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Finns – a population‑based study
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Abstract
Background: Articular surface size is traditionally considered to be a relatively stable trait throughout adulthood.
Increased joint size reduces bone and cartilage tissue strains. Although physical activity (PA) has a clear association
with diaphyseal morphology, the association between PA and articular surface size is yet to be confirmed. This crosssectional study aimed to clarify the role of moderate-to-vigorous PA (MVPA) in knee morphology in terms of tibiofem‑
oral joint size.
Methods: A sample of 1508 individuals from the population-based Northern Finland Birth Cohort 1966 was used. At
the age of 46, wrist-worn accelerometers were used to monitor MVPA (≥3.5 METs) during a period of two weeks, and
knee radiographs were used to obtain three knee breadth measurements (femoral biepicondylar breadth, mediolat‑
eral breadth of femoral condyles, mediolateral breadth of the tibial plateau). The association between MVPA and knee
breadth was analyzed using general linear models with adjustments for body mass index, smoking, education years,
and accelerometer weartime.
Results: Of the sample, 54.8% were women. Most individuals were non-smokers (54.6%) and had 9—12 years of
education (69.6%). Mean body mass index was 26.2 (standard deviation 4.3) kg/m2. MVPA was uniformly associated
with all three knee breadth measurements among both women and men. For each 60 minutes/day of MVPA, the knee
breadth dimensions were 1.8—2.0% (or 1.26—1.42 mm) larger among women (p < 0.001) and 1.4—1.6% (or 1.21—
1.28 mm) larger among men (p < 0.001).
Conclusions: Higher MVPA is associated with larger tibiofemoral joint size. Our findings indicate that MVPA could
potentially increase knee dimensions through similar biomechanical mechanisms it affects diaphyseal morphology,
thus offering a potential target in reducing tissue strains and preventing knee problems. Further studies are needed to
confirm and investigate the association between articulation area and musculoskeletal health.
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Introduction
Physical activity (PA) and skeletal loading affect bone
strength primarily via bone mineral density, mineral content and geometric properties [1–3]. The importance of
PA for skeletal health is widely recognized, but a clear
consensus about the optimal type and level of PA for
skeletal health is still lacking. In our previous work we
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showed that objectively measured physical activity was
associated with increased vertebral size in the lumbar
spine [4].
In light of the connection between PA and bone
geometry [5], weight-bearing joints could be assumed
to be adaptable like long bone shafts [6]. This would be
important as increased articular surface size reduces
bone and cartilage tissue strains [7]. However, factors
that are associated with articular surface dimensions
are not completely agreed upon, and articular surface
size is commonly understood to remain relatively stable
throughout adulthood. Major lifetime factors such as
physical activity seem to have a minimal effect on joint
size [8–10]. Ruff and colleagues [8] concluded that the
femoral head seems to be a very conservative structure
with minimal response to changes in mechanical loads. It
is hypothesized that the acetabulum restricts the potential growth of the proximal head of femur but studies
with mice have also found that femoral head can adapt
to exercise (e.g. [6]). Lieberman and colleagues [9] concluded in their study with sheep that diaphyseal crosssectional geometry is an appropriate proxy for activity
level, but articular surface area has no response mechanism for mechanical loadings.
In this population-based study, we wanted to clarify the
potential association between PA and knee joint dimensions in humans. We used a general population sample of
1508 Northern Finnish women and men, with accelerometric data on PA and knee radiographs at the age of 46.
We focused on accelerometric PA data as over- or underestimation of absolute PA levels is a common problem
in self-reporting [11, 12]. Based on previous findings on
lumbar vertebrae [4], we hypothesized that higher levels
of moderate-to-vigorous PA (MVPA) would also be associated with larger knee breadth, thus implying reduced
bone and cartilage tissue strains.

Methods
Study sample

Northern Finland Birth Cohort 1966 (NFBC1966) is
a prospective, population-based birth cohort started
in 1960s. At baseline all mothers with expected dates
of delivery between the 1st of January and the 31st of
December 1966 were recruited from the two northernmost provinces in Finland. NFBC1966 population
comprised 12,231 children (12,058 live births) and their
parents. Follow-ups have been conducted at several time
points. In adulthood, data have been collected for example on social background, lifestyle, and organ-specific
symptoms. Detailed descriptions can be found at [13, 14].
To conduct this study, we examined knee radiographs,
accelerometer data, and anthropometric, lifestyle and
sociodemographic data from the NFBC1966 members
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who had participated in the 46-year follow-up. Of all
individuals who participated in the follow-up, those
residing in the Oulu region (100 km radius) were further
invited to knee radiography. A flowchart demonstrating
the formation of the sample with exclusions is presented
in Fig. 1. The final sample size of our study was 1508.
Accelerometer‑based physical activity

PA was measured by a waterproof wrist-worn accelerometer, Polar Active (Polar Electro, Kempele, Finland).
Accelerometers were blinded, showing only the time
of day, so that participants did not get feedback of their
activity during the measurement period. A detailed
description of the methodology and validity of the
device has been given previously [15, 16]. Briefly, Polar
Active has been shown to correlate with double labelled
water technique in evaluating energy expenditure during daily living (r = 0.88) [17]. Participants of the study
were instructed to carry the accelerometer on their nondominant wrist for at least 14 days, 24 hours per day. Our
analysis included participants with at least four valid days
of data recorded. A valid day was determined as at least
600 minutes/day monitoring time during waking hours.
Daily averages (minutes/day) at five activity levels (very
light: 1–2 MET, light: 2–3.5 MET, moderate: 3.5–5 MET,
vigorous: 5–8 MET and very vigorous: ≥ 8 MET) were
calculated on the basis of the threshold values used by the
manufacturer [18]. In this study, we focused on MVPA
(≥ 3.5 MET) [19] because it is a frequently and globally
used activity level in PA recommendations [20–23]. The
3.5 MET cutpoint was selected as it showed higher agreement with ActiGraph (model GT3X) using Freedson cutpoints than Polar Active with 3 MET cutpoint [24].
Knee breadth measurements

Knee breadth was measured from digital radiographs
of the right knee joint by an author of the study (A.K.).
A detailed description of the procedure has been given
in a previous publication [25]. In brief, we utilized posteroanterior radiographs with individuals positioned in
fixed flexion view [26, 27]. Radiographs were accessed
and measurements were taken using neaView Radiology
software version 2.31 (Neagen Oy, Oulu, Finland). Measurements were recorded to the nearest 0.1 mm. The initial measurements were converted into true sizes with
the help of a metal calibration disc of 30 mm in diameter
attached on the participant’s right leg.
The following three measurements were taken from
each radiograph [25]:
1) femoral biepicondylar breadth (FBEB),
2) mediolateral breadth of the articular surface of the
femoral condyles (FCML), and
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Fig. 1 Flow-chart of the study. NFBC1966 = Northern Finland Birth Cohort 1966

3) mediolateral breadth of the tibial plateau articular
surface (TPML).
FBEB was measured as the maximum breadth between
the medial and lateral femoral epicondyles. FCML was
measured by drawing a line tangential to the most inferior points of the femoral condyles; this line was transposed to the widest part between the femoral condyles.
TPML was measured as close to the border of the tibial
plateau as possible.
To evaluate the intraobserver reliability of the measurements, a total of 20 radiographs (on average every
100th image of the first round) were measured a second
time. Absolute and relative technical measurement errors
were calculated as previously described [25]. In brief, the
intraobserver reliability of the measurements was found
to be high, with absolute technical measurement errors
0.1—0.5 mm and relative errors 0.1—0.6%.
Confounders

Body mass index (BMI), smoking, education years and
accelerometer weartime were assessed as potential confounders. At the age of 46, a study nurse measured the
height and weight of each participant, allowing the calculation of BMI (kg/m2). Smoking status was enquired using
two questions (“Have you ever smoked cigarettes (yes/
no)?” and “Do you currently smoke (yes/no)?”); individuals were subsequently categorized as 1) non-smokers,

2) former smokers, and 3) current smokers. Socioeconomic status was proxied via education years by asking
the number of years spent at school (< 9 years, 9–12 years,
> 12 years). Accelerometer weartime was defined as the
average monitoring time (minutes/day) over the measurement period.
Statistical analysis

The data were analyzed using SPSS version 27 (IBM,
Armonk, NY) and Stata/MP version 17 (StataCorp, College Station, TX). The level of statistical significance was
set at P = 0.05.
Descriptive statistics were calculated as means and
standard deviations (SDs) for continuous variables with
normal distributions, as medians and interquartile ranges
(IQRs) for continuous variables with skewed distributions, and as frequencies and percentages for categorical
variables. In order to evaluate potential selection bias, the
final sample was compared to those excluded by means of
independent-samples T test, Mann-Whitney U test, and
Chi square test.
The associations between the primary predictor
(MVPA, minutes/day) and the outcomes (FBEB/FCML/
TPML, mm) were analyzed using general linear models
with and without adjustments for BMI (kg/m2), smoking history (categorized as described above), education
years (categorized as described above), and accelerometer weartime (minutes/day). The confounder candidates
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showed significant univariate associations with the outcomes and/or primary predictor and were therefore
included as covariates in the final models. Sex stratification was used due to great discrepancy in skeletal size
between men and women [28]. Beta estimates, their 95%
confidence intervals (CIs), and the corresponding P values were extracted from the data output. In order to justify linear modelling, potential non-linear relationships
were ruled out by means of restricted cubic spline regression models with three evenly spaced knots (Supplementary Fig. 1).
Ethical approval

The study conformed to the Declaration of Helsinki and
received approval from the Ethical Committee of the
Northern Ostrobothnia Hospital District, Oulu, Finland
(94/2011). NFBC1966 members gave informed consent for participation, and personal details were pseudonymized by identification codes. This provided full
anonymity for the participants.

Results
The study sample comprised 827 women (54.8%) and 681
men (45.2%; Table 1). The majority were non-smokers
(54.6%), while a minority were current smokers (16.9%).
Most individuals had 9—12 years of education (69.6%).
Mean body mass index was 26.2 (SD 4.3) kg/m2. All three
knee breadth measurements were larger among men
than women (FBEB 10.1 mm, FCML 10.6 mm, and TPML
9.6 mm larger). Women had a median of 56 (IQR 39—76)
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minutes and men 72 (IQR 52—94) minutes of MVPA per
day during the accelerometer monitoring period. The
present sample included a lower percentage of current
smokers than the rest of the cohort (16.9% versus 23.2%,
p < 0.001); there were also slight differences in BMI and
accelerometer weartime (Supplementary Table 1).
Table 2 demonstrates the contribution of 60 minutes/
day of MVPA to each of the three knee breadth measurements according to the unadjusted and fully adjusted
models. Supplementary Table 2 shows intermediate
models, with adjustments added one by one. In all models, MVPA was uniformly and positively associated with
FBEB, FCML and TPML among both women and men.
According to the fully adjusted models, 60 minutes/day of
MVPA was associated with 1.8—2.0% (or 1.26—1.42 mm)
larger knee joint among women (p < 0.001) and 1.4—
1.6% (or 1.21—1.28 mm) larger knee joint among men
(p < 0.001).

Discussion
This population-based study showed for the first time a
uniform positive association between accelerometerbased physical activity and three articular measurements from the knee joint among both women and men.
Although the study was cross-sectional, our findings suggest that articular surface size may differ between activity
levels, thus contradicting previous literature. We speculate that higher MVPA may improve the robusticity of
the bony knee structures.

Table 1 General characteristics of the sample
Characteristic

Women

Men

All

N (%)

827 (54.8)

681 (45.2)

1508 (100)

Body mass index (kg/m2), mean (SD)

25.6 (4.4)

27.0 (4.0)

26.2 (4.3)

Smoking
Non-smoker, % (n)

58.4 (483)

50.1 (341)

54.6 (824)

Former smoker, % (n)

25.0 (207)

32.6 (222)

28.4 (429)

Current smoker, % (n)

16.6 (137)

17.3 (118)

16.9 (255)

Education years
  < 9, % (n)
9—12, % (n)
  > 12, % (n)

2.7 (22)

3.8 (26)

3.2 (48)

69.2 (572)

70.2 (478)

69.6 (1050)

28.2 (233)

26.0 (177)

27.2 (410)

Knee breadth dimensions
Femoral biepicondylar breadth (mm), mean (SD)

77.8 (3.6)

87.9 (3.8)

82.4 (6.3)

Femoral condylar mediolateral breadth (mm), mean (SD)

71.7 (3.3)

82.3 (3.6)

76.5 (6.3)

Tibial plateau mediolateral breadth (mm), mean (SD)

70.3 (3.1)

79.9 (3.4)

74.6 (5.8)

Accelerometer data
Moderate-to-vigorous physical activity (minutes/day), median (IQR)

56 (39—76)

72 (52—94)

63 (45—86)

Accelerometer wear-time (minutes/day), median (IQR)

971 (933—1005)

987 (944—1023)

977 (937—1014)

IQR Interquartile range, SD Standard deviation
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Table 2 Results from general linear models for the association between moderate-to-vigorous physical activity and knee breadth
Outcome and model

Women

Men

Betaa (95% CI)

P value

Betaa (95% CI)

P value

Unadjusted model

1.00 (0.52—1.48)

< 0.001

0.99 (0.51—1.46)

< 0.001

Fully adjusted modelb

1.42 (0.92—1.92)

< 0.001

1.27 (0.78—1.76)

< 0.001

Femoral biepicondylar breadth (mm)

Femoral condylar mediolateral breadth (mm)
Unadjusted model

1.16 (0.72—1.61)

< 0.001

1.06 (0.61—1.50)

< 0.001

Fully adjusted modelb

1.40 (0.94—1.86)

< 0.001

1.28 (0.82—1.73)

< 0.001

Unadjusted model

1.01 (0.60—1.43)

< 0.001

1.03 (0.61—1.44)

< 0.001

Fully adjusted modelb

1.26 (0.83—1.69)

< 0.001

1.21 (0.78—1.65)

< 0.001

Tibial plateau mediolateral breadth (mm)

CI Confidence interval
a

Beta coefficients are interpreted as the contribution of 60 minutes/day of moderate-to-vigorous physical activity to the respective knee breadth measurement in mm

b

Adjusted for body mass index, smoking, education years and accelerometer weartime

Major lifetime factors such as physical activity have
been considered to have a minimal effect on joint size
[8–10]. However, previous research has mainly concentrated on animal models and/or proximal femur with relatively small sample sizes. The present findings challenge
these viewpoints. In light of the connection between PA
and bone geometry [5], weight-bearing joints could be
assumed to be adaptable like long bone shafts [6]. It has
been suggested that also exercise and mechanical loading
may affect articular surface size and shape (e.g. [6]). In
our previous study, we were able to show a positive association between MVPA and vertebral size in the lumbar
spine [4]. There thus seems to be increasing evidence that
PA may affect bone size in both the axial and appendicular skeleton.
The main strength of this study is the large sample
size of 1508 individuals. Our sample originated from
the population-based NFBC1966 study which provides
the best available proxy of the general Northern Finnish
middle-aged population [13]. Additionally, the individuals in our sample were coeval which minimized the confounding effect of secular trends on our results. We were
able to exclude individuals with a history of knee operations or knee pathologies such as osteoarthritis, and
accounted for several potential confounders in the statistical analysis. The knee breadth measurements had high
intraobserver reliability and low measurement errors. A
wrist-worn accelerometer provided a reliable record of
individuals’ daily total physical activity, including both
occupational and leisure-time PA. Accelerometers are
sensitive and practical tools for measuring PA, and arguably more reliable than self-reported PA [11, 12].
Our study has several limitations. Comparison between
the present sample and those excluded showed mild
selection bias, as the sample included a lower percentage

of current smokers than the rest of the cohort. However,
the differences were minor and have been documented
previously [29]. Although the NFBC1966 has collected a
vast amount of lifetime data of the participants, we could
only measure knee breadth at one timepoint. We were
thus limited to a cross-sectional design, without being
able to address cause-effect relationships or longitudinal
trends in knee dimensions. In addition, our MVPA measurements were collected at 46 years, and we did not have
accelerometric data on PA from childhood or early adulthood. However, late adulthood activity appears to be in
concordance with earlier activity [30]. Regarding potential confounders, comorbidities were not controlled for.
As our analysis did not distinguish between leisure-time
and occupational physical activity, their independent
associations with knee breadth should be characterized
in future studies. Studies are also welcomed to explore
intensity-specific associations between physical activity
and knee outcomes.

Conclusion
In this population-based study, higher level of MVPA
was associated with larger knee breadth among both
women and men. Our cross-sectional findings suggest
that articular surface size may differ according to activity
level, thus contradicting previous studies. We speculate
that higher MVPA may improve the robusticity of the
bony knee structures and thus have an additional mechanism of action in knee problems. However, further studies are needed to confirm and investigate the association
between articulation area and musculoskeletal health.
In particular, longitudinal studies are needed to address
causality.
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