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Towards sex-specific osteoarthritis risk models:
evaluation of risk factors for knee osteoarthritis in
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Abstract

Objectives. The aim of this study was to identify sex-specific prevalence and strength of risk factors for the inci-
dence of radiographic knee OA (incRKOA).

Methods. Our study population consisted of 10958 Rotterdam Study participants free of knee OA in one or both
knees at baseline. One thousand and sixty-four participants developed RKOA after a median follow-up time of
9.6 years. We estimated the association between each available risk factor and incRKOA using sex stratified multi-
variate regression models with generalized estimating equations. Subsequently, we statistically tested sex differen-
ces between risk estimates and calculated the population attributable fractions (PAFs) for modifiable risk factors.
Results. The prevalence of the investigated risk factors was, in general, higher in women compared with men, ex-
cept that alcohol intake and smoking were higher in men and high BMI showed equal prevalence. We found signifi-
cantly different risk estimates between men and women: high level of physical activity [relative risk (RR) 1.76 (95%
Cl: 1.29-2.40)] or a Kellgren and Lawrence score 1 at baseline [RR 5.48 (95% Cl: 4.51-6.65)] was higher in men.
Among borderline significantly different risk estimates was BMI >27, associated with higher risk for incRKOA in
women [RR 2.00 (95% Cl: 1.74-2.31)]. The PAF for higher BMI was 25.6% in women and 19.3% in men.
Conclusion. We found sex-specific differences in both presence and relative risk of several risk factors for
incRKOA. Especially BMI, a modifiable risk factor, impacts women more strongly than men. These risk factors can
be used in the development of personalized prevention strategies and in building sex-specific prediction tools to
identify high risk profile patients.
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Rheumatology key messages

« Studies on risk factors and designing prediction models have largely ignored sex differences in OA.
o Physical activity and KL1 showed sex differences in their relationship with incidence of knee OA.
e In women 1/4 and in men 1/5 new knee cases is attributable to a BMI >27.
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Introduction

Men and women are similar in many ways, but when it
comes to health the differences matter. Sex and gender
influence our risk of developing certain diseases [1],
their clinical manifestation, how well we respond to
treatment [2] and how often we seek health care [3].
Knee OA (KOA) is one of the diseases that affect
females and males differently. After the age of 50, there
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is a steep increase in incidence of KOA in women
compared with men [4], leading to a higher prevalence
in women [5]. Also, KOA in women is more often
accompanied by pain and disability compared with men
[6, 7]. Sex is a strong risk factor for KOA [8] and it is
thought that different aetiology can underlie the disease
in the different sexes [9]. Despite this knowledge, stud-
ies on risk factors and the design of prediction models
have largely ignored sex differences.
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There are several reasons why certain risk factors
might display a different risk in men and women. First, a
large number of factors have a different distribution de-
pending on gender and socio-cultural influence (ethni-
city, socio-economic status) visible in the study
characteristics of various population-based studies.
Moreover, behaviour connected to lifestyle factors might
be different depending on gender. For instance physical
activity (PA) in women, while similar in amount, might
still be composed of different types of activity than in
men, leading to differences in strength of association.

Second, several studies have indicated that certain
aetiological pathways might be more predominant in
one of the sexes [9]. For example, the metabolic OA-
type is thought to be female-specific. Not only the
prevalence of metabolic syndrome (MetS) differs be-
tween the sexes, but also its clinical representation with
sex differences in fat distribution and adipocyte function
[10]. The association of OA with MetS is not completely
explained by an obesity-induced increased biomechan-
ical load and obese people have also an increased risk
for OA of the hand, a non-weight-bearing joint [11]. This
suggests that the relationship between MetS and OA is
through altered metabolism and inflammation. Due to its
modifiable nature, obesity has already been the target in
a randomized controlled trial to prevent KOA [12].

Third, women not only have different morphology of the
knee joint [13] but also differ in neuromuscular control and
gait kinematics [14]. In addition, the relation between hip-
shape differences (dysplasia and CAM impingement) and
OA has been shown to be sex-specific [15]. This evidence
suggests that other joint- and OA-related risk factors consti-
tute a valuable set to further investigate for sex differences.

In order to provide better healthcare for both men and
women, the differences and similarities in the manifest-
ation, aetiology and pathophysiology of KOA should be
considered in health research and subsequently trans-
lated to clinical practice. The more we understand how
sex and gender affect health, the more we can improve
health and quality of life for everyone. With the study of
sex differences we get closer to obtaining a more effi-
cient and personalized health care, as sex- and gender-
based prevention strategies or therapies are probably
more effective than the usual ‘one size fits all’ approach
and would benefit patients of both sexes.

It is high time to overcome this lack of knowledge and
shed more light on the role sex differences play in OA.
Therefore, the aim of the present study was to identify
sex-specific prevalence and strength first of the usual
person-related risk factors and then of OA-related risk
factors for the development of radiographic KOA
(RKOA) in a large population-based prospective study.

Methods
Participants

We selected our study population from the Rotterdam
Study cohort, a population-based prospective study
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ongoing since 1990 in the city of Rotterdam in the
Netherlands. Baseline measurements were collected
from 1990 to 1993 for 7983 participants (RS-I). Two
additional sub-cohorts were recruited in 2000-2001
including 3011 participants (RS-Il) and in 2006-2008
comprising 3932 participants (RS-lll). In this study we
used visits 1, 3 and 4 of RS-l (1990-2004), visits 1, 2
and 3 of RS-Il (2000-2012) and visits 1 and 2 of RS-llI
(2006-2014) where the radiographic measurements of
the knees were available. As of 2008, 14926 partici-
pants aged 45years and over comprise the Rotterdam
Study. The participants are followed for a variety of dis-
eases that are frequent in the elderly with the aim to in-
vestigate determinants of disease occurrence and
progression. The Rotterdam Study is approved by the
medical ethics committee of the Erasmus University
Medical Center and the review board of the Ministry of
Health, Welfare and Sports of the Netherlands. Written
informed consent was obtained from all participants in
the study [16].

Incidence of RKOA

Knee radiographs were taken with the knee and patella
in an extended and central position respectively [17].
Knee radiographs were available for 4874 men and 6084
women at baseline, and for 3187 men and 3948 women
(Fig. 1) after a median follow-up time of 9.56 years [inter-
quartile range (IQR): 5.65-10.60 years]. We defined
RKOA according to the original Kellgren and Lawrence
(KL) scoring system [18, 19]. Incidence of RKOA
(incRKOA) was defined for each knee as a KL score of 0
or 1 at baseline and a KL score of 2-4 or a total joint re-
placement at the second or third visit during the total
follow-up time of 10years.

Person-related risk factors

We selected the studied risk factors for KOA available in
the three cohorts of the Rotterdam Study based on the
latest systematic review [8]. Baseline information on the
following characteristics was collected from participants
using questionnaires, structured home interviews and
visits to the research centre: age, highest level of educa-
tion according to the UNESCO classification (primary
education, lower = lower/intermediate general education
or lower vocational education; intermediate = intermedi-
ate vocational education or higher general education;
higher = higher vocational education or university) [20],
BMI (kg/m?), waist and hip circumference (cm) used to
calculate waist-to-hip ratio (WHR), femoral neck (FN)
BMD derived from DEXA scans, alcohol consumption
(yes/no) and cigarette smoking status (never/ever
smoker) recorded during home interviews and total PA
assessed in RS-l and RS-Il using a validated adapted
version of the Zutphen Physical Activity Questionnaire
[21] and in RS-l cohort using the LASA Physical
Activity Questionnaire (LAPAQ) [22]. In both question-
naires, total PA was expressed as the metabolic equiva-
lent of task (MET) in hours per week [23]. Total PA
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Fic. 1 Flow chart of study participants from the Rotterdam Study cohorts
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- Without IC (n = 313)

V]

- Without data on knee OA at baseline
(n=2883)

RS-I-1, RS-1I-1 and RS-11I-1

N=11,730

With IC and data on knee OA

3 2/

J . \
)

P~ ~

Excluded:
- With knee OA at baseline (n=772)

RS-1-1, RS-11-1 and RS-I11-1

N = 10,958

Without knee OA at baseline

N J

/

- \"“
// \\\

Men, N = 4,874 at baseline
(~ 34,6 % lost to follow-up*)
|
Men, N = 3,187
included in the final analysis

Women, N = 6,084 at baseline
(~ 35,1 % lost to follow-up*)

Women, N = 3,948
included in the final analysis

*The lost to follow-up percentages are also due to missing data on time between radiographs and other covariates
(age, BMI). IC: informed consent; RS-I-1: Rotterdam Study cohort 1 visit 1; RS-ll-1: Rotterdam Study cohort 2 visit 1;

RS-1ll-1: Rotterdam Study cohort 3 visit 1.

comprised all physical activity types, and thus different
METs.

OA-related risk factors

Information on hip OA as well as on hand OA was
assessed at baseline during the visits at the research
centre, where X-ray photographs were made and
graded by two independent researchers according to
the KL grading system [18, 19]. OA was defined as hav-
ing a KL grade of 2 or higher. Hand OA was divided into
bilateral finger OA (KL 2 or higher in at least one DIP
joint or PIP joint on both hands) and bilateral thumb OA
(defined as OA in CMC joint or scaphotrapeziotrapezoi-
dal joint; CMC/TS) [24].

The Stanford HAQ was used to assess disability [25].
A comprehensive description of the way the HAQ was
assessed during the home interview carried out by one
of nine extensively trained interviewers has been pre-
sented earlier [26]. Locomotor disability of the lower
limb was defined as the mean of the scores (with 0 indi-
cating no impairment and 3 indicating unable to per-
form) on the six questions related to lower limb
functions. Disability was defined as a lower limb disabil-
ity index of 0.5 or over. Upper limb disability and an
overall disability index were computed in a similar way.
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Baseline KL score of 1 in the knee was also included
as a risk factor in the analysis as it is widely known that
it increases the risk of developing RKOA in the future.

Statistical analysis

We reported the prevalence (or mean or median) of
each of the available risk factors. We estimated the as-
sociation between each available risk factor measure-
ment and the incRKOA using sex-stratified multivariate
regression models with generalized estimating equations
models that take into account the correlation between
the two knees in an individual. We report a relative risk
(RR) per 1 s.0. with 95% CI, where s.0. was based on
the whole study population, for continuous variables and
per presence of risk factors in cases of dichotomous
variables. FN-BMD and total PA were analysed per sex-
specific tertile and the lowest tertile used as reference.
P-values <0.05 were considered to be statistically sig-
nificant. In the basic model we adjusted for age, months
between radiographs and sub-cohort. Further, in the se-
cond model we additionally adjusted for BMI to verify if
the associations are independent of this well-known
modifiable risk factor. We used the Z-test statistic to
test if the RR estimates were statistically significantly
different between men and women [27]. We decided to
use the Z-test because the interpretation of the inter-
action term would only be valid when the other variables
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in the regression model are the same between the men
and women. This is a method often used in similar set-
tings, i.e. the work of Schiphof et al. [28]. For the calcu-
lation, we used d=E; —E,, which is the difference of
estimates from two groups and has standard error
S.E.(d) = |[S.E.(E1)® +s.E.(E2)?]. The ratio z=d/s.E.(d) gives
a test of the null hypothesis that there is no difference
between the two groups, by comparing the value of z to
the standard normal distribution. A two-sided test with a
significance level of 0.05 was used. There is a significant
difference in the factor for the specific grade if z is less
than —1.96 or if z is >1.96. The 95% CI for the differ-
ence is d—1.96 xs.E.(d) to d+1.96 x s.e.(d) [29]. We
defined a risk factor as being sex-specific if the RR esti-
mates were statistically significantly different between
men and women according to the Z-test when the
P-value was <0.05 and borderline significant when this
was <0.1.

Finally, we built sex-specific multivariable models
where we included all factors that showed a P-value
<0.1 in the second, BMI adjusted model. This model,
conditioning on the other risk factors, was run to get an
estimate of the net effect of a risk factor on the outcome
accounting for the effects of other risk factors.
Subsequently, to illustrate the contribution of the risk
factors to the incRKOA, we estimated the sex-specific
population attributable fractions (PAFs) for the modifi-
able factors that showed a significant association in the
multivariable model. PAF is an impact measure that
allows estimation of the proportion of new cases of
KOA in the population that could be avoided if the risk
factor was removed. We used the following formula for
calculating sex-specific PAFs in our study sample:
(Pe x adjRR)/[(Pe x adjRR) + 1], where Pe is the propor-
tion of exposed male/female knees, and adjRR is the
adjusted RR from the sex-specific multivariable general-
ized estimating equations model. All statistical analyses
were performed using R version 3.5.2 [30].

Results

The number of participants who underwent longitudinal
radiographic measurements of the knee and baseline
measurements of several person- and OA-related fac-
tors was 11730. Our study population included 10958
participants at baseline who did not have KOA in at
least one knee at the first visit (Fig. 1). Subsequently, we
excluded participants without follow-up data on radio-
graphic measurements. The lost to follow-up group
(35% of 10958) was older on average, suffering from
disabilities and other comorbidities, which are reasons
why they were not able to participate in any of the
follow-up measurements that took place at the research
centre. In contrast, the participants included in our ana-
lysis were younger and healthier on average, with fewer
cases of hypertension and diabetes, less OA in other
joints and less disability (Supplementary Table Sib,
available at Rheumatology online).
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A total number of 1064 participants, 713 women and
351 men, developed uni- or bilateral RKOA during
follow-up. The proportion of women developing RKOA
during follow-up was 17.3% and of men was 10.7%.
The median follow-up time was 9.7years (IQR: 5.7-
10.6 years). We included 13586 knees with KL score <2
in our analysis. During the follow-up 1303 incident knee
cases (9.6%) developed, 884 in women and 419 in men.

We compared the baseline characteristics between
men and women in our study population and observed
that they differed significantly in almost every aspect
(Table 1) except age, BMI and hip OA status. Women
had on average lower FN-BMD, consumed significantly
less alcohol and a larger proportion had never smoked
compared with men. Women were, on average, more
physically active than the male population and were less
educated, indicated by a higher proportion with primary
and lower education (66%) compared with the men
(37.4%) in our study population. Moreover, finger OA
and thumb OA were more frequently present in women,
with 26.2% and 16.1%, respectively, which is almost
twice the proportion in men.

Person-related risk factors and KOA

Figure 2 shows the results obtained for the person-
related risk factors in the two models tested. Well-
known risk factors such as age, BMI, weight and height
were associated with the development of RKOA in
both sexes. Additionally, we found that 1 s.p. increase
in FN-BMD resulted in higher risk of developing KOA
irrespective of sex [RR=1.29 (95% CI: 1.15-1.43) in
men, RR=1.16 (95% CI: 1.07-1.25) in women] inde-
pendently from BMI (Supplementary Table S2, available
at Rheumatology online). Although associated in
both sexes, the risk of both age and BMI was signifi-
cantly different between the sexes, with age being
stronger in men and BMI stronger in women (Fig. 2 and
Supplementary Tables S2 and S4, available at
Rheumatology online).

Total PA, alcohol intake and ever smoker were signifi-
cantly associated with the incRKOA in only one of the
sexes. Using the same model adjusted for age, BMI and
time of follow-up, we found that higher level of total PA
[RR=1.76 (95% Cl: 1.29-2.40)] was associated with
increased risk of developing KOA in our male population
and this estimate was significantly higher compared with
women (P=0.01). In women, we found that any alcohol
intake [RR=1.23 (95% CI: 1.01-1.51)] was associated
with a higher risk of RKOA at follow-up. In addition,
female ever smokers showed a near significant associ-
ation with developing RKOA [RR=1.19 (95% CI: 0.99-
1.43)] compared with female never smokers during
follow-up independently from BMI (Supplementary
Table S2, available at Rheumatology online). The RR of
these latter two risk factors did not, however, differ
significantly between the sexes.

Although having a higher WHR was associated with
higher risk of RKOA in women, this association disap-
peared when we adjusted for BMI.
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TasLe 1 Baseline characteristics of the study population

Characteristic Overall Men Women P-value
(n =7135) (n = 3187, 44.7%) (n = 3948, 55.3%)
Age, mean (s.n.), years 62.18 (7.08) 62.12 (6.96) 62.22 (7.19) 0.557
BMI > 27, n (%) 3014 (42.2) 1353 (42.5) 1661 (42.1) 0.764
Height, mean (s.p.), cm 169.10 (9.23) 176.45 (6.74) 163.17 (6.21) <0.001
Weight, mean (s.p.), kg 76.66 (13.49) 83.21 (12.23) 71.38 (12.06) <0.001
Waist-to-hip ratio, mean (s.n.) 0.89 (0.09) 0.95 (0.07) 0.85 (0.08) <0.001
Femoral neck bone mineral 0.90 (0.14) 0.94 (0.13) 0.87 (0.14) <0.001
density, mean (s.n.), g/cm?
Femoral neck bone mineral density, 0.897
sex-specific tertiles, n (%)
Low (tertile 1) 1950 (30.1) 884 (30.4) 1066 (29.9)
Moderate (tertile 2) 2252 (34.8) 1009 (34.7) 1243 (34.9)
High (tertile 3) 2267 (35.0) 1012 (34.8) 1255 (35.2)
Alcohol intake, median (IQR), g/day 6.43 (0.54, 15.00) 8.57 (1.85, 20.75) 2.50 (0.25, 8.57) <0.001
Any alcohol consumption, n (%) 4651 (84.0) 2162 (90.5) 2489 (79.1) <0.001
Ever smoker, n (%) 5143 (72.6) 2357 (74.4) 2786 (71.2) <0.001
Total physical activity®, median 73.10 (45.41, 106.32) 61.33(35.11,93.10) 81.62 (55.85, 115.88) <0.001
(IQR), MET h/week
Total physical activity?, 0.363
sex-specific tertiles, n (%)
Low (tertile 1) - 724 (30.3) 876 (28.6)
Moderate (tertile 2) - 817 (34.2) 1069 (34.8)
High (tertile 3) - 848 (35.5) 1123 (36.6)
Education level (UNESCO), n (%) <0.001
Primary 802 (11.3) 263 (8.3) 539 (13.8)
Lower 2964 (41.9) 920 (29.1) 2044 (52.2)
Intermediate 2088 (29.5) 1193 (37.7) 895 (22.8)
Higher 1228 (17.3) 789 (24.9) 439 (11.2)
Disability, n (%) 786 (12.1) 209 (7.2) 577 (16.0) <0.001
Lower-limb disability, n (%) 679 (10.4) 196 (6.7) 483 (13.4) <0.001
Upper-limb disability, n (%) 147 (2.3) 26 (0.9) 121 (3.4) <0.001
Hip OA at baseline, n (%) 364 (5.2) 154 (4.9) 210 (5.4) 0.393
Finger OA at baseline, n (%) 1308 (21.9) 447 (16.6) 861 (26.2) <0.001
Thumb OA at baseline, n (%) 761 (12.7) 234 (8.6) 527 (16.1) <0.001

@For total physical activity the measurements from the third visit (RS-1-3) were used, as the measurement was not available
at the first visit (RS-I-1). All the other measurements were available at the first visit of RS-l cohort. Therefore: n=6106
(Overall), n=2714 (Men), n=3392 (Women). IQR: interquartile range; MET: metabolic equivalent of task.

OA-related risk factors and KOA

Having OA at other joints showed some sex-specific
associations with incRKOA as illustrated in Fig. 3. In
both men and women, having bilateral finger OA
increases the risks of developing RKOA [RR=1.29 (95%
Cl: 1.00-1.66) in men, RR=1.44 (95% ClI: 1.22-1.70) in
women]. Also, a KL score of 1, the strongest OA-related
factor, has strong associations in both sexes, but with
slightly higher risk in men [RR=5.48 (95% CI: 4.51-
6.65)] than in women [RR=23.89 (95% CI: 3.41-4.43)]
(Supplementary Table S3, available at Rheumatology
online). This difference in risk estimates between men
and women was significant (P=0.002), but we did not
include it in our multivariable model because it is argu-
ably more likely a sign of early OA than a risk factor.

In women, we found a few additional risk factors.
Having bilateral thumb OA increased the risk in women
[RR=1.63 (95% CI: 1.37-1.95)], which was borderline sig-
nificantly different from the risk in men (P=0.07,
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Supplementary Table S4, available at Rheumatology
online). Having upper-limb disability increased the risk of
developing KOA in 10years only in women and the associ-
ation remained after adjustment for BMI [RR=1.50 (95%
Cl: 1.10-2.05)]. Similarly, lower-limb disability and general
disability showed an association with KOA in women only.
However, the risk estimates were reduced significantly
and the associations attenuated after BMI adjustment.
Also, the RRs of the disability-related risk factors did not
differ significantly between the sexes. Having hip OA was
not associated with the onset of KOA.

Population attributable fractions

For the modifiable factors BMI and total PA, we esti-
mated the PAFs using the adjusted risk estimates from
the multivariable sex-specific models (Supplementary
Table S5 and S6, available at Rheumatology online).

In women, the estimated PAF for having a BMI of 27
or higher was 25.6% indicating that 25.6% of new knee
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Fic. 2 Forest plot of the associations between incident RKOA and person-related risk factors

Sex-stratified results for the association between incidence of RKOA and person-related risk factors

Person-related risk factors N.obs.knees

~ Age, SD

Age - Women 7477
Age - Men 6109
~ BMI >= 27, yes

BMI - Women 7477
BMI - Men 6109
~ Height, SD

Height - Women 7477
Height - Men 6109
~ Weight, SD

Weight - Women 7477
Weight - Men 6109
~ Waist-Hip Ratio, SD

Waist-Hip Ratio - Women 7114
Waist-Hip Ratio - Men 5796
~FN-BMD, SD

FN-BMD - Women 6757
FN-BMD - Men 5570
~ FN-BMD, sex-specific tertiles (Ref=tertile 1)

FN-BMD - tertile 2 - Women 6757
FN-BMD - tertile 3 - Women 6757
FN-BMD - tertile 2 - Men 5570
FN-BMD - tertile 3 - Men 5570
~ Alcohol, yes

Alcohol - Women 5961
Alcohol - Men 4590
~ 8moking status, ever (Ref=never)

Ever smoking - Women 7416
Ever smoking - Men 6068
~ Total PA, sex-specific tertiles (Ref=tertile 1)

Total PA - tertile 2 - Women 5778
Total PA - tertile 3 - Women 5778
Total PA - tertile 2 - Men 4563
Total PA - tertile 3 - Men 4563
~ Education level - SES-UNESCO (Ref=Higher)

Primary - Women 7418
Lower - Women 7418
Intermediate - Women 7418
Primary - Men 6065
Lower - Men 6065
Intermediate - Men 6065

N.inc.knees adj. RR
884 1.24 .
419 1.38 ——
884 2 —
419 1.58 ——
884 0.87 ——
419 0.77 —a—
884 1.61 -
419 1.49 —a—
848 1 -
398 0.86 —&—
814 1.16 B
388 1.29 —a—
814 1.2 T
814 1.45 ——
388 1.06 e a—
388 1.76 T AE—
676 1.23 ——
299 1.08 —_—t—
877 1.1 T
418 0.92 —
586 1 ——
586 1.17 T
284 1.27 e B
284 1.85 —_—
879 0.85 —_—
879 0.94 ——
879 0.9 —
416 1.32 —
416 1.18 e a—
416 1.23 +——

FN: femoral neck; inc.: incident; obs.: observed; PA: physical activity; RKOA: radiographic knee OA; RR: relative risk;

SES: socio-economic status.

cases are attributable to being overweight or obese in
our female study population. In men, this proportion was
significantly lower, with 19.3% of new knee cases attrib-
utable to a BMI >27.

The PAF for total PA was only estimated in men
because in women it was not associated with the
incRKOA. The estimated PAF in men for values of total
PA in the highest male-specific tertile [median=107
(range 78-1005) MET h/week] was 11.5%.

Discussion

In this population-based study of adults aged 45years
or older, we found sex differences in the relationship be-
tween risk factors and incKOA. We detected significantly
different risk estimates between men and women
according to the Z-test: high level of total PA or a KL
score of 1 at baseline was associated with significantly
higher risk in men. Other sex-related risk factors showed
a borderline significant difference: higher age, a BMI of
27 or higher, lower WHR and lower education level
suggest a tendency of higher risk in men, while having
bilateral thumb OA suggests a significantly higher risk in
women. The associations remained in the sex-specific
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conditional multivariable models. We further focus on
discussing our main findings while also touching upon a
much-debated risk factor—smoking.

Our findings show evidence that obesity has a higher
impact on KOA in women compared with men. Although
the association is present in both sexes, the risk for
RKOA was borderline significantly different between the
sexes (P=0.056), stronger in women [RR=2 (95% CI:
1.74-2.31)] compared with men [RR=1.58 (95% ClI:
1.28-1.94)]. Using BMI as the continuous variable pro-
vided similar results (data not shown). Despite the al-
most equal percentage of men and women with a BMI
above 27 in our study population [31], a significantly
higher proportion of new knee cases is attributable to a
BMI of 27 or higher in women compared with men, with
25.6% and 19.3%, respectively. This suggests that
obesity, indicated by higher BMI, acts in a different way
in women compared with men in the context of RKOA.
Obesity is one of the MetS components and is known to
be connected to low-grade systemic inflammation [32].
In previous work from Visser and co-authors [33], it has
been shown that the skeletal muscle mass to fat mass
ratio is important in knee OA and that the underlying
mechanisms differ between men and women. More spe-
cifically, they found that fat mass was most strongly
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Fic. 3 Forest plot of the associations between incident RKOA and OA-related risk factors

Sex-stratified results for the association between incidence of RKOA and OA-related risk factors

OA-related risk factors N.obs.knees N.inc.knees adj. RR

~ Hip OA, yes

Hip OA - Women 7373 875 1.13 1=

Hip OA - Men 6027 413 0.83 ——

~ Bilateral Thumb OA, yes

Bilateral Thumb OA - Women 6213 755 1.63 .
Bilateral Thumb OA - Men 5202 389 1.21 -

~ Bilateral Finger OA, yes

Bilateral Finger OA - Women 6217 754 1.44 k3
Bilateral Finger OA - Men 5172 388 1.29 i

~ Disability index, yes

Disability index - Women 6799 828 145

Disability index - Men 5591 397 0.97

~ Lower-limb disability, yes

Lower-limb disability - Women 6799 828 1158

Lower-limb disability - Men 5591 397 0.96

~ Upper-limb disability, yes

Upper-limb disability - Women 6799 828 1.5 ==
Upper-limb disability - Men 5591 397 0.73 —_—r
~ KL score 1 at baseline, yes

KL1 - Women 7455 884 3.89 -
KL1 - Men 6093 419 5.48 —-—

018 025 0.35 050 071 10 141 20 7.00

inc.: incident; KL: Kellgren-Lawrence; obs.: observed; RKOA: radiographic knee OA; RR: relative risk.

associated in women, whereas in men skeletal muscle
mass was the most important factor. Future research is
needed to disentangle this difference. Thus, our results
support the hypothesis of the female-specific metabolic
OA type.

The sex-specific effect of smoking on the risk of KOA
suggests the influence of gender roles in this case. We
observed a higher proportion of male ever smokers at
baseline, which may reflect the fact that three decades
ago it was more acceptable for a man to smoke com-
pared with women. Still, in our study, ever smoker
showed a nearly significant positive association in
women [RR=1.19 (95% CI: 0.99-1.43)] while there was
no effect in men [RR=0.92 (95% CI: 0.72-1.18)].
The association increased in the female-specific multi-
variable model conditional on other risk factors
[adjRR=1.29 (95% CI: 1.1-1.49); Supplementary Table
S6, available at Rheumatology online]. Smoking is a
known risk factor for hypertension [34], and we therefore
performed a sensitivity analysis where we also adjusted
for systolic blood pressure, a reported causal factor for
clinical KOA [35], which did not change the association
(Supplementary Table S7, available at Rheumatology
online). In previous studies, contrary to our findings, a
protective effect of smoking on KOA was detected in
diverse cohorts worldwide [36-38]. Still, the overall
conclusion is that it has no effect [8]. Different study
populations, different study designs and different
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categorization of exposure levels are the main reasons
for the inconsistent and sometimes intriguing results.
Smoking remains a controversial topic in KOA and given
the contradictory results of previous research, further large
prospective studies should employ sex-stratified analysis
in order to replicate and contribute to this evidence.

In the case of PA, we observe a sex difference in the
total amount of PA in baseline characteristics with
higher values in women. This difference may partly be
due to differences in the intensity and types of PA in
which men and women engage [23]. Women more often
performed low or moderate intensity PA comprising
walking or domestic work, while men performed on
average more high intensity activities, like sports. It is
important to note that these characteristics are from a
previous generation and may not reflect the current
trend. We show that higher total PA is associated with
higher risk of RKOA only in men, which might indicate
that men were indeed engaged in different activities
from women. Mainly high intensity PA has been shown
to be detrimental to the knee joints and has been linked
to the development or progression of OA in the future
[39, 40]. The association remained but reduced in effect
size in the multivariable model conditional on other risk
factors in men [RR=1.38 (95% CI: 1.14-1.61)]. History
of knee injury is a major risk factor for the development
of KOA [41, 42], and may be responsible for a part of
the association we found with higher levels of total PA.
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Strengths and limitations

We acknowledge that our study has limitations. First,
due to the long follow-up period and the requirement for
the participants to visit the research centre, there is a
high percentage of participants lost to follow-up. As a
consequence, the participants included in the analysis
were, on average, healthier than the participants lost to
follow-up. This could have led to underestimation of the
risk of KOA in this population [43]. A second limitation,
the lack of data on injury history and surgery in the
whole study population, hindered us in investigating its
sex-specific impact for KOA [41] and disentangling the
attribution of PA alone to the risk of KOA. Furthermore,
the PAF calculation was based on the knee cases of
incKOA, meaning that for some participants we included
two knees, and therefore the PAF estimates reported
may have been overestimated due to the correlation be-
tween the knees. Finally, the observed sex-specific
effects are the result of both biological sex effects (i.e.
BMI) and sociological gender effects (i.e. smoking, PA)
and it is difficult to disentangle the two. The first meas-
urements in the Rotterdam Study took place more than
three decades ago. Thus, distributions of the aforemen-
tioned risk factors might have changed among the two
sexes and might not be representative for the present
generation at risk for KOA. This study focuses on radio-
graphic knee OA and did not consider symptomatic
knee OA. Sex-specific risk factors may be very different
for symptomatic knee OA. But this was outside the
scope of this paper and is subject to future research.

Conclusion

In conclusion, our findings provide evidence for sex-
specific differences in both presence and relative risks
of several risk factors for incRKOA. BMI remains, how-
ever, the most important modifiable risk factor that
impacts women to a larger extent than men. The new
evidence we present should raise awareness of the sex
differences that exist in the relationship between risk
factors and KOA. The identified sex-specific risk factors
can be used in the development of prevention strategies
and in building sex-specific prediction tools to identify
high-risk profile patients.
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