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Abstract

Objectives.—Knee osteoarthritis (OA) is more common in women, and may be related to
reproductive or hormonal factors. We evaluated these factors with the risk of total knee
replacement (TKR) for severe knee OA among women.

Methods.—The Singapore Chinese Health Study recruited 63,257 Chinese aged 45-74 years
from 1993 to 1998, and among them, 35,298 were women. Information on height, weight, lifestyle
factors, number of biological children, ages at menarche and menopause, and use of hormonal
therapies was collected through interviews. Incident cases of TKR were identified via linkage with
nationwide database.

Results.—There were 1,645 women with TKR after mean follow-up of 14.8 years. Higher parity
was associated with increased TKR risk in a stepwise manner (P for trend <0.001). Compared to
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nulliparous women, those with = 5 children had the highest risk [hazard ratio (HR) 2.01, 95%
confidence interval (Cl) 1.50-2.70]. The effect of parity on TKR risk was significantly stronger
among lean women compared to heavier women; HRs (95% CIs) for highest parity was 4.86
(2.22-10.63) for women with BMI <23 kg/m? and 1.57 (1.14-2.14) for those =23 kg/m? (p for
interaction = 0.001). Earlier age at menarche and use of oral contraceptives were significantly
associated with TKR in a stepwise manner (P for trend <0.002). Age at menopause and use of
hormonal therapy were not associated with TKR risk.

Conclusion.—Higher parity, earlier age of menarche and use of oral contraceptives were
associated with increased risk of TKR for severe knee OA among women.

Keywords
Knee osteoarthritis; cohort study; reproductive factors; parity

Introduction

Although knee osteoarthritis (OA) is one of the leading causes of disability [1], treatment
options are limited partly due to incomplete understanding of its pathogenesis [2].
Interestingly, meta-analysis of studies mainly from Western populations has shown that the
greatest disparity in incidence and prevalence of OA between men and women is in the knee
joint, with women experiencing higher rates and also a greater severity of disease compared
to men, particularly after menopausal age [3, 4]. These observations have led investigators to
hypothesize that reproductive and hormonal factors, either endogenous or exogenous, may
play a role in the development of knee OA among women [3].

Hitherto, epidemiologic studies on the association between reproductive and hormonal
factors, and risk of knee OA have been conflicting. While earlier cross-sectional and case-
control studies failed to find any association between parity and knee OA [5-7], a large
cohort study involving 1.3 million women from the United Kingdom (UK) has shown
positive associations of early age at menarche and increasing parity with incidence of total
knee replacement (TKR) [8]. Another Danish cohort with 4.5 million participants
demonstrated an increased risk of first hospitalization for OA with higher number of
children in both men and women, but the association was most notable for knee OA in
women (relative risk 1.10 per child) [9]. A recent study from Norway involving over 3
million women reported that the risk of TKR decreased with older age at menarche but was
not associated with parity [10].

In the aforementioned studies, it was unclear whether the risk of TKR associated with parity
could be mediated by an increase in body weight and change in body habitus related to
childbirth. As shown in our previous cohort study [11] and other studies [12, 13], body mass
index (BMI) is a strong risk factor for severe knee OA. Therefore, epidemiological studies in
populations with low BMI are needed to minimize the potential confounding effect of
obesity on the association between reproductive factors and knee OA in women. In this
current study, we evaluated the effects of parity, age at menarche, age at menopause and
hormonal therapies among women in the Singapore Chinese Health Study, a cohort in which
participants were relatively leaner than those in Western studies.
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Study participants and Methods

Study population

The Singapore Chinese Health Study is a prospective cohort study of 63,257 Chinese
(27,959 men and 35,298 women) aged 45-74 years, and enrolled from 1993 to 1998 in
Singapore [14]. All subjects were recruited from public housing estates where 86% of the
Singapore population resided at the time of recruitment.

Consent and ethical approval

This study was approved by the Institutional Review Board at the National University of
Singapore. All participants signed informed consents prior to participation.

Baseline exposure assessment

Participants were interviewed in-person using a structured questionnaire at recruitment.
Information collected included education level, habitual diet, cigarette smoking, alcohol
consumption, comorbidities, habitual physical activity, number of biological children, as
well as reproductive history for women. For both genders, participants were asked “How
many children have you had? (include only and all biological children)”. Women were asked
to report their age at menarche (<11, 11-12, 13-14, 15-16 years, 17+ years) and their age at
first live birth, if applicable (<15, 15-17, 18-20, 21-25, 26-30, 31-35, 36+ years). Women
were also asked whether they ever had hysterectomy (yes or no). For those who did not have
a hysterectomy, they were asked about their age at menopause with these questions: “Have
your menstrual periods stopped permanently?” (yes or no); if yes, “how old were you when
this happened?” (<40, 40-44, 45-49, 50-54, 55+ years). For the use of hormonal therapies,
women were asked if they had ever taken oral birth control pills (yes or no) or hormone
replacement therapy (HRT) (no or yes, currently taking, or yes, but | no longer take them),
and the duration of use for each therapy (<1, 1-2, 3-5, 6-9, 10-14, 15-19, 20+ years).

Body weight and height were self-reported and BMI was computed by weight in kilograms
divided by height in meters squared (kg/m?2). A total of 10,349 cohort subjects (16%), which
included 6,375 women (18% of women), did not report either weight and/or height, and their
BMI was imputed from weight and/or height obtained from the linear regression equation:
weight = y-intercept + gradient x height, where values for the y-intercept and gradient were
derived from gender-specific weight-height regression lines obtained from all subjects with
known heights and weights [15]. Participants were also asked about the history of physician-
diagnosed hypertension, diabetes, coronary artery disease and stroke in separate questions.

Identification of incident cases of TKR

We identified participants who underwent TKR due to severe knee OA via record linkage
with the nationwide MediClaim System hospital discharge database through 31 December
2011. The nationwide MediClaim system has captured information about all
hospitalizations, including in-hospital surgical procedures, in Singapore since 1990, and
collects up to three discharge diagnoses per patient. Although this database is used for
consequent financial claims, and hence its name, it captures comprehensive information on
all hospitalizations in both public and private hospitals in Singapore, regardless whether
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financial claims are made subsequently. The Singapore Ministry of Health (MOH) conducts
regular check on the MediClaims Database to ensure its completeness [16, 17]. Non-
compliance with timely submission of information on surgical procedures or discharge
diagnoses can lead to suspension of the approval granted to any accredited hospital under the
MOH’s demerit points framework [18]. Our case selection process began with identifying
cases of TKR with the operation codes SBO10K (unilateral right TKR), SB012K (unilateral
left TKR), and SB013K (bilateral TKR), that were captured in the database for the first time.
We excluded 128 prevalent cases of TKR that had occurred prior to subject enrolment into
the cohort. Discharge diagnoses were captured based on the /nternational Classification of
Disease Codes Version 9 (1CD-9). We included only incident TKR cases with a diagnosis of
OA (ICD-9 code 715), and excluded other TKR cases due to other diagnoses (n=89), such as
septic arthritis, osteomyelitis, villonodular synovitis, rheumatoid arthritis, psoriatic arthritis,
ankylosing spondylitis, and other inflammatory arthritis, or secondary causes of knee OA
such as avascular or aseptic necrosis of joint, meniscus or ligament injuries, and other
congenital or acquired deformities of the knee (Figure 1). In Singapore, a study in a public
hospital has reviewed over 1,600 medical records and reported that primary knee OA
accounted for 96% of the TKR cases [19]. Hence, although it was not specified for many
cases in the database if the knee OA was primary or secondary in nature, we believe that
almost all the TKR cases in this middle-aged and elderly cohort would be primary OA. We
identified death of participants through record linkage with the Singapore Registry of Births
and Deaths. As of December 2011, only 47 subjects were known to be lost to follow-up due
to migration or other reasons, suggesting the ascertainment of vital status for cohort subjects
was virtually complete.

Statistical analysis

The analyses of current study were performed on 35,191 women, and included 1,645
incident cases of TKR for severe knee OA. Number of person-years for each participant was
calculated from date of recruitment until time of death, lost-to-follow-up, TKR, or
December 31, 2011, whichever came first. We used Cox proportional hazards regression to
estimate hazard ratios (HRs) and respective 95% confidence intervals (Cls) for the
association of TKR risk with number of biological children, age at first birth, age at
menarche, age at menopause, use of oral contraceptives and HRT. Proportional hazard
assumption was tested using Schoenfeld residuals test, and no violation was observed for
these variables. Tests for trend were carried out by including ordinal values of categorial
exposures of interest as continuous variables in the regression models.

In multivariable model 1, we adjusted for age at interview (years), dialect (Hokkien,
Cantonese), year of interview (1993-1995, 1996-1998), educational level (none, primary,
secondary and more), smoking status (never, past, current), BMI (kg/m2), total physical
activity (hours/week), sleep (hours/day) and sitting (hours/day) duration, baseline history of
self-reported, diabetes, hypertension, coronary artery disease, and stroke. In multivariable
model 2, we further adjusted for number of children (0, 1, 2, 3, 4, 5+), age at menarche (<13,
13-14, 15-16, 17+ years), oral contraceptive use (never, ever), HRT use (never, ever), and
age at menopause (still menstruating, <40, 4044, 45-49, 50-54, 55+ years). We conducted
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separate analysis for the associations with parity and age at first birth only among women
who had ever given birth, and adjusted for both factors in the same model.

To avoid over-adjustment, we performed sensitivity analyses by removing all covariates that
did not have p-values <0.20 for their risk estimates in order to create a parsimonious model.
To minimize bias from possible mediators or colliders affecting the total effect of
reproductive factors on risk of TKR, we determined a minimally sufficient set of covariates
using directed acyclic graphs (DAG) [20] that provided visual representations of possible
causal assumptions (DAGitty v3.0) [21], and repeated statistical analyses using this set of
covariates in the Cox model. To evaluate the role of BMI as an interaction factor, we added
cross-product terms between our exposures of interest and BMI categories as covariates into
the Cox models. For stratified analysis by BMI categories, we used the cut-point
recommended by the World Health Organization (WHO) to create underweight/normal (<23
kg/m?2) and overweight/obese (=23 kg/m?2) categories that define cardiovascular risk in
Asians [22]. We also conducted sensitivity analysis by excluding all subjects with imputed
BMI due to missing weight and/or height (6,375 women) for the interaction with BMI on
TKR risk.

All statistical analyses were conducted using SAS Version 9.4 (SAS Institute, Inc., Cary,
North Carolina). All reported p values were two-sided, and p <0.05 was considered
statistically significant.

Table 1 shows characteristics of women in the extreme groups according to number of
children (nulliparous versus 5+), age at menarche (=17 versus <13 years), age at menopause
(<40 versus =55 years) and use of oral contraceptives (no versus yes). Women who had more
children were older and less educated, had higher BMI and were more likely to be ever
smokers at recruitment. They were also more likely to have a history of hypertension,
diabetes, coronary artery disease or stroke. Women with earlier age at menarche were
younger at recruitment and had higher educational level; they were also more likely to have
ever used oral contraceptives or HRT, but had lower smoking prevalence and fewer children.
Women who had a history of oral contraceptive use for at least one year were younger, better
educated, less likely to smoke and more likely to have used HRT. Among postmenopausal
women, those with older age at menopause were older at recruitment, less educated, less
likely to have ever smoked and more likely to have had more children. After a mean follow-
up of 14.8 (standard deviation 4.0) years, we identified 1,645 cases of TKR. Compared to
the rest of the women in the cohort, cases of TKR were older at recruitment, had higher
BMI, had lower level of education, and were less likely to be current smokers. They were
also more likely to have hypertension but less likely to have diabetes (see Supplementary
Table 1).

Number of children was associated with a higher risk of TKR in stepwise manner (2 for
trend <0.001). After adjusting for all other variables including BMI and other reproductive
factors (model 2), compared to nulliparous women (referent), HR (95% CI) was 1.21 (0.84—
1.73) for one child, 1.39 (1.03-1.88) for two children, 1.91 (1.43-2.56) for three children,
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1.99 (1.48-2.68) for four children and 2.01 (1.50-2.70) for five or more children (P for trend
<0.001). We further stratified women by BMI categories and observed a significantly
stronger association between higher parity and TKR risk in lean women with BMI <23
kg/m? than in heavier women. Among lean women, compared to those with no children, the
risk of TKR in those with five or more children was higher by almost five folds (HR 4.86;
95% CI (2.22-10.63). Correspondingly, among heavier women, this risk was only increased
to about 1.6 folds (HR 1.57; 95% CI 1.14-2.14) (Table 2). The HR for TKR was 1.24 (95%
Cl 1.14-1.36) per child birth among lean women, and 1.10 (95% CI 1.05-1.15) per child
birth among heavier women (P for interaction=0.001).

Women who had more children were more likely to have younger age at first birth than
women with fewer children. Hence, these two factors may confound each other in their
associations with TKR risk. We excluded 2,507 nulliparous women in the analysis for age at
first birth and parity. Among women who had ever given birth, higher parity was associated
with increased risk of TKR, and the association remained even after adjusting for age at first
birth (Table 3). However, although age at first birth was inversely associated with risk of
TKR, the association was attenuated and no longer significant after adjusting for parity
(Table 3).

We also observed that the risk of TKR increased with earlier age at menarche in a dose-
dependent manner. Compared to women whose age at menarche was =17 years, those with
menarche at age <13 years had the highest risk (Table 4). Women who had ever used oral
contraceptives had higher risk than those who had never used them, and this increased risk
was in those who had used oral contraceptives for at least one year (2P for trend = 0.002).
BMI did not significantly modify these associations (P for interaction >0.4; Table 4).

Among the study population, 25,435 (72.3%) of women were post-menopausal at the time
of recruitment. Among these post-menopausal women, we did not find a significant
association between the age at menopause and risk of TKR. The use of HRT was also not
significantly associated with TKR risk (Table 5).

In sensitivity analysis, results from the parsimonious model and the model with minimally
sufficient set of covariates determined by DAG remained virtually unchanged compared to
the fuller Model 2 (data not shown). We also conducted sensitivity analysis by excluding
those with imputed BMI, and the results of all analyses remained materially similar. Among
the 28,844 women with reported weight and height for BMI computation, the HR for TKR
was 1.24 (95% CI 1.13-1.35) per child birth among lean women, and 1.08 (95% CI 1.03—
1.14) per child birth among heavier women (P for interaction=0.002).

Discussion

In this prospective population-based cohort, higher parity was associated with the risk of
TKR for severe knee OA in a stepwise manner among women. This positive association with
parity was stronger among lean women compared to their heavier counterparts. Earlier age
at menarche and having ever used oral contraceptives for at least one year were associated
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with increased TRK risk. Conversely, among postmenopausal women, age at menopause and
having ever used HRT were not associated with the risk.

A major strength of our study is that the cohort participants were relatively lean, and the
variation in BMI among the different reproductive factors was fairly small; this would help
minimize the confounding effect of BMI on the observed associations between the
reproductive factors investigated in this study and the risk of TKR. We also had sufficient
number of women in the lean category to enable us to detect a significantly higher relative
risk in lean women compared to heavier women. In addition, our study participants had a
wide range in the number of biological children for meaningful analysis. Other strengths
included the prospective population-based cohort design with long follow-up time and a
large number of TKR cases identified through linkage with a comprehensive nationwide
database that had essentially captured all TKR surgeries in Singapore from both private and
public hospitals [16].

There are some limitations in our current study. We used TKR as a surrogate outcome for
severe knee OA, and did not collect information on preceding history of knee OA. Hence,
we were unable to differentiate between risk factors for initiation and progression of knee
OA. The participants were asked to recall age at menarche during recruitment, and erroneous
reports could result in non-differential misclassification and possible underestimation of the
risk estimates. However, a previous study has reported that women were fairly good in
reporting original age at menarche [23]. We did not collect the specific type of oral
contraceptives and hormonal therapies participants had used. We also did not collect the
relevant data and therefore could not adjust for change of BMI before and after reproductive
period, history of past knee injuries, or occupational exposure to kneeling or squatting tasks
as risk factors for knee OA. The body weight and height were self-reported in this study.
Nevertheless, correlations between self-reported and measured height and weight have been
generally high, and self-reported weight has been shown to be valid across populations [24,
25]. A systematic review of 64 studies have suggested trends of underestimation of self-
reported weight and overestimation of self-reported height [24], and those with higher
measured BMI tend to have greater underestimation [26]. As 94% of our study participants
had BM1<30 kg/m?2, we therefore speculated that the underestimation of BMI from self-
reported weight and height could be less problematic compared to cohorts with higher BMI
[25]. Finally, we also could not rule out the potential for residual confounding by
unmeasured socioeconomic or lifestyle factors related to reproductive factors. In our cohort,
women who were younger at time of recruitment had earlier age at menarche, higher level of
education and fewer children. This observation could be explained by the rapid
industrialization and socio-economic advancement in Singapore starting in the 1960s,
leading to improvement in nutritional status and earlier age of menarche among younger
women compared to older women. Younger women were more likely to have fewer children
due to a government advocacy of two-child family norm introduced in Singapore in the
1970s [27].

The finding that parity was positively associated with the risk of severe knee OA in our
study concurs with several cohort studies. A UK study of 1.3 million women has shown that
relative risk for increasing parity with total joint replacement was 2% and 8% per birth for
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hip and knee respectively [8], suggesting that the risk attributed by parity may be different
by joint site. Another large cohort of 4.5 million participants in Denmark also demonstrated
a positive association between number of children and risk of first hospitalization for OA at
different sites for both genders, and the risk was most prominent for knee OA in women [9].
A cross-sectional study using magnetic resonance imaging of knee showed that increasing
parity was associated with decreasing cartilage volume and greater cartilage defects [28]. In
the National Institutes of Health (NIH)-funded Multicenter Osteoarthritis Study (MOST),
there was a relative risk of 2.6 times for incident knee OA among women with high parity
(5-12 children) compared to those with one child [29]. However, it was uncertain whether
the risk was related to increase in body weight or habitus related to childbirth, or other
physical activities related to parenthood.

Apart from showing a stepwise relationship between number of biological children and risk
of TKR in women, we demonstrated, for the first time, that the effect of parity was more
evident in lean women compared to heavier women. This difference was mainly due to the
remarkably low risk of TKR for lean nulliparous women. A weaker association between
parity and TKR risk in women with BMI =23 kg/m? in the present study population may
explain a null association between parity and knee OA in previous studies conducted in
women with higher mean BMI ranging from 25.6-28.5 kg/m? [10, 30]. Biologically,
experimental studies in animal models have shown that high serum estradiol levels during
the third trimester of pregnancy correlate with increased anterior cruciate ligament laxity
[31], and either downregulation and (or) desensitization of alphal and beta2-adrenoceptors
in the ligament, which could disrupt normal joint homeostasis [32]. Laxity of ligaments and
soft tissue structures around the joints may explain the biological plausibility for the
association between parity and development of severe knee OA. We also postulate that
leaner women may be more susceptible to the detrimental stress that the increase in weight
bearing and kinetic changes in gait during pregnancy may impose on the knee joints [33].
However, our novel finding of such an interaction between BMI and parity on the risk of
severe knee OA should be validated by further studies.

In this study, we also found early age at menarche to be a risk factor for knee OA. This is
consistent with two large prospective cohorts in the UK [8] and Norway [10]. This finding is
interesting as it suggests that an earlier age of exposure or a longer exposure to cyclic
hormonal changes during menstrual cycle due to a younger age at menarche may have
detrimental effects on the knees. Early menarche is linked to weight gain at young age [34],
and this may also explain higher subsequent risk of OA [35-37]. However, two previous
cross-sectional studies showed early age at menarche [38, 39] and longer menstrual period
[38] to be independent factors for risk of hand OA, a condition in joints less influenced by
body weight. Estrogen receptors are expressed not only in the cartilage of joints, but also in
various periarticular tissues including subchondral bone, synovium, peri-articular ligaments
and muscles [40]. Hence, changes in concentration of sex hormone across the menstrual
cycle could be of sufficient magnitude to influence collagen metabolism, and may indirectly
influence knee structure and function [41]. Sex hormones also have pleiotropic effects in
bone metabolism and in maintaining chondrocyte hemostasis, and it has been postulated that
while estrogen increases bone mass and density, the latter consequence could also increase
mechanical loading and promote onset of OA in joints [42].
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In our study, we did not find any association between age at menopause and the risk of TKR,
which is consistent with all other studies on this topic [5, 7, 8, 10]. There is only one small
cross-sectional study that has shown a possible association of later age at menopause with
the presence and severity of hand OA, but not for knee OA [38]. Findings on whether the use
of exogenous hormonal therapies could be related to OA have been controversial. Majority
of the cross-sectional and case-control studies have demonstrated a protective effect of HRT
on development of OA [43-45]. Out of the five cohort studies that evaluated the association
between HRT and knee OA, two [8, 10] have shown increased risk while three [29, 46, 47]
did not demonstrate any association. Data from the Woman Health Initiative, the largest
randomized controlled trial of HRT, did not find significantly lower rates of TKR in women
on either estrogen-alone or estrogen and progesterone combined therapy [48]. After
censoring for non-adherence, estrogen-alone users had a significant reduction in risk of hip
replacement, but not TKR [48]. In the current study, we noted an increased risk of TKR
associated with use of oral contraceptives during the reproductive age but not with use of
HRT after menopause. However, we would like to point out that the overall use of oral
contraceptives (26.4%) and HRT (6.6%) in our study participants was very low, especially
for HRT. Therefore, we could be limited in statistical power to uncover any possible
association between exogenous hormone use and risk of TKR.

In conclusion, using data from a large prospective study among Singapore Chinese, we
found higher parity, earlier age at menarche and use of oral contraceptives to be positively
associated with the risk of TKR for severe knee OA. These findings implicate the important
role of reproductive and hormonal factors in pathogenesis of knee OA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 3.

Hazard ratio (95% confidence interval) of total knee replacement according to number of children and age at
first birth among women who had ever given birth

t Tt

Model 1
Cases HR (95% ClI)

Model 2
HR (95% CI)

Number of children

1duosnuey Joyiny

1duosnuen Joyiny

1 69 1.00 1.00
2 240  1.16 (0.88-1.51) 1.14 (0.87-1.49)
3 380 1.59(1.23-2.06) 1.52 (1.17-1.98)
4 304  1.66(1.27-2.17) 1.58 (1.20-2.07)
>5 500  1.69 (1.30-2.19) 1.58 (1.20-2.07)
Pfor trend§ <0.001 <0.001
Age at first birth
<20 years 69 1.00 1.00
21-25 years 240 0.93(0.82-1.06) 0.97 (0.85-1.09)
26-30 years 389  0.81(0.70-0.94) 0.90 (0.77-1.05)
>31 years 304  0.73(0.59-0.90) 0.87 (0.69-1.09)
Pfor trend§ <0.001 0.12

fMuItivariabIe model 1: adjusted for age at interview, dialect, year of interview, educational level, smoking status, body mass index, total physical
activity duration, sleep duration and sitting duration, baseline history of self-reported, diabetes, hypertension, coronary artery disease and stroke,
age at menarche, oral contraceptive use, hormone replacement therapy use and age at menopause;

ﬁMuItivariabIe model 2: further adjusted for number of children or age at first birth.

§Linear trend was tested by treating the categories as a continuous variable.
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