residents 18 years and older. We
excluded people with existing diagnoses of cardiovascular disease, diabetes, or arthritis other
than knee or hip osteoarthritis (e.g., rheumatoid arthritis, gout), as well as people who had
undergone knee or hip joint surgery for reasons other than osteoarthritis. The exposed popu-
lation comprised all adults with prevalent or incident knee osteoarthritis, hip osteoarthritis, or
both knee and hip osteoarthritis.

Exposure status was first determined at baseline; we included all people with prevalent
osteoarthritis who met our selection criteria. Control participants without knee or hip osteo-
arthritis and meeting our selection criteria were individually matched 5:1 on a set of potential
confounders: age, sex, and level of education.

In accordance with Danish law governing the analysis of public registry data, the current
study did not require ethical approval, and informed consent was not required. The study
protocol was approved by the Danish Data Protection Agency (19/35402).

Variables

Physician-diagnosed osteoarthritis exposures. We identified exposures by relevant ICD-
10 codes for knee and hip osteoarthritis. All participants with a diagnostic code indicative
of hip (M16.0, M16.1, M16.2, M16.3, M16.4, M16.5, M16.6, M16.7, M16.9) or knee (M17.0,
M17.1, M17.2, M17.3, M17.4, M17.5, M17.9) osteoarthritis in the Danish National Patient
Register were assigned to the exposure group.

Cardiovascular disease outcomes. Cardiovascular disease outcomes were identified by
ICD-10 codes indicating angina pectoris, myocardial infarction, ischaemic heart disease, heart
failure, atherosclerosis, stroke, and related conditions. Please refer to S1 Table for all ICD-10
codes used to define cardiovascular disease.

We undertook a planned sensitivity analysis using an alternative definition of cardiovascu-
lar disease to identify the potential for bias owing to outcome misclassification. The alterna-
tive outcome included a broader set of ICD-10 codes comprising a more comprehensive range
of cardiovascular disease-related diagnoses (e.g., cardiomyopathy, myocarditis, atrial fibrilla-
tion). The complete list of the alternative ICD-10 codes is reported in S2 Table.

Potential confounders. To illustrate our assumptions about confounding and avoid
inappropriate model adjustment, we constructed a directed acyclic graph with DAGitty v3.0
software (Fig 1).[25] Accounting for measured and unmeasured variables, the graph identified
age, sex, education, and obesity as the minimally sufficient adjustment set to account for
confounding in the relation between osteoarthritis and cardiovascular disease. The software
systematically identifies adjustment sets based on causal inference theory to account for
potential biases in exposure-outcome effects. Specific considerations include identifying the
smallest set of variables that block all backdoor paths between the exposure and the outcome
while avoiding conditioning on mediators or colliders.[26, 27]

Physical activity T1 represents the physical activity behaviour prior to the onset of
osteoarthritis.

Physical activity T2 represents the physical activity behaviour subsequent to the develop-
ment of osteoarthritis. OA = osteoarthritis; CVD = cardiovascular disease.

Data on baseline age, sex, and level of education were obtained from the Danish National
Patient Register. We categorised age as 55 years or younger, 56-70 years, or greater than 70
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Fig 1. Directed acyclic graph demonstrating the relations between measured and unmeasured confounding variables, osteoar-
thritis, and cardiovascular disease.

https://doi.org/10.1371/journal.pone.0321290.9001

years, owing to its non-linear association with cardiovascular disease risk. Categories for the
level of education were high school or less, some university or trade school, or undergraduate
or graduate university degree. Relevant ICD-10 codes identified participants who developed
obesity during the study period: E66.0, E66.1, E66.2, E66.8, and E66.9.

Statistical Methods

We described continuous variables with means and standard deviations (SD) and categori-
cal variables with counts and percentages. The study outcome was time until cardiovascular
disease diagnosis. Using cumulative incidence curves, we visually depicted differences in the
cumulative incidence of cardiovascular disease (expressed as a proportion) between partici-
pants with and without osteoarthritis. To estimate the effects of hip or knee osteoarthritis on
cardiovascular disease, we constructed sex-stratified multivariable Cox proportional hazard
models. These models controlled for a priori identified confounders, including the matching
variables of age, sex, and educational status, as well as obesity diagnosis. All model outcomes
were censored on 31 December 2015. We plotted Schoenfeld residuals to evaluate the assump-
tion of proportional hazards and detected no violations.[28] Model results were reported with
hazard ratios (HR) and 95% confidence intervals.

We undertook two sensitivity analyses. First, we repeated our modelling strategy using a
broader definition of cardiovascular disease. Second, we used E-value methodology for HR
with commonly occurring outcomes to assess the robustness of model results to unmeasured
confounding.[29] E-values estimate the minimum strength of association on the risk ratio
scale that an unmeasured confounder would need to have with both the exposure and the
outcome, conditional on the measured covariates, to fully explain away an exposure-outcome
association. All analyses were performed in R (R Core Team, 2020) with statistical significance
set to a 2-sided P value of.05.
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Results

Participants and descriptive data

We considered data from 1,838,434 adult residents of Denmark: 290,781 people with knee or
hip osteoarthritis, and 1,547,653 age-, sex-, and education-matched controls (Table 1,

Fig 2). In total, 19,561 people (6.7%) in the osteoarthritis group and 58,041 people (3.8%) in
the control group were diagnosed with obesity.
Effects of osteoarthritis on cardiovascular disease in women and men. Figure 3 shows
the cumulative incidence of cardiovascular disease for women and men with and without knee

Table 1. Description of the study sample by exposure status and sex (N = 1,838,434)

Variables People with osteoarthritis People without osteoarthritis

(n = 290,781) (n = 1,547,653)

Women Men Women Men

(n = 171,340) (n=119,441) (n = 857,380) (n = 690,273)
Age
< 55 years 20,815 (12.2%) 23,514 (19.7%) 95,010 (11.1%) 106,288 (15.4%)
56 to 70 years 50,958 (29.7%) 43,071 (36.1%) 296,327 (34.6%) 264,333 (38.3%)
> 70 years 99,567 (58.1%) 52,856 (44.3%) 466,043 (54.4%) 319,652 (46.3%)

Education level

High school or less
Trade education
University/postgraduate

97,325 (56.8%)
37,560 (21.9%)
36,455 (21.3%)

51,335 (43.0%)
50,345 (42.2%)
17,761 (14.9%)

485,178 (56.6%)
194,593 (22.7%)
177,609 (20.7%)

304,275 (44.1%)
291,096 (42.2%)
94,902 (13.8%)

Diagnosed obesity

13,870 (8.1%)

5,691 (3.8%)

38,916 (4.5%)

19,125 (2.8%)

* Values are counts (percentage).

https://doi.org/10.1371/journal.pone.0321290.t001

General population
N =1,838,434

Exposed

Unexposed

Matched cohort without osteoarthritis
n=1,547,653

People with osteoarthritis
n=290,781

People with cardiovascular disease
n =434,650

People with cardiovascular disease
n= 83,436

Fig 2. Participant flow chart. Main results.
https://doi.org/10.1371/journal.pone.0321290.g002
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Fig 3. Cumulative incidence curves of cardiovascular disease for men and women with and without hip or knee
osteoarthritis.

https://doi.org/10.1371/journal.pone.0321290.g003

or hip osteoarthritis. Women with knee or hip osteoarthritis had a 44% increased hazard of
subsequent cardiovascular disease (HR [95% CI] = 1.44 [1.43 to 1.46]) compared to women
without osteoarthritis, after controlling for age, education, and diagnosed obesity. Men with
knee or hip osteoarthritis had a 24% increased hazard of subsequent cardiovascular disease
(HR[95% CI] = 1.24 [1.23 to 1.26]) compared to men without osteoarthritis, after controlling
for age, education, and obesity diagnosis.

Sensitivity analyses

When applying our more comprehensive definition of cardiovascular disease, the models
demonstrated similar, albeit slightly higher, estimates for the association between osteoarthri-
tis and cardiovascular disease. Women with knee or hip osteoarthritis had a 48% increased
hazard of subsequent cardiovascular disease (HR [95% CI] = 1.48 [1.46 to 1.49]) compared
to women without osteoarthritis, after controlling for age, education, and obesity diagnosis.
Men with knee or hip osteoarthritis had a 30% increased hazard of subsequent cardiovascular
disease (HR [95% CI] = 1.30 [1.28 to 1.31]) compared to men without osteoarthritis, after
controlling for age, education, and obesity diagnosis.

In women, the calculated E-values for the point estimate and lower bound of the con-
fidence interval of the estimate were 1.89 and 1.88, respectively. This means that with an
observed HR (95% CI) = 1.44 (1.46 to 1.49), an unmeasured confounder associated with both
osteoarthritis and cardiovascular disease, equivalent to a risk ratio of 1.89 each, above and
beyond the measured confounders, could explain away the estimate, but weaker confounding
could not. Further, an unmeasured confounder associated with exposure and outcome by a
risk ratio of 1.88, above and beyond the measured confounders, could shift the CI to include
the null, but weaker confounding could not. The corresponding E-values for men were 1.59
for the point estimate and 1.58 for the lower bound of the confidence interval. To place these
results in context, the HR (95% CI) for diagnosed obesity in our model was 1.48 (1.46 to
1.50) for women and 2.16 (2.12 to 2.20) for men. This means that substantial unmeasured
confounding, similar in magnitude to obesity, would be required to explain away the effect of
osteoarthritis on cardiovascular disease.
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Discussion

The results of this study provide precise estimates of the adverse impact of knee and hip
osteoarthritis on the risk of developing cardiovascular disease. After controlling for age, sex,
education, and obesity, people with physician-diagnosed osteoarthritis were at increased risk
of cardiovascular disease compared to age-, sex-, and education-matched control participants.
The apparent effect of osteoarthritis on cardiovascular disease was stronger in women than in
men. These results were confirmed by a sensitivity analysis evaluating the impacts of outcome
misclassification and unmeasured confounding.

The current results address relevant knowledge gaps reported by a recent systematic review
that highlighted the lack of structural strategies for confounder selection and assessment of
unmeasured confounding in previous studies.[14] However, the current estimates tended
to be greater than those reported in previous studies investigating the relationships between
osteoarthritis and cardiovascular disease or cardiovascular mortality. For example, a previ-
ous prospective study reported an increased risk of hospitalization for cardiovascular disease
among patients with osteoarthritis that ranged from risk ratio = 1.08 to 1.26 depending on age
and sex.[30] Similarly, a longitudinal study of women reported an increased risk of cardio-
vascular disease-specific mortality in participants with degenerative changes on hip x-ray
compared to controls (HR = 1.24),[31] while another cohort study reported HR from 1.07 to
1.29 between hip and knee osteoarthritis and cardiovascular disease diagnosis.[32]

A potential explanation for the discordancy in results may include modelling decisions
around covariate selection. As discussed, the mechanisms that could explain the effect of
osteoarthritis on cardiovascular disease include the impacts of joint pain on health-related
physical activity. Since insufficient physical activity impacts many cardiovascular disease risk
factors, including hypertension, hyperlipidemia, and diabetes mellitus,[33] their role in mod-
els attempting to estimate the effect of osteoarthritis on cardiovascular disease requires careful
consideration. Previous analyses adjusting for these risk factors may have inadvertently
controlled for variables along the causal pathway between osteoarthritis and cardiovascular
disease. This practice would be expected to bias estimates toward the null (overadjustment
bias), underscoring the benefit of structural approaches to confounder selection.[34]

Clinical implications

These results suggest that clinicians should consider osteoarthritis as a risk factor for car-
diovascular disease, particularly among women. This knowledge may inform clinical
decision-making for patients with osteoarthritis as therapy selection can impact a patient’s risk
for adverse cardiovascular events. The primary treatment goals for patients with osteoarthritis
are to control pain and improve function. Treatment options include non-pharmacological
and pharmacological therapies, as well as surgery. Exercise therapies such as walking, strength-
ening, and neuromuscular and aquatic training are recommended for all patients with hip or
knee osteoarthritis.[35] Exercise and dietary modification can reduce pain, improve function,
and promote weight loss, a key goal for patients with osteoarthritis living with overweight or
obesity. Importantly, these non-pharmacological therapies are also effective for preventing and
treating cardiovascular disease, a distinct advantage over other therapeutic options.

Clinicians who prescribe medications for osteoarthritis pain face complex decision-making
concerning effectiveness and safety.[36] NSAIDs are commonly prescribed for patients
with osteoarthritis,[37] with effectiveness comparable to exercise for patients with hip[38]
or knee[39] osteoarthritis. However, effect estimates vary widely, and NSAIDs with greater
evidence of effectiveness for osteoarthritis have been withdrawn from the market in many
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countries.[40] Moreover, unlike exercise and physical activity, which reduce the risk of cardio-
vascular disease, NSAIDs can increase the risk of myocardial infarction, stroke, and cardiovas-
cular death.[41]

Patients with persistent osteoarthritis disability who do not benefit from non-operative ther-
apies may be candidates for total joint replacement. The outcomes experienced by patients who
undergo joint replacement surgery for osteoarthritis are generally considered good, with approx-
imately 90% of total hip replacement recipients and 80% of total knee replacement recipients
reporting favourable results.[42-44] Yet, despite improvements in pain, disability, and physi-
cal capacity, there is little change in health-related physical activity behaviour following joint
replacement surgery.[45, 46] This reality should not be surprising; physical activity is a complex
multidimensional behaviour[47] that is unlikely to change without professional intervention and
ongoing support. This suggests that the full benefits of joint replacement surgery are not being
realised and that behaviour-change interventions are warranted for patients with osteoarthritis.

Research implications

The current study may inform future research aimed at understanding the relationship
between osteoarthritis and cardiovascular disease. Research priorities should include identi-
fying the mechanisms by which osteoarthritis may impact the development of cardiovascular
disease. As discussed, current hypotheses include reduced health-related physical activity, use
of NSAIDs, and persistent inflammation. This knowledge will be key to patient management
as it can identify potentially modifiable targets for intervention. Contemporary approaches to
mediation analysis are recommended to identify causal pathways,[48] while randomised trials
identify the effects of interventions. For example, suppose causal mediation models were to
identify decreased physical activity as a key mechanism for the development of cardiovascular
disease in people living with osteoarthritis. In that case, randomised trials could identify the
most effective interventions to improve physical activity behaviour.

Strengths and limitations

These study results should be considered in light of several strengths and limitations. This
was a national, 15-year longitudinal study yielding precise population-based effect estimates
that accounted for multiple sources of confounding through participant matching and sta-
tistical adjustment. We selected confounders and illustrated our assumptions regarding the
nature of the relations between potential confounders, physician-diagnosed osteoarthritis,
and cardiovascular outcomes with a structural identification approach. The study results
were confirmed by sensitivity analyses evaluating outcome misclassification and unmeasured
confounding.

A primary assumption inherent to effect estimation with observational data is exchange-
ability through the complete control of confounding.[49] The current study results should
be interpreted in the context of potential unmeasured and residual confounding. We selected
confounders by constructing a directed acyclic graph based on existing evidence. This had two
main advantages: to transparently communicate the assumptions inherent to our analyses and
to help avoid inappropriate statistical adjustment. However, the accuracy of our theoretical
model is not established, and incorrect specification of these associations is a potential source
of bias. Although we accounted for multiple sources of confounding through the matched
design and statistical adjustment, the participants with and without osteoarthritis may have
differed in relevant ways. Nevertheless, our sensitivity analysis provides some measure of con-
fidence that unmeasured confounding does not explain the observed effect of osteoarthritis on
cardiovascular disease.
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We evaluated the impact of competing risks with the cumulative incidence function, an
appropriate non-parametric approach that provides an easy-to-interpret visualization of
time-to-event results. More complex alternatives, such as Fine-Gray models, offer additional
advantages, including the incorporation of multiple covariates. However, these models are
intended for prognostic analyses [50] and may be prone to bias when multiple competing
events are present.[51] The ideal approach to dealing with competing risks when modelling
the effect of osteoarthritis on cardiovascular disease should be explored in future studies.

The 10-year enrolment period may have introduced time-dependent bias due to factors such
as evolving diagnostic criteria or changes in population health behaviours. Further, we were
unable to evaluate for time-varying confounding, which may have oversimplified the relations
between physical activity, obesity, and osteoarthritis. For example, while obesity is a risk factor
for osteoarthritis, it can also result from insufficient physical activity owing to osteoarthritis-
related pain. Future research should prioritize investigating these time-varying relationships.

Finally, misclassification is a challenge inherent to observational studies. We controlled for
the effects of diagnosed obesity as a common cause of osteoarthritis and cardiovascular dis-
ease. However, diagnosed obesity can misclassify people with excessive body mass who remain
undiagnosed. Consequently, our obesity measure may represent an overly conservative obe-
sity estimate in this population and is a potential source of residual confounding. Similarly,
our sensitivity analysis for outcome misclassification yielded larger effect estimates, indicating
that some people in the primary model may have been incorrectly specified. Consequently, the
primary analyses may represent overly conservative estimates of the effect of osteoarthritis on
cardiovascular disease.

Conclusion

Women and men with physician-diagnosed hip or knee osteoarthritis were at increased risk
of cardiovascular disease compared to age-, sex-, and education-matched participants without
osteoarthritis. The apparent effect of osteoarthritis on cardiovascular disease was stronger in
women. Clinicians who care for patients with osteoarthritis should be aware of cardiovascu-
lar disease risk when selecting therapies and consider behavioural approaches to improving
health-related physical activity behaviour in this population. Future research is needed to
better define the mechanisms by which osteoarthritis impacts cardiovascular disease and to
help identify effective interventions targeting these mechanisms.
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(PDF)
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ity analyses.
(PDF)

Author contributions

Conceptualization: Jeffrey J. Hebert, Sinem Saritas, Sanja Lazarova-Molnar, Kim Christian
Houlind, Niels Wedderkopp.

Data curation: Niels Wedderkopp.

Formal analysis: Jeffrey J. Hebert, Parisa Niloofar, Sanja Lazarova-Molnar, Niels
Wedderkopp.

PLOS ONE | https://doi.org/10.1371/journal.pone.0321290  April 15, 2025 9/12



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321290.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321290.s002

PLOS ONE

Knee and hip osteoarthritis increase the risk of cardiovascular disease

Investigation: Sinem Saritas.

Methodology: Jeffrey J. Hebert, Sinem Saritas, Parisa Niloofar, Sanja Lazarova-Molnar, Kim

Christian Houlind, Niels Wedderkopp.

Supervision: Sanja Lazarova-Molnar, Niels Wedderkopp.

Writing - original draft: Jeffrey J. Hebert.

Writing - review & editing: Jeffrey J. Hebert, Sinem Saritas, Parisa Niloofar, Sanja Lazarova-

Molnar, Kim Christian Houlind, Niels Wedderkopp.

References

1.

10.

1.

12.

13.

14.

15.

GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries in 204
countries and territories, 1990-2019: a systematic analysis for the Global Burden of Disease Study
2019. Lancet. 2020;396(10258):1204—22. https://doi.org/10.1016/S0140-6736(20)30925-9 PMID:
33069326

van Dijk GM, Veenhof C, Schellevis F, Hulsmans H, Bakker JP, Arwert H, et al. Comorbidity, lim-
itations in activities and pain in patients with osteoarthritis of the hip or knee. BMC Musculoskelet
Disord. 2008;9:95. https://doi.org/10.1186/1471-2474-9-95 PMID: 18582362

Boyd CM, Fortin M. Future of multimorbidity research: how should understanding of multimorbid-
ity inform health system design?. Public Health Rev. 2010;32(2):451-74. hitps://doi.org/10.1007/
bf03391611

Palladino R, Tayu Lee J, Ashworth M, Triassi M, Millett C. Associations between multimorbid-
ity, healthcare utilisation and health status: evidence from 16 European countries. Age Ageing.
2016;45(3):431-5. hitps://doi.org/10.1093/ageing/afw044 PMID: 27013499

Fortin M, Lapointe L, Hudon C, Vanasse A, Ntetu AL, Maltais D. Multimorbidity and quality of life in
primary care: a systematic review. Health Qual Life Outcomes. 2004;2:51. https://doi.org/10.1186/1477-
7525-2-51 PMID: 15380021

Jani BD, Hanlon P, Nicholl BI, McQueenie R, Gallacher KI, Lee D, et al. Relationship between
multimorbidity, demographic factors and mortality: findings from the UK Biobank cohort. BMC Med.
2019;17(1):74. https://doi.org/10.1186/s12916-019-1305-x PMID: 30967141

Swain S, Coupland C, Mallen C, Kuo CF, Sarmanova A, Bierma-Zeinstra SMA, et al. Temporal rela-
tionship between osteoarthritis and comorbidities: a combined case control and cohort study in the
UK primary care setting. Rheumatology (Oxford). 2021;60(9):4327-39. https://doi.org/10.1093/rheu-
matology/keab067 PMID: 33506862

van der Zee-Neuen A, Putrik P, Ramiro S, Keszei A, de Bie R, Chorus A, et al. Impact of chronic
diseases and multimorbidity on health and health care costs: the additional role of musculoskeletal
disorders. Arthritis Care Res (Hoboken). 2016;68(12):1823-31. https://doi.org/10.1002/acr.22913
PMID: 27111195

Macédo MB, Santos VMOS, Pereira RMR, Fuller R. Association between osteoarthritis and ath-
erosclerosis: a systematic review and meta-analysis. Exp Gerontol. 2022;161:111734. https://doi.
org/10.1016/j.exger.2022.111734 PMID: 35151784

Liu Q, Niu J, Li H, Ke Y, Li R, ZhangY, et al. Knee symptomatic osteoarthritis, walking disability,
NSAIDs use and all-cause mortality: population-based wuchuan osteoarthritis study. Sci Rep.
2017;7(1):3309. https://doi.org/10.1038/s41598-017-03110-3 PMID: 28607349

Laine L, White WB, Rostom A, Hochberg M. COX-2 selective inhibitors in the treatment of osteoarthri-
tis. Semin Arthritis Rheum. 2008;38(3):165-87. https://doi.org/10.1016/j.semarthrit.2007.10.004 PMID:
18177922

Atiqguzzaman M, Karim ME, Kopec J, Wong H, Anis AH. Role of nonsteroidal antiinflammatory drugs
in the association between osteoarthritis and cardiovascular diseases: a longitudinal study. Arthritis
Rheumatol. 2019;71(11):1835—-43. https://doi.org/10.1002/art.41027 PMID: 31389178

Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R, Lindstrom TM, et al. Low-grade inflammation
as a key mediator of the pathogenesis of osteoarthritis. Nat Rev Rheumatol. 2016;12(10):580-92.
https://doi.org/10.1038/nrrheum.2016.136 PMID: 27539668

Williams A, Kamper SJ, Wiggers JH, O’Brien KM, Lee H, Wolfenden L, et al. Musculoskeletal con-
ditions may increase the risk of chronic disease: a systematic review and meta-analysis of cohort
studies. BMC Med. 2018;16(1):167. https://doi.org/10.1186/s12916-018-1151-2 PMID: 30249247

Greaves L, Health Bc, Research Ci. CIHR 2000: sex, gender and women’s health. 1999.

PLOS ONE | https://doi.org/10.1371/journal.pone.0321290  April 15, 2025 10/12



https://doi.org/10.1016/S0140-6736(20)30925-9
http://www.ncbi.nlm.nih.gov/pubmed/33069326
https://doi.org/10.1186/1471-2474-9-95
http://www.ncbi.nlm.nih.gov/pubmed/18582362
https://doi.org/10.1007/bf03391611
https://doi.org/10.1007/bf03391611
https://doi.org/10.1093/ageing/afw044
http://www.ncbi.nlm.nih.gov/pubmed/27013499
https://doi.org/10.1186/1477-7525-2-51
https://doi.org/10.1186/1477-7525-2-51
http://www.ncbi.nlm.nih.gov/pubmed/15380021
https://doi.org/10.1186/s12916-019-1305-x
http://www.ncbi.nlm.nih.gov/pubmed/30967141
https://doi.org/10.1093/rheumatology/keab067
https://doi.org/10.1093/rheumatology/keab067
http://www.ncbi.nlm.nih.gov/pubmed/33506862
https://doi.org/10.1002/acr.22913
http://www.ncbi.nlm.nih.gov/pubmed/27111195
https://doi.org/10.1016/j.exger.2022.111734
https://doi.org/10.1016/j.exger.2022.111734
http://www.ncbi.nlm.nih.gov/pubmed/35151784
https://doi.org/10.1038/s41598-017-03110-3
http://www.ncbi.nlm.nih.gov/pubmed/28607349
https://doi.org/10.1016/j.semarthrit.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18177922
https://doi.org/10.1002/art.41027
http://www.ncbi.nlm.nih.gov/pubmed/31389178
https://doi.org/10.1038/nrrheum.2016.136
http://www.ncbi.nlm.nih.gov/pubmed/27539668
https://doi.org/10.1186/s12916-018-1151-2
http://www.ncbi.nlm.nih.gov/pubmed/30249247

PLOS ONE

Knee and hip osteoarthritis increase the risk of cardiovascular disease

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Geller SE, Koch A, Pellettieri B, Carnes M. Inclusion, analysis, and reporting of sex and race/ethnicity
in clinical trials: have we made progress?. J Womens Health (Larchmt). 2011;20(3):315—-20. https://doi.
org/10.1089/jwh.2010.2469 PMID: 21351877

Heidari S, Babor TF, De Castro P, Tort S, Curno M. Sex and gender equity in research: rationale for
the SAGER guidelines and recommended use. Res Integr Peer Rev. 2016;1:2. https://doi.org/10.1186/
$41073-016-0007-6 PMID: 29451543

The Lancet Rheumatology. Making inroads on sex and gender. Lancet Rheumatol. 2022;4(5):e303.
https://doi.org/10.1016/S2665-9913(22)00103-5 PMID: 38294028

Leopold SS, Beadling L, Dobbs MB, Gebhardt MC, Lotke PA, Manner PA, et al. Fairness to all: gen-
der and sex in scientific reporting. Clin Orthop Relat Res. 2014;472(2):391-2. https://doi.org/10.1007/
$11999-013-3397-5 PMID: 24276859

Kopec JA, Heath AJ, Sayre EC, Cibere J, Li LC, Marra CA, et al. Prevalence of joint-specific osteo-
arthritis and joint pain in British Columbia, Canada. Rheumatol Int. 2022;42(9):1623-8. https://doi.
0rg/10.1007/s00296-021-05031-x PMID: 34716488

Timmis A, Townsend N, Gale C, Grobbee R, Maniadakis N, Flather M, et al. European society
of cardiology: cardiovascular disease statistics 2017. Eur Heart J. 2018;39(7):508-79. hitps://doi.
org/10.1093/eurheartj/ehx628 PMID: 29190377

Lynge E, Sandegaard JL, Rebolj M. The Danish national patient register. Scand J Public Health.
2011;39(7 Suppl):30-3. https://doi.org/10.1177/1403494811401482 PMID: 21775347

Schmidt M, Schmidt SAJ, Sandegaard JL, Ehrenstein V, Pedersen L, Serensen HT. The Danish
national patient registry: a review of content, data quality, and research potential. Clin Epidemiol.
2015;7:449-90. https://doi.org/10.2147/CLEP.S91125 PMID: 26604824

Sundbgll J, Adelborg K, Munch T, Freslev T, Serensen HT, Batker HE, et al. Positive predictive value
of cardiovascular diagnoses in the Danish National Patient Registry: a validation study. BMJ Open.
2016;6(11):e012832. https://doi.org/10.1136/bmjopen-2016-012832 PMID: 27864249

Textor J, van der Zander B, Gilthorpe MS, Liskiewicz M, Ellison GT. Robust causal inference using
directed acyclic graphs: the R package “dagitty” Int J Epidemiol. 2016;45(6):1887—-94. https://doi.
org/10.1093/ije/dyw341 PMID: 28089956

Greenland S, Pearl J, Robins JM. Causal diagrams for epidemiologic research. Epidemiology.
1999;10(1):37-48. https://doi.org/10.1097/00001648-199901000-00008 PMID: 9888278

Digitale JC, Martin JN, Glymour MM. Tutorial on directed acyclic graphs. J Clin Epidemiol.
2022;142:264—7. https://doi.org/10.1016/j.jclinepi.2021.08.001 PMID: 34371103

Schoenfeld D. Partial residuals for the proportional hazards regression model. Biometrika.
1982;69(1):239-41. https://doi.org/10.1093/biomet/69.1.239

VanderWeele TJ, Ding P. Sensitivity analysis in observational research: introducing the e-value. Ann
Intern Med. 2017;167(4):268-74. https://doi.org/10.7326/M16-2607 PMID: 28693043

Rahman MM, Kopec JA, Anis AH, Cibere J, Goldsmith CH. Risk of cardiovascular disease in patients
with osteoarthritis: a prospective longitudinal study. Arthritis Care Res (Hoboken). 2013;65(12):1951—
8. https://doi.org/10.1002/acr.22092 PMID: 23925995

Barbour KE, Lui L-Y, Nevitt MC, Murphy LB, Helmick CG, Theis KA, et al. Hip osteoarthritis and the
risk of all-cause and disease-specific mortality in older women: a population-based cohort study.
Arthritis Rheumatol. 2015;67(7):1798-805. https://doi.org/10.1002/art.39113 PMID: 25778744

Dell'lsola A, Pihl K, Turkiewicz A, Hughes V, Zhang W, Bierma-Zeinstra S, et al. Risk of comorbidities
following physician-diagnosed knee or hip osteoarthritis: a register-based cohort study. Arthritis Care
Res (Hoboken). 2022;74(10):1689-95. https://doi.org/10.1002/acr.24717 PMID: 34086422

Bourke E, Rawstorn J, Maddison R, Blakely T. The effects of physical inactivity on other risk factors
for chronic disease: a systematic review of reviews. Prev Med Rep. 2024;46:102866. https://doi.
org/10.1016/j.pmedr.2024.102866 PMID: 39257876

Schisterman EF, Cole SR, Platt RW. Overadjustment bias and unnecessary adjustment in epidemi-
ologic studies. Epidemiology. 2009;20(4):488-95. https://doi.org/10.1097/EDE.0b013e3181a819a1
PMID: 19525685

Kolasinski SL, Neogi T, Hochberg MC, Oatis C, Guyatt G, Block J, et al. 2019 American College of
rheumatology/arthritis foundation guideline for the management of osteoarthritis of the hand, hip,
and knee. Arthritis Care Res (Hoboken). 2020;72(2):149—-62. https://doi.org/10.1002/acr.24131 PMID:
31908149

PLOS ONE | https://doi.org/10.1371/journal.pone.0321290  April 15, 2025 11/12



https://doi.org/10.1089/jwh.2010.2469
https://doi.org/10.1089/jwh.2010.2469
http://www.ncbi.nlm.nih.gov/pubmed/21351877
https://doi.org/10.1186/s41073-016-0007-6
https://doi.org/10.1186/s41073-016-0007-6
http://www.ncbi.nlm.nih.gov/pubmed/29451543
https://doi.org/10.1016/S2665-9913(22)00103-5
http://www.ncbi.nlm.nih.gov/pubmed/38294028
https://doi.org/10.1007/s11999-013-3397-5
https://doi.org/10.1007/s11999-013-3397-5
http://www.ncbi.nlm.nih.gov/pubmed/24276859
https://doi.org/10.1007/s00296-021-05031-x
https://doi.org/10.1007/s00296-021-05031-x
http://www.ncbi.nlm.nih.gov/pubmed/34716488
https://doi.org/10.1093/eurheartj/ehx628
https://doi.org/10.1093/eurheartj/ehx628
http://www.ncbi.nlm.nih.gov/pubmed/29190377
https://doi.org/10.1177/1403494811401482
http://www.ncbi.nlm.nih.gov/pubmed/21775347
https://doi.org/10.2147/CLEP.S91125
http://www.ncbi.nlm.nih.gov/pubmed/26604824
https://doi.org/10.1136/bmjopen-2016-012832
http://www.ncbi.nlm.nih.gov/pubmed/27864249
https://doi.org/10.1093/ije/dyw341
https://doi.org/10.1093/ije/dyw341
http://www.ncbi.nlm.nih.gov/pubmed/28089956
https://doi.org/10.1097/00001648-199901000-00008
http://www.ncbi.nlm.nih.gov/pubmed/9888278
https://doi.org/10.1016/j.jclinepi.2021.08.001
http://www.ncbi.nlm.nih.gov/pubmed/34371103
https://doi.org/10.1093/biomet/69.1.239
https://doi.org/10.7326/M16-2607
http://www.ncbi.nlm.nih.gov/pubmed/28693043
https://doi.org/10.1002/acr.22092
http://www.ncbi.nlm.nih.gov/pubmed/23925995
https://doi.org/10.1002/art.39113
http://www.ncbi.nlm.nih.gov/pubmed/25778744
https://doi.org/10.1002/acr.24717
http://www.ncbi.nlm.nih.gov/pubmed/34086422
https://doi.org/10.1016/j.pmedr.2024.102866
https://doi.org/10.1016/j.pmedr.2024.102866
http://www.ncbi.nlm.nih.gov/pubmed/39257876
https://doi.org/10.1097/EDE.0b013e3181a819a1
http://www.ncbi.nlm.nih.gov/pubmed/19525685
https://doi.org/10.1002/acr.24131
http://www.ncbi.nlm.nih.gov/pubmed/31908149

PLOS ONE

Knee and hip osteoarthritis increase the risk of cardiovascular disease

36.

37

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

da Costa BR, Pereira TV, Saadat P, Rudnicki M, Iskander SM, Bodmer NS, et al. Effectiveness and
safety of non-steroidal anti-inflammatory drugs and opioid treatment for knee and hip osteoarthritis:
network meta-analysis. BMJ. 2021;375:n2321. https://doi.org/10.1136/bmj.n2321 PMID: 34642179

Stewart M, Cibere J, Sayre EC, Kopec JA. Efficacy of commonly prescribed analgesics in the man-
agement of osteoarthritis: a systematic review and meta-analysis. Rheumatol Int. 2018;38(11):1985—
97. https://doi.org/10.1007/s00296-018-4132-z PMID: 30120508

Fransen M, McConnell S, Hernandez-Molina G, Reichenbach S. Exercise for osteoarthritis of the hip.
Cochrane Database Syst Rev. 2014;2014(4):CD007912. https://doi.org/10.1002/14651858.CD007912.
pub2 PMID: 24756895

Fransen M, McConnell S, Harmer AR, Van der Esch M, Simic M, Bennell KL. Exercise for osteoarthri-
tis of the knee. Cochrane Database Syst Rev. 2015;1(1):CD004376. https://doi.org/10.1002/14651858.
CD004376.pub3 PMID: 25569281

Puljak L, Marin A, Vrdoljak D, Markotic F, Utrobicic A, Tugwell P. Celecoxib for osteoarthritis. Cochrane
Database Syst Rev. 2017;5(5):CD009865. https://doi.org/10.1002/14651858.CD009865.pub2 PMID:
28530031

Trelle S, Reichenbach S, Wandel S, Hildebrand P, Tschannen B, Villiger PM, et al. Cardiovascular
safety of non-steroidal anti-inflammatory drugs: network meta-analysis. BMJ. 2011;342:c7086. https://
doi.org/10.1136/bmj.c7086 PMID: 21224324

Beswick AD, Wylde V, Gooberman-Hill R, Blom A, Dieppe P. What proportion of patients report

long-term pain after total hip or knee replacement for osteoarthritis? A systematic review of pro-
spective studies in unselected patients. BMJ Open. 2012;2(1):e000435. hitps://doi.org/10.1136/
bmjopen-2011-000435 PMID: 22357571

Price AJ, Alvand A, Troelsen A, Katz JN, Hooper G, Gray A, et al. Knee replacement. Lancet.
2018;392(10158):1672—82. hitps://doi.org/10.1016/S0140-6736(18)32344-4 PMID: 30496082

Ferguson RJ, Palmer AJ, Taylor A, Porter ML, Malchau H, Glyn-Jones S. Hip replacement. Lancet.
2018;392(10158):1662—71. hitps://doi.org/10.1016/S0140-6736(18)31777-X PMID: 30496081

Hammett T, Simonian A, Austin M, Butler R, Allen KD, Ledbetter L, et al. Changes in physical activity
after total hip or knee arthroplasty: a systematic review and meta-analysis of six- and twelve-month
outcomes. Arthritis Care Res (Hoboken). 2018;70(6):892—901. https://doi.org/10.1002/acr.23415 PMID:
28898559

Arnold JB, Walters JL, Ferrar KE. Does physical activity increase after total hip or knee arthroplasty
for osteoarthritis? a systematic review. J Orthop Sports Phys Ther. 2016;46(6):431—-42. https://doi.
org/10.2519/jospt.2016.6449 PMID: 27117726

Pettee Gabriel KK, Morrow JR Jr, Woolsey A-LT. Framework for physical activity as a complex and
multidimensional behavior. J Phys Act Health. 2012;9 Suppl 1:S11-8. https://doi.org/10.1123/jpah.9.s1.
s11 PMID: 22287443

VanderWeele TJ. Explanation in causal inference: methods for mediation and interaction. 2015. New
York, NY: Oxford University Press.

Rothman KJ, Lash TL, VanderWeele TJ, Haneuse S. Modern epidemiology. Fourth edition. ed. 2021.
Philadelphia: Wolters Kluwer. p. 1174.

Austin PC, Fine JP. Practical recommendations for reporting Fine-Gray model analyses for competing
risk data. Stat Med. 2017;36(27):4391-400. https://doi.org/10.1002/sim.7501 PMID: 28913837
Bonneville EF, de Wreede LC, Putter H. Why you should avoid using multiple Fine—Gray models:
insights from (attempts at) simulating proportional subdistribution hazards data. Journal of the Royal
Statistical Society Series A: Statistics in Society. 2024;187(3):580-93. https://doi.org/10.1093/jrsssa/
qnae056

PLOS ONE | https://doi.org/10.1371/journal.pone.0321290  April 15, 2025 12/12



https://doi.org/10.1136/bmj.n2321
http://www.ncbi.nlm.nih.gov/pubmed/34642179
https://doi.org/10.1007/s00296-018-4132-z
http://www.ncbi.nlm.nih.gov/pubmed/30120508
https://doi.org/10.1002/14651858.CD007912.pub2
https://doi.org/10.1002/14651858.CD007912.pub2
http://www.ncbi.nlm.nih.gov/pubmed/24756895
https://doi.org/10.1002/14651858.CD004376.pub3
https://doi.org/10.1002/14651858.CD004376.pub3
http://www.ncbi.nlm.nih.gov/pubmed/25569281
https://doi.org/10.1002/14651858.CD009865.pub2
http://www.ncbi.nlm.nih.gov/pubmed/28530031
https://doi.org/10.1136/bmj.c7086
https://doi.org/10.1136/bmj.c7086
http://www.ncbi.nlm.nih.gov/pubmed/21224324
https://doi.org/10.1136/bmjopen-2011-000435
https://doi.org/10.1136/bmjopen-2011-000435
http://www.ncbi.nlm.nih.gov/pubmed/22357571
https://doi.org/10.1016/S0140-6736(18)32344-4
http://www.ncbi.nlm.nih.gov/pubmed/30496082
https://doi.org/10.1016/S0140-6736(18)31777-X
http://www.ncbi.nlm.nih.gov/pubmed/30496081
https://doi.org/10.1002/acr.23415
http://www.ncbi.nlm.nih.gov/pubmed/28898559
https://doi.org/10.2519/jospt.2016.6449
https://doi.org/10.2519/jospt.2016.6449
http://www.ncbi.nlm.nih.gov/pubmed/27117726
https://doi.org/10.1123/jpah.9.s1.s11
https://doi.org/10.1123/jpah.9.s1.s11
http://www.ncbi.nlm.nih.gov/pubmed/22287443
https://doi.org/10.1002/sim.7501
http://www.ncbi.nlm.nih.gov/pubmed/28913837
https://doi.org/10.1093/jrsssa/qnae056
https://doi.org/10.1093/jrsssa/qnae056

