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Genetic factors contribute more to hip than knee surgery due to
osteoarthritis e a population-based twin registry study of joint
arthroplasty
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Objective: To explore and quantify the relative strengths of the genetic contribution vs the contribution
of modifiable environmental factors to severe osteoarthritis (OA) having progressed to total joint
arthroplasty.
Design: Incident data from the Norwegian Arthroplasty Registry were linked with the Norwegian Twin
Registry on the National ID-number in 2014 in a population-based prospective cohort study of same-sex
twins born 1915e60 (53.4% females). Education level and height/weight were self-reported and Body
Mass Index (BMI) calculated. The total follow-up time was 27 years for hip arthroplasty (1987e2014,
424,914 person-years) and 20 years for knee arthroplasty (1994e2014, 306,207 person-years). We
estimated concordances and the genetic contribution to arthroplasty due to OA in separate analyses for
the hip and knee joint.
Results: The population comprised N ¼ 9058 twin pairs (N ¼ 3803 monozygotic (MZ), N ¼ 5226 dizygotic
(DZ)). In total, 73% (95% confidence intervals (CI) ¼ 66e78%) and 45% (95% CI ¼ 30e58%) of the respective
variation in hip and knee arthroplasty could be explained by genetic factors. Zygosity (as a proxy for
genetic factors) was associated with hip arthroplasty concordance over time when adjusted for sex, age,
education and BMI (HR ¼ 2.98, 95% CI ¼ 1.90e4.67 for MZ compared to DZ twins). Knee arthroplasty was
to a greater extent dependent on BMI when adjusted for zygosity and the other covariates (HR ¼ 1.15,
95% CI ¼ 1.02e1.29).
Conclusion: Hip arthroplasty was strongly influenced by genetic factors whereas knee arthroplasty to a
greater extent depended on a high BMI. The study may imply there is a greater potential for preventing
progression of knee OA to arthroplasty in comparison with hip OA.

© 2016 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Osteoarthritis (OA) is a highly prevalent musculoskeletal disease
that may lead to considerable pain and reduced quality of life1,2.
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Total joint arthroplasty is indicated when both radiographic
changes, severe joint pain and disability are present and other
treatment modalities have failed3.

There exists no medical cure for OA and knowledge of potential
causes is lacking. A higher age, female sex, and obesity are among
known potential risk factors for hip and knee arthroplasty due to
OA4e9. A limited number of studies indicate genetic factors may
contribute to OA. The genetic contribution to the disease may be
studied in twins since identical twins share 100% of their genes and
non-identical twins share 50%. The percentage of the total variance
td. All rights reserved.
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in a trait that is explained by genetic factors (“heritability”) can be
calculated from intra twin pair correlations under the classical twin
model10. In a smaller British twin cohort, the genetic contribution
to radiographically defined hip and knee OA was estimated to
39e65% in women11e13. A large degree of genetic overlap in prev-
alent radiographic OA was found in the finger joints whereas a
lesser degree of genetic overlap was observed in the weightbearing
joints13.

Although OA is assumed to be highly heritable, very little is
known about the genetic contribution to a symptomatic and clin-
ically relevant OA definition. Several studies indicate that joint pain
may be a phenotype with its own causes that are independent of
the structural damage to the joint14e16. However, existing twin
studies have until present not studied symptomatic and disabling
OA diagnoses that are relevant to patients and accordingly may
have impact for the subsequent development of preventive stra-
tegies. In fact, we are aware of only two studies of the genetic in-
fluence on symptomatic OA. Recent Danish twin studies found
genetic factors to contribute to 47% of the variance in hip arthro-
plasty due to OA and only 18% for knee arthroplasty due to OA17,18.
This deviates from the estimates from studies using radiographic
definitions11e13.

Age and sex differences might also affect the association be-
tween genetic factors and OA17,18. Furthermore, whether genetic
factors or more modifiable environmental factors like a high Body
Mass Index (BMI) and markers for health inequality such as a
shorter education contribute the most to twin pairs becoming
concordant over time is unknown. Previous studies have revealed
both consistent and varying associations between obesity, level of
education and joint arthroplasty but these are seldom adjusted for
potential genetic confounding19e23. Similarly, previous OA studies
in twins have not adjusted for BMI17,18.

There is a need for studies comparing the contribution of un-
measured genetic factors to clinically relevant OA of the hip and
knee joints, taking the main risk factor obesity and markers of
health inequalities into account. Using linked registry data from the
Norwegian Twin Registry and the Norwegian Arthroplasty Registry,
our main aim was to explore whether evidence exists for a genetic
contribution, and to quantify the relative strengths of the genetic
contribution vs the contribution of modifiable environmental fac-
tors to severe OA progressing to a need for arthroplasty.

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). The Norwegian Twin Registry was established in
2009 at the Norwegian Institute of Public Health24. We included
complete same-sex monozygotic (MZ) and dizygotic (DZ) twin
pairs born 1915e1960. 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 in 1978e1982 (Q1) and
1990e1998 (Q2)24.

The Norwegian Arthroplasty Registry was established in 1987 as
a national hip arthroplasty registry and was extended to include all
arthroplasty of artificial joints including knee joints in 199425. 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 and 5500
of knee OA are registered yearly26.

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

Prevalent and incident arthroplasty due to primary OA in the left
or right hip or knee joint were our main outcome variables.
Arthroplasty due to other causes than OA (i.e., fractures, inflam-
matory rheumatic diseases etc.) were excluded.

Covariates

Education was reported in years and level (primary school to
college/university). Participants were categorized into having pri-
mary school (0e7 years), lower secondary school (8e9 years), up-
per secondary school (10e12 years) and college/university (>12
years), with the number of years corresponding to the Norwegian
education system at the time the data were collected. Body height
and weight were reported and BMI (kg/m2) was calculated
(continuous variable). For all covariates, the value reported in Q1
was used if available. If not available, data from Q2 was merged to
the data of Q1 (age at reporting was taken into account).

Statistical analyses

All analyses were performed separately for the hip and knee
joint. Multiple imputations of education level and BMI data were
indicated, which are described in detail in the Online-Only material
together with model specifications for all statistical models pre-
sented (eMethods). In brief, we initially performed Cox regression
analyses for OA progression to arthroplasty (using the outcome age
at arthroplasty), and subsequently fitted classical variance com-
ponents models (using the binary outcome presence/absence of
arthroplasty).

The age- and sex-stratified casewise concordances and intra-
pair correlations for arthroplasty were calculated with 95% confi-
dence intervals (CI)27,28. Concordant twin pairs were pairs in which
both twins had undergone joint arthroplasty due to OA. Discordant
pairs were pairs in which only one twin had. To explore the rate at
whichMZ and DZ pairs became concordant over time, we inspected
the cumulative incidence curves for time to hip or knee arthro-
plasty for the second twin.

If genetic effects are important, wewould expect MZ twins to be
more concordant and correlated for time to arthroplasty than DZ
twins. To assess this, we fitted Cox regression models for time be-
tween the first twin's arthroplasty due to OA (index twin) till the
second twin's arthroplasty due to OA (co-twin) or censoring taking
competing risk of death into account. In an exploratory/descriptive
regression analyses of whether genetic factors or modifiable envi-
ronmental factors contributed themost to OA, we included zygosity
(DZ ¼ 0 and MZ ¼ 1) as the independent variable (i.e., a proxy for
genetic factors) and time to hip and knee arthroplasty due to OA of
the co-twin as dependent variables. We also included sex, twin pair
age at the index twin's surgery, education level and BMI of the co-
twin as independent variables (both complete case (CC) and
multiply imputed (MI) data analyses) in a multivariate analysis. The
two latter covariates were included as proxies for modifiable,
environmental factors. For statistical reasons we explored both a 4-
category and a dichotomous operationalization of education level
(short: �12 years, long >12 years), and treated BMI as a continuous
variable. Further, we ran sensitivity analyses using intra-pair dif-
ference variables for education level and BMI (this was avoided in
the main analyses due to missing data and risk of deleting whole
pairs in CC analyses leading to more uncertain estimates). Results
were presented as Hazard Ratios (HR) with 95% CI.

We finally obtained estimates of the percentage of the total
variance in arthroplasty due to severe OA (with 95% CI) that can be
ascribed to genetic factors (A), common (C) and unique
contribute more to hip than knee surgery due to osteoarthritis e a
and Cartilage (2016), http://dx.doi.org/10.1016/j.joca.2016.12.015
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environmental (E) factors by fitting classical twin models10 (ACE,
AC, AE and E variance components models were initially compared
for model fit, see eMethods in the Supplement). We explored age/
sex differences by performing analyses stratified by age (below and
above median age at prosthesis surgery of 68 years) and sex (male/
female). We also excluded pairs with one or more dead twin in
sensitivity analyses. The statistical analyses were carried out using
STATA MP v. 14 and R with the OpenMX v.2.3.1 package.

Results

In total, N¼ 2868 were excluded due to no information from the
co-twin (early death or not willing to participate), leaving
N ¼ 18,058 twins in N ¼ 9029 complete pairs (N ¼ 3803 MZ and
N ¼ 5226 DZ pairs) for the analyses. Excluded participants were
more often males (N ¼ 1817 (63.3%), P < 0.001) and more often DZ
twins (N ¼ 1935 (67.5%), P < 0.001)) than participants included
(characteristics presented in Table I). Questionnaire data was
available for N ¼ 13,337 (73.8%) participants (N ¼ 6164 for Q1 only,
N ¼ 6557 for both Q1 and Q2 and N ¼ 616 for Q2 only). The par-
ticipants with missing questionnaire data were more often males
(N ¼ 2378 (50.3%), P < 0.001), more often MZ twins (N ¼ 2980
(61.1), P < 0.001) and significantly older (mean (SD) age in 2014 74.5
(0.19)). Hence, we performed multiple imputations29 (see
eMethods in the Supplement). The included participants’ charac-
teristics are presented in Table I. The total follow-up times were 27
and 20 years for hip and knee arthroplasty, respectively (i.e.,
424,914 and 306,207 person-years).

Prevalence, incidence and concordance

The prevalence of hip and knee arthroplasties in 2014 were 3.6%
(614/18,058) and 1.8% (317/18,058), respectively (similar across
zygosity for both joint sites). Incidence rates per 1000 person-years
were 1.40 (95% CI ¼ 1.30e1.52) for hip arthroplasty and 0.99 (95%
CI ¼ 0.89e1.11) for knee arthroplasty. Overall, the concordance and
intra-pair correlations were higher for hip arthroplasty than knee
Table I
Participants characteristics

All

Individual level N ¼ 18,05
Sex, F, n (%) 9650 (53
Age at questionnaire response, mean (SD) 37.9 (12.3
Death, n (%) 5159 (28
Death age, mean (SD) 72.5 (13.4
Primary school (0e7 years), n (%) 5390 (40
Lower sec. school (8e9 years), n (%) 1603 (12
Upper sec. school (10e12 years), n (%) 3156 (23
College/university (>12 years), n (%) 3114 (23

BMI (kg/m2), mean (SD) 22.6 (2.96
Overweight (�25 kg/m2), n (%) 2221 (17
Zygosity, MZ, n (%) 7606 (42

Pair level: MZ death rates and intrapair correlation for covariates N ¼ 3803

Both twins dead by 2014, n (%) 721 (18.9
Age at death, r 0.56
Age at questionnaire response, r 0.96
Education level, tetrachoric r 0.87
BMI (kg/m2), r 0.65

Pair level: DZ death rates and intrapair correlation for covariates N ¼ 5226

Both twins dead by 2014, n (%) 968 (18.5
Age at death, r 0.42
Age at questionnaire response, r 0.94
Education level, tetrachoric r 0.63
BMI (kg/m2), r 0.40

Abbreviation: SD: standard deviation. r ¼ Pearson correlation coefficient.

Please cite this article in press as: Magnusson K, et al., Genetic factors
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arthroplasty (Table II). For the hip joint, the MZ concordance was
significantly higher than the DZ concordance (P < 0.01 in all strata).
For the knee joint no differences were observed for any strata
(0.05 < P < 0.21), which is consistent with a greater genetic
contribution to hip OA than knee OA progressing to arthroplasty.

Cox regression model

We identified N ¼ 468 and N ¼ 262 pairs with both twins alive
when the first twin (index twin) received hip or knee surgery due
to OA, and recorded the time until the second twin's (co-twin)
surgery. More pairs became concordant for hip arthroplasty than
for knee arthroplasty over time (Fig. 1), and MZ pairs were more
likely to become concordant.

There was a difference between joint sites in the exploratory
Cox regression analyses. For the hip joint, the significant crude
association between zygosity and a shorter time to arthroplasty of
the co-twin remained statistically significant in all multivariable
analyses (Table III). Education level was not associated with shorter
time to hip arthroplasty (Table III). However, a high BMI was
borderline significantly associated with hip arthroplasty both in CC
and MI data (Table III). No association for BMI could be observed in
analyses treating education level as binary (BMI: HRCC ¼ 1.07, 95%
CI ¼ 0.99e1.14, HRMI ¼ 1.07, 95% CI ¼ 0.97e1.14). In these models
(with fewer estimated parameters implying a gain in statistical
power but a loss of information detail), all other results were
similar (zygosity: HRCC¼ 2.72, 95% CI¼ 1.57e4.71, HRMI¼ 3.00, 95%
CI ¼ 1.93e4.69, education level (with �12 years as ref.cat.):
HRCC ¼ 1.69, 95% CI ¼ 0.93e1.06, HRMI ¼ 1.48, 95% CI ¼ 0.84e2.61)
as in analyses treating education level as a 4-category variable
(Table III). Hence, these findings may be consistent with a genetic
influence on hip arthroplasty. Similar results were obtained in
analyses of within-pair differences of BMI and education level (data
not shown).

In contrast, no significant crude association could be observed
between zygosity and knee arthroplasty due to OA. However, there
was a significant association in age/sex-adjusted as well as
Hip arthroplasty due to OA Knee arthroplasty due to OA

8 N ¼ 614 N ¼ 317
.4) 432 (70.4) 214 (67.5)
) 45.0 (11.1) 40.8 (11.0)
.6) 175 (28.9) 46 (14.5)
) 82.2 (7.6) 83.1 (7.3)
.6) 222 (50.2) 108 (46.8)
.1) 54 (12.2) 35 (15.2)
.8) 82 (18.6) 54 (23.4)
.5) 84 (19.0) 34 (14.7)
) 23.4 (2.9) 23.8 (3.0)
.1) 107 (24.5) 74 (32.5)
.1) 260 (42.4) 141 (44.5)

N ¼ 210 N ¼ 131

) 40 (19.0) 10 (7.6)
0.43 0.13
0.96 0.93
0.86 0.84
0.74 0.70

N ¼ 324 N ¼ 171

) 74 (22.8) 18 (10.5)
0.28 �0.33
0.94 0.97
0.48 0.78
0.42 0.30
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Table II
Concordances and correlations for arthroplasty due to hip and knee OA

No. of pairs with no
TJR due to OA

No. of disc./conc.
pairs for MZ twins

No. of disc./conc.
pairs for DZ twins

Casewise concordance
for MZ pairs (95% CI)

Casewise concordance for
DZ pairs (95% CI)

MZ correlation
(95% CI)

DZ correlation
(95% CI)

Hip
All 8495 160/50 294/30 0.38 (0.31e0.46) 0.17 (0.12e0.22) 0.71 (0.64e0.77) 0.45 (0.33e0.52)
Women 4449 112/33 208/23 0.37 (0.28e0.46) 0.18 (0.12e0.24) 0.67 (0.60e0.75) 0.40 (0.28e0.52)
Men 4046 48/17 86/7 0.41 (0.28e0.54) 0.14 (0.05e0.23) 0.77 (0.66e0.86) 0.47 (0.26e0.63)
Age <68 years 4164 35/10 51/3 0.36 (0.20e0.53) 0.11 (0.00e0.21) 0.72 (0.55e0.83) 0.45 (0.16e0.67)
Age �68 years 4331 125/40 243/27 0.39 (0.31e0.47) 0.18 (0.12e0.24) 0.69 (0.60e0.76) 0.38 (0.26e0.49)

Knee
All 8727 121/10 166/5 0.14 (0.06e0.22) 0.06 (0.00e0.10) 0.45 (0.29e0.59) 0.23 (0.03e0.40)
Women 4622 81/7 111/4 0.15 (0.05e0.24) 0.07 (0.00e0.13) 0.44 (0.23e0.62) 0.21 (�0.02 to 0.42)
Men 4105 40/3 55/1 0.13 (0.00e0.26) 0.04 (�0.03 to 0.10) 0.45 (0.17e0.67) 0.22 (�0.17 to 0.54)
Age <68 years 4174 31/5 51/2 0.24 (0.07e0.42) 0.07 (�0.02 to 0.17) 0.66 (0.42e0.82) 0.34 (0.03e0.59)
Age �68 years 4553 90/5 115/3 0.10 (0.02e0.18) 0.05 (�0.00 to 0.10) 0.33 (0.11e0.52) 0.15 (�0.09 to 0.37)

Age ¼median age of arthroplasty due to OA. Disc.: discordant for the outcome (i.e., pairs in which only 1 twin has arthroplasty due to OA), Conc.: concordant for the outcome
(i.e., pairs in which both twins have arthroplasty due to OA), Casewise concordance: the probability that an affected twin has a co-twin who is also affected.
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multivariable analyses of MI data but not in CC data, indicating a
potentially less robust association between zygosity and knee OA
(Table III). Having a high BMI was significantly associated with a
pair becoming concordant for knee OA when adjusted for zygosity
in MI data (Table III). Education level was not associated with knee
arthroplasty due to OA in any analyses. Results remained similar
both in CC and MI data when treating education level as binary
below and above 12 years, except for the association between BMI
Fig. 1. Plot of cumulative incidence of hip arthroplasty due to OA (upper graph) and
knee arthroplasty due to OA (lower graph) showing the hazard rate of MZ and
DZ twins becoming concordant over time taking censoring due to end of observation
time and competing risk of co-twin's death into account.

Please cite this article in press as: Magnusson K, et al., Genetic factors
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and knee arthroplasty becoming statistically significant in CC data
and stronger in MI data (BMI: HRCC ¼ 1.10, 95% CI¼ 1.00e1.21, HRMI
¼ 1.14, 95% CI ¼ 1.04e1.25, zygosity: HRCC ¼ 3.14, 95% CI ¼
0.96e10.26, HRMI ¼ 3.35, 95% CI ¼ 1.13e9.99, Education level (�12
years was ref.cat.): HRCC ¼ 1.95, 95% CI ¼ 0.67e5.70, HRMI ¼ 1.71,
95% CI ¼ 0.58e5.03 adjusted for age and sex). Similar results were
obtained in analyses of within-pair differences of BMI and educa-
tion level (data not shown).

The classical twin model

For both hip and knee arthroplasty due to OA, a classical twin
model including only genetic (A) and unique environmental factors
(E) fitted the data best (i.e., environmental factors common to two
twins in a pair [C] excluded, see eTable 1 and 2 in the Supplement). In
total 73% (95% CI¼ 66e78%) of the variance in hip arthroplasty could
be explained by genetic factors and 27% (95% CI¼ 22e34%) by unique
environmental factors. Therewerenoageor sexdifferences (eTable 1).
In contrast, knee arthroplasty was to a greater extent determined by
unique environmental factors (55%, 95% CI ¼ 42e70%) than genetic
factors (45%, 95% CI ¼ 30e58%). Genetic factors contributed more to
knee OA arthroplasty in persons <68 years (66%, 95% CI ¼ 49e82%)
than above (33%, 95% CI ¼ 16e50%) although CI overlapped. No sex
differences were observed for the knee joint (eTable 2).

For both hip and knee arthroplasty, the models did not converge
when including age, sex, BMI and/or education level as fixed effect
covariates. We repeated the analyses for living pairs only, with
more or less similar results in an AE-model (A for hip OA pro-
gressing to need for joint surgery¼ 80%, 95% CI¼ 73e85% and A for
knee OA progressing to need for joint surgery ¼ 50%, 95%
CI ¼ 33e65%).

Discussion

This national twin registry study showed a high and consistent
concordance for hip arthroplasty due to OA among identical twins,
which was significantly higher than for non-identical twins when
adjusted for sex, BMI and a low education level. Concordance for
knee arthroplasty due to OA was to a greater extent dependent on
modifiable factors like a high BMI. Our findings may indicate that
the genetic contribution to incident, severe OA differs between the
hip and knee joint.

Strengths of the current study were the population-based in-
clusion of twins, a long follow-up time and the high coverage of
>95% of hip and knee arthroplasties being reported across the
entire country. The present study is the first to explore the genetic
contribution to hip and knee OA taking age, sex, educational level
contribute more to hip than knee surgery due to osteoarthritis e a
and Cartilage (2016), http://dx.doi.org/10.1016/j.joca.2016.12.015



Table III
Associations between zygosity and hip and knee arthroplasty due to OA in Norwegian twins born 1915e1960

Complete case analyses Multiple imputation

Univariate model
HR (95% CI)

Sex adjusted model
HR (95% CI)

Multivariate model HR (95% CI) Multivariate model HR (95% CI)

Hip joint
Zygosity, MZ 2.85 (1.82e4.47) 3.03 (1.94e4.73) 2.59 (1.48e4.54) 2.98 (1.90e4.67)
Sex, F 1.08 (0.68e1.72) 1.63 (0.87e3.05)) 1.24 (0.76e2.01)
Age 0.95 (0.93e0.97) 0.96 (0.94e0.99) 0.95 (0.93e0.97)
Lower sec. school (8e9 years) 1.50 (0.62e3.63) 1.28 (0.74e2.21)
Upper sec. school (10e12 years) 1.05 (0.47e2.35) 1.31 (0.68e2.53)
College/university (>12 years) 1.84 (0.97e3.50) 1.73 (0.92e3.25)
BMI (kg/m2) 1.07 (0.99e1.15) 1.07 (1.00e1.15)

Knee joint
Zygosity, MZ 2.87 (0.96e8.54) 3.14 (1.02e9.70) 2.88 (0.86e9.62) 3.32 (1.09e10.12)
Sex, F 1.09 (0.36) 2.10 (0.47e9.33) 1.29 (0.45e3.74)
Age 0.95 (0.89e1.01) 0.94 0.87e1.01) 0.95 (0.88e1.01)
Lower sec. school (8e9 years) 0.56 (0.05e5.83) 1.06 (0.21e5.36))
Upper sec. school (10e12 years) 0.82 (0.14e4.95) 1.55 (0.34e7.13)
College/university (>12 years) 1.82 (0.53e6.25) 1.98 (0.54e7.21)
BMI (kg/m2) 1.09 (0.98e1.21) 1.15 (1.02e1.29)

Cox regression analyses with zygosity and co-twins' value for sex, age at index twin's surgery, education level and BMI as independent variables taking competing risk of death
into account. Ref.cat. for education level was primary school (0e7 years). Complete case analyses performed on N ¼ 312 and N ¼ 196 pairs with complete BMI and education
data for hip and knee arthroplasty, respectively. In total N¼ 468 pairs for the hip joint and N¼ 262 pairs for the knee joint included in analyses based on multiple imputations
of N ¼ 50 datasets (ref.cat. is DZ twins).
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and obesity as the main risk factors of hip and knee OA as well as
time to prosthesis surgery into account.

Our main findings are both supportive and contradictory to
those of previous studies and extend existing knowledge on po-
tential causes for severe OA. The marked difference in genetic
contribution depending on OA site previously observed was sup-
ported in the current study13,17,18. For the hip joint, genetic factors
comprised 73% of the variance, which is comparable to, or slightly
higher than those of previous studies11,18. However, in contrast to a
Danish study18, we found no differences in this contribution across
age or sex for hip arthroplasty. Our analyses for the hip joint were
based on a higher total number of concordant/discordant pairs than
in Danish analyses.

There were greater differences between current and previous
findings for the genetic contribution to knee OA. According to the
current study, genetic factors accounted for 45% of the variance in
knee arthroplasty due to OA. In the Danish twin registry, genetic
and unique environmental factors contributed to 18% and 82% of
the variance, respectively17. The true contribution of genetic factors
might have been underestimated in both studies due to a low knee
OA incidence. However, similar trends across differences in follow-
up time and sample size, which were high in both studies,
strengthen our findings. Hence, the low concordances in relation to
discordances and sample sizes in both studies may reflect a true
low genetic contribution to severe knee OA (i.e., 15 concordant and
287 discordant pairs in 9058 pairs during 20 years in the present
study vs 30 concordant and 273 discordant pairs in 24,961 pairs
over 13 years in the Danish study)17. Age and/or sex differences
were found in both studies of the knee joint, but should be further
explored due to small strata.

Progression of OA to joint arthroplasties as studied in the cur-
rent study showed a slightly higher heritability than isolated
radiographic OA in previous studies (45% vs 37-44% for the knee
joint and 73% vs 60% for the hip joint)11,12. The differences in
findings might be due to differences in OA definition, since a
requirement for having joint arthroplasty is not only radiographic
changes but also pain and disability. However, a study of British
twins indicated that genetic factors explained only 28% (95%
CI ¼ 19e37%) of the variance in knee pain when not taking struc-
tural OA features into account14. The reasons for these discrep-
ancies are unknown. We could find no heritability estimates for hip
pain independent of radiographic hip OA.
Please cite this article in press as: Magnusson K, et al., Genetic factors
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In line with the high genetic contribution to hip OA, we observed
a significant association between zygosity and OA progressing
to arthroplasty of the hip joint, which was robust to the inclusion of
sex, BMI and educational level in a Cox regressionmodel. In contrast,
no significant association could be observed for zygosity and
knee arthroplasty except in imputed data. The differences in statis-
tical significance from regression models for the two joint sites
and the varying HR for knee arthroplasty are likely due to few
concordant pairs for this joint site, leading to uncertainty. Indeed, the
lower bound of the CI of the HR for zygosity was 1.90 for hip
arthroplasty and 1.09 for knee arthroplasty in MI data. For risk of
concordance for knee arthroplasty, we also found high and signifi-
cant estimatedHR for a high BMI. Since these analyseswere adjusted
for differences in genetics (by including zygosity), our findings may
imply modifiable, environmental factors leading to a high BMI
contribute more to knee OA than to hip OA. To our knowledge, no
previous study has explored twin zygosity and concordance for OA
taking the main modifiable risk factors into account.

The current findings may imply there is a greater potential for
preventing severe knee OA than hip OA through maintaining a
healthy BMI, shedding new light on the most powerful GWAS study
performed in OA30. In the arcOGEN study, one of the signals close to
genome-wide significance was within the FTO gene, which is
involved in the regulation of bodyweight. This GWAS study further
found OA risk to differ between the hip and knee joint: a poly-
morphism can be associated with disease at the hip without
showing any evidence of association at the knee30. Hence, our
epidemiological study may confirm and add nuance and context to
results from genetic and molecular studies. The current study was
of an exploratory nature, and future epidemiological family design
studies should therefore further attempt to disentangle the causal
association between genetics, OA, body weight, socioeconomic
status, related lifestyle and lifestyle diseases.

Our findings with regard to education level and the need for
joint arthroplasty confirm previous findings in genetically unre-
lated Nordic samples22,23. However, previous studies not taking
familial factors into account have shown obesity is associated both
with hip and knee arthroplasty9,19. Since BMI is a heritable trait31,
the current study may imply that previous studies of BMI and
arthroplasty of the hip joint to a greater extent have been
confounded by unobserved common genetic factors than previous
studies of arthroplasty of the knee19. Consistent with this theory,
contribute more to hip than knee surgery due to osteoarthritis e a
and Cartilage (2016), http://dx.doi.org/10.1016/j.joca.2016.12.015
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we observed a higherMZ than DZ intra-pair correlation for BMI and
education level (Table I). This observation may further indicate that
the central assumption of equal environments for MZ and DZ twins
underlying the classical twin model is violated.

Due to the potential violation of the equal environment
assumption, our results obtained from the classical twin model
should be interpreted with caution. The study of genetic variance in
categorical or time to event traits may also be criticized for
depending on a range of other assumptions that are unverifiable,
leading to high uncertainty of the estimates of genetic influ-
ence32e34. We therefore believe the observable intra-pair differ-
ences and results from the Cox regression analyses should be
weighted higher than those from the classical twin model in the
current study. We included the classical twin model to allow for
comparison to previous twin studies.

The main challenge in our study was the few pairs concordant
for knee arthroplasty. A potential explanation may be the shorter
observation time of 20 years compared to 27 years for the hip joints
as well as the lower cumulative incidence for knee surgery than for
hip surgery overall. There has also been an increase in the number
of knee OA surgeries from the registry initiation till 2014, which
may have contributed to a low knee OA concordance at the
beginning of the observation time. However, the low concordance
may also be due to a true lower heritability for knee OA than for hip
OA17. We cannot rule out that other weaknesses of our study may
have influenced the results. Inequalities may exist in the re-
quirements for having OA surgery in different regions in Norway35.
MZ twins may to a lesser extent have moved apart and to a greater
extent belong to the same operating hospital than DZ twins,
potentially leading to an overestimated concordance among MZ
twins in the present study. Similarly, joint arthroplasty is not OA
itself, but a treatment decision, which may be more frequently
simultaneously made by MZ than DZ twins. The decision to have
joint arthroplasty may depend on differences in socioeconomic
status and/or health inequalities and subsequent differences in
demands to the joints that were not captured by our measure of
education level23. Our lack of work task data, activities performed
in leisure time and willingness to undergo surgery is a limitation of
our study. A final limitation of our study is the lack of inclusion of
other risk factors for OA as well as the amount of missing data for
BMI and education level. We indeed observed some minor differ-
ences in analyses on CC vs MI data.

In conclusion, we found differences in the genetic contribution
to hip and knee arthroplasty due to OA. A higher MZ correlation is
consistent with a contribution of genetic effects for hip OA. MZ and
DZ differences in knee OA may be explained by more modifiable
factors like a higher BMI.
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