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Abstract 

Objective: Familial confounding is confounding due to genetics or environmental exposures 

shared by family members. We aimed to study whether familial confounding explains the 

association between body mass index (BMI) and severe hip osteoarthritis (OA). 

Design: We linked data from the Norwegian Arthroplasty Registry with the Norwegian Twin 

Registry on the National ID-number in 2014, generating a population-based prospective 

cohort study of same-sex twins born 1915-60 (53.4% females). BMI was calculated from self-

reported height/weight. The outcome was incident hip arthroplasty due to OA (follow-up 

time: 1987-2014, 424 914 person-years). We performed sex-specific co-twin control analyses 

of dizygotic (DZ, N=5226) and monozygotic (MZ, N=3803) twin pairs using Cox regression 

models and explored reasons for any familial confounding using bivariate twin models. 

Results: The mean (SD) BMI was 22.6 (2.96), peak lifetime BMI 25.6 (2.61) and N=614 had 

hip surgery due to OA. In cohort analyses, BMI was associated with hip OA for women and 

men (Hazard Ratio, HR=1.09, 95% confidence intervals, CI=1.06-1.11 and HR=1.08, 95% 

CI=1.04-1.12, respectively). When adjusting for familial confounding within MZ twins, the 

association got stronger for women (HR=1.19, 95% CI=1.05-1.36) but weaker for men 

(HR=0.93, 95% CI=0.75-1.16). There was no genetic overlap between BMI and hip OA, yet 

the familial confounding in men provides suggestive evidence that the association could be 

explained by shared environmental factors. 

Conclusion: The association between BMI and hip OA may be explained by familial 

confounding for men. For women, there was no evidence for familial confounding, consistent 

with a causal association.  

Key words: Osteoarthritis, confounding, familial factors, sibling comparison 
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Background 

Joint arthroplasty is the end-stage treatment of osteoarthritis (OA) and is a marker of severe 

pain and functional disability representing a major public health challenge. Strong and dose-

dependent associations between obesity and severe hip OA have been found in several 

studies. Two large prospective cohort studies of >1 million participants reported consistent 

associations between obesity and hip OA as defined by diagnostic codes from primary care 

and as defined by hip arthroplasty.
1-3

 These findings have been confirmed in a systematic 

review and meta-analysis (relative risk for joint surgery=1.16, 95% confidence intervals (CI) 

1.11 to 1.22).
4
  

Recent twin studies have estimated that genetic factors account for as much as 47%-73% of 

variation in disease risk for hip OA.
5-7

 A similar high heritability has been found for BMI. In a 

systematic review, the genetic contribution to BMI was found to vary between 47% and 90% 

and to decrease by age.
8
 A study of Norwegian twins further showed a slightly lower 

heritability among men (71%) than among women (78%).
9
  

In a recent exploratory twin registry study, we found a more robust association for genetic 

factors than for BMI when studying time between hip prosthesis surgeries due to OA within 

twin pairs.
5
 However, BMI was also independently associated with shorter time between 

surgeries when adjusting for the genetic factors, implying environmental factors play a role.
 10

 

Hence, the association might just as well be dependent on early life exposures or lifestyle 

factors such as smoking, diet and physical activity level, as well as age and sex.
 11-13

 Whether 

the previously observed strong association between lifetime BMI and risk of hip OA leading 

to arthroplasty is a causal association or a result of familial confounding due to genetics or 

environmental factors is therefore unknown.  

Twin studies are valuable for their ability to adjust for unmeasured confounding by familial 

factors and their ability to decompose the variation in a trait into genetic and environmental 
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factors, since monozygotic (MZ) and dizygotic (DZ) twins share 100% and on average 50% 

of their segregating genes respectively.
14

 Our aim was to study whether the association 

between BMI and hip OA leading to arthroplasty is causal or can be explained by familial 

confounding due to genetic and/or environmental factors for men and women. We expected 

the familial factors to explain the association.  

Methods 

The study is a prospective cohort study based on a linkage of the Norwegian Twin Registry 

and the Norwegian Arthroplasty Registry on the National ID number in December 2014 (the 

Nor-Twin OA study), including in total N=20926 twins. The Norwegian Twin Registry was 

established in 2009 at the Norwegian Institute of Public Health.
15

 We included complete 

same-sex MZ and DZ twin pairs born 1915-1960 who were reared together. Twins with no 

co-twin registered due to early death or not being willing to participate were excluded. 

Zygosity, sociodemographic factors, and height and weight were obtained from postal 

questionnaires at baseline in 1978-1982 (Q1) and 1990-1998 (Q2).
15

 

The Norwegian Arthroplasty Registry was established in 1987 as a national hip arthroplasty 

registry.
16

 All orthopedic surgeons at all the Norwegian hospitals participate and are 

instructed to report the cause and date of all primary operations on a one-page form. In total, 

95% of all prosthesis operations due to OA are reported and approximately 8000 surgeries of 

hip OA are registered yearly.  

In the current study, we started follow-up for all participants in January 1987 (baseline) and 

ended it when a person got hip OA surgery, was censored due to death or was censored due to 

end of follow-up in December 2014. Because of the young age, and surgery being rare prior 

to the initiation of the arthroplasty register, we assumed no participants had hip OA surgery 

prior to baseline. The exposure and covariate data were reported at varying time points around 
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baseline (1987), with the majority being reported prior to baseline (Q1, N=12721). We used 

data reported after baseline only when data was not available for Q1 (Q2 only, N=616).  

The study was approved by the Regional Ethical Committee in Oslo, Norway.  

Explanatory and outcome variables 

Body height (cm) and weight (kg) were reported and body mass index (BMI, kg/m
2
) was 

calculated for baseline (i.e. at the time of questionnaire response). Peak lifetime BMI was 

calculated based on the highest recalled body weight except during pregnancy using the 

baseline heights. Prevalent and incident arthroplasty due to primary OA in the left or right hip 

joint were our main outcome variables. Arthroplasty due to other causes than OA (i.e. 

fractures, inflammatory rheumatic diseases etc.) were excluded.  

Potential confounders 

Education was reported in years and level (primary school to college/university). Participants 

were categorized into having primary school (0-7 years), lower secondary school (8-9 years), 

upper secondary school (10-12 years) and college/university (>12 years), with the number of 

years corresponding to the Norwegian education system at the time the data were collected. 

Smoking was categorized as never, former, and current smoking. Physical activity during 

leisure time was self-reported as “How much physical activity do you have during your 

leisure time?” with responses none, a little, moderate and a lot. The age at reporting was taken 

into account in statistical analyses.  

Statistical analysis 

Multiple imputation of missing data was indicated, which is described in detail elsewhere.
5
 

Our statistical approach was divided in three main parts, including a cohort analysis, co-twin 

control analysis and twin correlational analyses. First, in brief, using a cohort and co-twin 

control design, we studied the sample as genetically unrelated (cohort analysis) and checked 

whether any association held within DZ pairs that share 50% of their genes and within MZ 
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pairs that share 100% of their genes (DZ and MZ co-twin control analyses, respectively). A 

strong within-pair association for MZ pairs strengthens the support for a causal association 

due to the adjustment for familial factors (including 100% of genes, and shared environmental 

factors).
14

 The correlational models determined the source of any familial confounding.
17 

 

1. Cohort analyses:  

To explore a potential causal association between higher BMI and hip arthroplasty due to OA 

in cohort analyses, we first examined the presence of a dose-dependent association between 

baseline BMI and peak lifetime BMI using tertiles of BMI as exposure variables and incident 

hip arthroplasty due to OA as outcome variables in a Cox regression analysis of the entire 

cohort (using robust standard errors to account for clustering in twin pairs) (eFigure 1A; 

http://links.lww.com/EDE/B316). The cohort analyses were repeated for baseline and peak 

lifetime BMI as continuous exposure variables.  

2. Co-twin control analyses:  

Second, we took advantage of the paired twin structure of the data in co-twin control analyses, 

and additionally adjusted for both the observed and unobserved familial confounding through 

including a random effect at pair level, i.e. shared frailty in co-twin control analyses for MZ 

and DZ twins (eFigure 1B; http://links.lww.com/EDE/B316). Hence, using Cox shared frailty 

models, we examined the association between BMI and incident hip arthroplasty due to OA 

with a decomposition of covariates into within- and between-pair variables. The within-

/between-pair parameter separation using random effect models has been described by several 

authors and is a frequently used approach since it distinguishes between twin-individual and 

pair-level effects of explanatory factors and confounders.
18

 Its application to censored 

survival outcomes is relatively novel.
19

 In the within- and between-model, the within-pair 

parameter represents the risk for hip OA for the twin with the higher BMI compared to the 

twin with the lower BMI (i.e. the average causal effect for the individual), whereas the 
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between-pair parameter represents the shared BMI in a pair, i.e. the familial effects 

parameterized as the mean BMI of the pair. The within- and between-model should be 

adjusted for both shared (age, sex and twin pair means) and non-shared confounders.
18,

 
19

 

Results from these analyses were compared to the cohort analyses. 

3.  Correlational analyses:  

We finally validated our findings and explored the content of any familial confounding 

(genetic vs. environmental) in a binary twin correlational model for combined continuous and 

categorical variables (eFigure 1C; http://links.lww.com/EDE/B316). In this model, we studied 

the pattern of intra-pair correlations for baseline and peak lifetime BMI and the 

presence/absence of hip arthroplasty due to OA for twin 1 and twin 2 (i.e. overall phenotypic 

correlations, the trait-specific correlations and the cross-twin cross-trait association).
17

 The 

statistical significance and ratio of the cross-twin cross-trait associations between MZ and DZ 

pairs (rMZ:rDZ) are used to make inference on whether a potential common familial etiology 

of BMI and hip OA is due to common genetic influence, or influence by environmental 

factors shared vs. non-shared between twins in a pair.
 17

  

All analyses were performed in R (The R Project for Statistical Computing), v. 1.0.44 using 

the coxph functions and the OpenMx package.
20,21

 For the cohort analyses, we performed 

crude analysis, analyses adjusted for age and sex, and analyses additionally adjusted for 

education level, smoking, and physical activity level. In co-twin control analyses, we explored 

sex-specific associations for men and women separately, adjusted for the same covariates 

(with within- and between separation for each). The correlational models were adjusted for 

age and stratified by sex. Hence, through a systematic adjustment for observed confounding 

(cohort analyses) and unobserved familial confounding (co-twin control analyses), as well as 

a decomposition of any familial confounding, we could make inference regarding the strength 
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of causal pathways as presented in the conceptual model in eFigure 1A; 

http://links.lww.com/EDE/B316 for women and men.  

Results 

In total, N=18058 twins in N=9029 complete pairs (N=3803 MZ and N=5226 DZ pairs) were 

included in the analyses after exclusion of N=2868 lone twins who were not willing to 

participate or who had a co-twin who died early. Questionnaire data was available for 

N=13337 (73.8%) participants (28% missing for BMI, 27% for education level, 29% for 

smoking, and 28% physical activity).  The participants with missing questionnaire data were 

more often males (N=2378 (50.3%), p<0.001), more often MZ twins (N=2980 (61.1%), 

p<0.001) and significantly older (mean (SD) age in 2014 was 74.5 (0.19)). Hence, since 

missingness depended on measured covariates, the data can be assumed to be missing at 

random and we performed multiple imputation to account for this skewness.
5 
 

The included participants’ characteristics are presented in Table 1. The total follow-up time 

for hip arthroplasty for OA was 27 years (1987-2014), representing 424 914 person-years. 

The incidence rate and prevalence were similar across zygosities (i.e. 1.40 (95% CI =1.30-

1.52) per 1000 person–years and 614/18058 (3.6%), respectively).  

Cohort analysis overall and by sex 

In the cohort analysis including both women and men treating the twins as individuals, there 

was a clear trend for a dose-dependent association between being in the 2
nd

 and 3
rd

 tertile of 

baseline and peak lifetime BMI and risk of hip arthroplasty due to OA compared to the lowest 

tertile (Table 2). Similar dose-dependent associations could be observed in complete case 

analyses (eTable 1; http://links.lww.com/EDE/B316). When treating baseline BMI and peak 

lifetime BMI as continuous variables in the cohort analyses stratified by sex, we similarly 

observed strong associations since 1 unit increase in BMI would give a 6%-9% higher risk of 
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hip OA surgery for both men and women (multiply imputed data in Table 3 and complete 

case data in eTable 2; http://links.lww.com/EDE/B316).  

Co-twin control analysis by sex 

In sex-stratified analysis additionally adjusted for familial factors (i.e. genetic and/or shared 

environmental confounding), age, sex and education level in co-twin control analyses, we 

observed that higher baseline BMI was associated with increased risk of hip arthroplasty 

within MZ twin pairs  in women (HR=1.19, 95% CI=1.05-1.36) (Table 3). This is consistent 

with a causal effect implying higher BMI in a woman leads to higher risk of hip OA. A 

similar trend was observed for peak lifetime BMI in women (Table 3). For MZ men, there 

was no individual effect of BMI on hip OA (Table 3), but the between-pair baseline and peak 

lifetime BMIs were associated with risk of hip OA (HR=1.41, 95% CI=1.03-1.91 and 

HR=1.38, 95% CI=1.08-1.74, respectively), consistent with familial effects (genetic and/or 

shared environmental factors) on the BMI – hip OA association for men (Table 3).
 18

 When 

baseline BMI analyses were additionally adjusted for smoking and physical activity level, 

similar estimates were found (within-pair for MZ women: HR=1.21, 95% CI=1.06-1.3, 

between-pair for MZ women: HR=1.05, 95% CI=0.89-1.25), within-pair for MZ men: 

HR=0.93, 95% CI=0.74-1.17), between-pair for MZ men: HR=1.47, 95% CI=1.06-2.02), 

implying no confounding effect by these covariates. No associations were observed for male 

or female DZ pairs. In general, we observed a similar pattern in complete case analyses. The 

magnitude and direction of change in effect estimates depended on which estimate was 

studied (within- or between-pair) for which strata (MZ or DZ twins among women or men) 

(eTable 2; http://links.lww.com/EDE/B316). 

Correlational analysis and age effects  

The familial effects were decomposed in analysis of phenotypic correlation and the patterns 

observed in co-twin control analyses for men and women were repeated and explored. The 
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overall phenotypic correlations between baseline BMI and hip OA were low (crude r=0.13, 

95% CI=0.10-0.16). Further, increasing age explained a large part of the co-occurrence of 

high BMI and hip OA (overall phenotypic age-adjusted r=0.06, 95% CI=0.02-0.09).  

We henceforth only present age-adjusted correlations. The intra-pair correlations specific for 

the two traits were high both for baseline BMI (rDZ=0.31, 95% CI=0.29-0.34, rMZ=0.52, 

95% CI=0.50-0.54) and for hip OA (rDZ=0.39, 95% CI=0.28-0.49, rMZ=0.71, 95% CI=0.63-

0.78). The patterns observed suggest that different, trait-specific genetic factors rather than 

common genetic factors account for most of the variation in BMI vs. the variation in hip 

OA.
17

   

Last, we explored the source of the low phenotypic overlap for women and men through 

studying the association between baseline BMI of twin 1 and hip OA of twin 2. Only if this 

rMZ:rDZ cross-twin cross-trait association was 2:1 and different from 0 would there be 

genetic overlap between BMI and hip OA.
17

  

However, for women, we observed correlations overlapping 0 (rDZ=0.05, 95% CI=-0.01-

0.10, rMZ=0.06, 95% CI=-0.00-0.11) which is indicative of environmental factors unique to 

the twin accounting for the co-variation in current BMI and hip OA.
17

 For men, there was 

stronger evidence for shared environmental factors, i.e. no causal association determining the 

phenotypic overlap since rMZ was higher than 0 and the CI overlapped with that of rDZ 

(rDZ=0.05, 95% CI=-0.03-0.12, rMZ=0.09, 95% CI=0.01-0.15). For all analyses of 

phenotypic correlations, similar patterns were observed for peak lifetime BMI. We present 

data based on multiply imputed data only because of model convergence issues in complete 

case analyses. 

Discussion 

We found a strong dose-dependent association between BMI and hip OA in cohort analyses. 

Using two different analytic approaches to explore familial confounding, we found that the 
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association between BMI and hip OA may be explained by shared environmental factors for 

men. In contrast, the association was not explained by any familial confounding in women. 

There was no evidence for common genetic factors accounting for both higher BMI and 

higher risk of hip OA, neither for women nor for men.  

Strengths of the current study were the population-based inclusion of twins, the long follow-

up time and the nation-wide coverage of >95% of hip surgeries. To our knowledge, the 

present study is the first to examine the degrees of familial confounding and causes of co-

variation in both the risk factor BMI and the outcome hip OA. Since the replication of these 

findings in controlled randomized intervention studies is challenging due to the required 

population size and follow-up time, our study provides clinically relevant information as to 

whether preventive strategies for a reduced BMI are likely to reduce surgery rates in a lifetime 

perspective. Our findings indicate that particularly women may benefit from preventive 

strategies targeted at reducing BMI, whereas there may be limited effect for men.  

The non-causal association for men is remarkable and contradicts the common belief that 

obesity increases the risk of hip OA. However, similar trends have been observed in large 

prospective cohort studies. Flugsrud et al. found a stronger dose-dependent association 

between BMI and hip OA risk for women than for men in a cohort of 1.2 million Norwegians, 

with particularly strong associations observed for BMI in young adulthood.
2
 However, there 

were no sex differences and strong associations were observed for both sexes in a systematic 

overview and meta-analysis of a range of different definitions of obesity and hip OA.
4
 We 

also found strong associations in our cohort analyses for men when not taking familial 

confounding into account. However, the association got weaker when the familial factors 

were adjusted for. According to our findings, previous studies may have been biased due to 

lack of adjustment for familial confounding at least for men. Hence, our findings partly 
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contradict and add nuance to previous studies of BMI and risk of hip OA leading to 

arthroplasty. 

The association between BMI and risk of hip arthroplasty due to OA was consistent across 

BMI definitions for men, since only weak within-pair associations, but stronger between-pair 

associations, could be observed for both baseline and for peak lifetime BMI in co-twin control 

analyses. This consistency may confirm the relevance of familial factors rather than individual 

factors impacting on hip OA risk for men. Our bivariate twin correlation analyses further 

indicated this familial confounding was due to shared environmental factors in a pair rather 

than shared genetics. The shared environmental factors typically represent early life 

exposures, since twins are most likely to share their environment early in life when they e.g. 

are raised by the same parents. This interpretation is in accordance with findings of early life 

BMI being associated with hip arthroplasty due to OA in previous studies
2
, yet it is unclear 

which early life exposures may contribute to both the elevated overweight/obesity risk and the 

elevated hip OA risk. As an example, we found no confounding effect of smoking or physical 

activity level in pooled analyses (Table 3, <10% change in HR). Since lifestyle behaviours are 

typically constant traits from adolescence to adulthood,
22

 our findings may indicate other 

unmeasured early life exposures play a role. Future research should further explore any early 

life exposure impact on both BMI and risk of hip OA in men. 

We could find no previous study for comparison of our findings with regard to familial 

confounding and the current study raises several new research questions. For women, the 

BMI-hip OA association was independent of both genetic and shared environmental factors, 

education level, smoking, and physical activity level, increasing the probability of a causal 

effect of BMI. We believe the risk of residual twin-individual confounding was reduced by 

our analytic approach,
23

 yet we cannot rule out an impact of e.g. nutrition on both BMI and 

hip OA risk. This impact might further have accounted for the minor differences in 
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association depending on whether baseline BMI or peak lifetime BMI was studied. In contrast 

to baseline BMI, peak lifetime BMI was weakly associated with hip OA risk for women 

within the pair. If a causal association was present, a stronger association also between peak 

lifetime BMI would be expected. The differences in findings might depend on a difference in 

information bias for peak lifetime body weight vs. baseline body weight for women. The 

addition of self-report bias and recall bias might have led to an underestimation of the true 

effect of peak lifetime BMI on hip OA. Indeed, we previously found a greater underreporting 

of body weight in heavier persons and in persons with clinical OA compared to lean and 

persons without OA
24

, which might also have impacted on our estimates for baseline BMI in 

the current study. We included the peak lifetime BMI in the current study despite the 

additional risk of recall bias since the population mean baseline BMI was low, i.e. only 22.6 

kg/m
2
 at the measurement time and perhaps not giving elevated risk of hip OA. The mean 

peak lifetime BMI was 25.0 kg/m
2
, potentially giving a more correct proportion of subjects at 

risk.  

Our findings may imply that different approaches for men and women are needed to study and 

to improve preventive strategies for hip OA. If our findings are true, reducing body weight 

alone may be sufficient to reduce the risk of hip arthroplasty due to OA. A reduced body 

weight can be achieved by diet, exercise, and/or bariatric surgery, implying further twin 

studies should explore the association between weight reduction efforts and hip OA in a 

lifetime perspective for women.  For men, more research on the early familial factors 

increasing both BMI and hip arthroplasty risk is required. Yet for both men and women the 

association between BMI and hip OA may be more complex than revealed in the current 

study. Both traits had a high independent genetic contribution.
5
 The high heritability of hip 

OA may imply either a fully genetically determined occurrence, or a gene–environment 

interaction between radiographic progression and/or pain and BMI. More specifically, the 
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association between BMI and OA may vary for radiographic OA as opposed to OA pain since 

there is a poor correlation between the two.
25

 Radiographic OA and OA pain could not be 

separated in the current study due to lack of measurements and should be subject for further 

investigation.  

Our study had some weaknesses. First, joint arthroplasty is a treatment decision and not the 

OA disease itself. No estimates for the positive predictive value (PPV) exist in the Norwegian 

Hip Arthroplasty Registry. However, the PPV of osteoarthritis based on medical records and 

radiographs was 85% (95% CI=75-92%) in a comparable arthroplasty registry.
26

 However, 

for twins, the PPV might be different than for genetically unrelated individuals since twins to 

a larger extent may discuss whether to have OA surgery. These effects are called carryover 

effects and might have influenced our findings, not only through impacting on outcome data, 

but also on exposure data.
27,28

 As an example, the lifestyle and weight of twin 1 might impact 

on the lifestyle and weight of twin 2. However, these effects are likely symmetrical in twins 

and is taken account of through the inclusion of a between-pair effect in statistical analyses.  

A second potential weakness of our study is that we may have violated the assumption of 

equal environments for MZ and DZ twins when making inference from the rMZ:rDZ ratio.
17 

However, the overall phenotypic correlations both for current and peak lifetime BMI were 

low and a potential violation has minor consequences for the major findings of this study. A 

third limitation of our study is the large amount of missing data for BMI and the covariates. 

We performed analyses on multiply imputed data, since the within- and between-pair analyses 

with estimation of many parameters required a high sample size in order to maintain statistical 

power. Any complete case analyses would imply an even larger loss of data than our 

approximately 27% since not only the twin individual with missing data would need to be 

excluded. We would also need to exclude his or her co-twin since a lone twin is not 

informative in co-twin control studies, leading to an additional and severe risk of bias in 
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complete case analyses.
23

 Indeed, we observed less precision or non-convergence of models 

in complete case analyses, implying statistical power might be an issue in our study. It should 

be noted that analyses on multiply imputed data are a more appropriate approach when data 

are found to be missing at random, since the imputation can correct for the skewness induced 

by the missingness.
29

 A final limitation of our study is that the binary correlation model did 

not take censoring into account and that we could not include potential competing risk of 

death when using the Cox shared frailty models as well as binary twin correlation models. In a 

previous study of the genetic contribution to hip and knee OA, our findings were not affected 

by competing risk of death.
5
   

In conclusion, we found a dose-dependent association between BMI and hip OA surgery. This 

association was not explained by familial confounding due to shared genetics or 

environmental factors in women. For men, it could be explained by familial factors. Hence, 

the association between BMI and hip OA surgery may be non-causal for men. There was no 

evidence for genetic overlap between a higher BMI and hip OA surgery, meaning that the 

genetic contribution to BMI vs. hip arthroplasty due to OA is likely trait-specific. 
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Table 1. Participants' characteristics. 

 Complete case 

 data 

N=13337 

Multiply imputed 

data 

N=18058 

Sociodemographics   

  Sex, female, n (%) 7307 (54.8)  

  Age at questionnaire response, mean 

(SD) 

37.9 (12.3)  

  Death, n (%) 5159 (28.6)  

  Death age, mean (SD) 72.5 (13.4)  

  Basic school (0-7 years), n (%) 5390 (40.6) 5673 (31.4) 

  Primary school (8-9 years), n (%) 1603 (12.1) 4629 (25.6) 

  Upper sec. school (10-12 years), n (%) 3156 (23.8) 4642 (25.7) 

  College/university (>12 years), n (%) 3114 (23.5) 3114 (17.2) 

Lifestyle   

  Current smoker, n (%) 5612 (43.5) 5633 (31.2) 

  Moderate/high physical activity level, 

n (%) 

7529 (58.0) 11811 (65.4) 

Anthropometrics   

  BMI (kg/m2), mean (SD) 22.6 (2.96) 22.7 (2.61) 

  Overweight (≥25 kg/m2), n (%) 2016 (15.5) 2354 (13.0) 

  Obese (≥30 kg/m2), n (%) 206 (1.6) 206 (1.1) 

  Peak lifetime BMI (kg/m2), mean 

(SD) 

25.0 (3.6) 25.1 (3.1) 

  Lowest lifetime BMI (kg/m2), mean 

(SD) 

20.3 (2.3) 20.4 (2.1) 

BMI: body mass index, SD: standard deviation. 
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Table 2. The association between body mass index (BMI) and hip osteoarthritis (OA) leading to arthroplasty in Norwegian 

twins born 1915-60. 

  

N affected  

with hip OA/ 

total N in tertile 

Crude 
Age and sex 

adjusted 

Age, sex and 

education 

 adjusted 

Age, sex, 

education, 

smoking and 

physical activity 

 adjusted 

  N/N HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) 

Baseline BMI      

  1st tertile (ref. 

category) 

117/6032 1 1 1 1 

  2nd tertile (≥ 

21.5 kg/m2) 

187/6026 

1.75 

(1.37-2.22) 

1.50 

(1.15-1.94) 

1.49 

(1.15-1.94) 

1.51 

(1.15-1.97) 

  3rd tertile (≥  

23.4 kg/m2) 

310/6000 

3.43 

(2.73-4.32) 

2.66 

(2.03-3.49) 

2.69 

(2.05-3.52) 

2.86 

(2.17-3.77) 

Peak lifetime 

BMI 

     

  1st tertile (ref. 

category) 

121/6020 1 1 1 1 

  2nd tertile (≥ 

23.9 kg/m2) 

170/6021 

1.49 

(1.17-1.90) 

1.28 

(1.00-2.91) 

1.28 

(0.99-1.65) 

1.28 

(0.99-1.66) 

  3rd tertile (≥ 

25.9 kg/m2) 

323/6017 

3.41 

(2.73-4.26) 

2.29 

(1.79-2.91) 

2.30 

(1.80-2.92) 

2.40 

(1.88-3.06) 

Cox regression analyses of multiply imputed data. CI: confidence interval, HR: Hazard Ratio.  
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Table 3. The within- and between-pair associations between Body Mass Index (BMI) and hip osteoarthritis (OA) leading to 

arthroplasty within sex-strata of Norwegian twins born 1915 and 1960. 

 Women (N=4825 pairs) Men (N=4202 pairs) 

 N affected  

with hip OA/ 

total N in 

strata 

Within-pair Between-pair N affected  

with hip OA/ 

total N in 

strata 

Within-pair Between-pair 

  
HR (95% CI) HR (95% CI) 

HR (95% 

CI) 
HR (95% CI) 

Baseline BMI       

   Cohort a 432/9650 

1.09 

(1.06-1.11) 

182/8408 

1.08 

(1.04-1.12) 

   Co-twin control     

(DZ)b 

254/5508 

1.04 

(0.96-1.13) 

1.04 

(0.93-1.17) 

100/4944 

1.08 

(0.95-1.24) 

1.08 

(0.87-1.29) 

   Co-twin control 

(MZ)b 

178/4142 

1.19 

(1.05-1.36) 

1.04 

(0.88-1.23) 

82/3464 

0.93 

(0.75-1.16) 

1.41 

(1.03-1.91) 

Peak lifetime BMI       

   Cohort a 432/9650 

1.07 

(1.05-1.10) 

182/8408 

1.06 

(1.02-1.10) 

   Co-twin control 

(DZ)b 

254/5508 

1.01 

(0.96-1.08) 

1.08 

(0.99-1.18) 

100/4944 

1.03 

(0.93-1.15) 

1.06 

(0.91-1.24) 

   Co-twin control 

(MZ)b 

178/4142 

1.10 

(0.99-1.22) 

1.07 

(0.94-1.22) 

82/3464 

0.90 

(0.76-1.07) 

1.38 

(1.08-1.74) 

a) Regular Cox regression analysis for the cohort (N=18058, i.e. parameters not decomposed into within- and between-pair 

parameters) and b) Cox regression analyses with shared frailty on twin pair level, i.e. decomposed parameters wtihin and 

between DZ=dizygotic pairs (N=5226) and within and between MZ=monozygotic twin pairs (N=3803) on multiply imputed 

data stratified by sex, adjusted for age and education level, treating the exposure BMI as a continuous variable. CI: 

confidence interval, HR: Hazard Ratio.  
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