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A B S T R A C T   

Objective: To examine how physical activity is associated with risk of different fracture outcomes across the full 
range of physical activity. 
Methods: By combining information from three cohort studies and using generalized structural equation 
modelling, we estimated a continuous unitless latent variable reflecting physical activity that ranged from 
sedentary through elite athlete levels. Associations between physical activity and fracture outcomes were 
assessed with proportional hazards regression using restricted cubic splines with the mean physical activity 
(corresponding to 20–40 min walking or bicycling/day or 2–3 h exercise/week) as reference. 
Results: Among 63,980 men and women (49–68 years) and during 13 years of follow-up, 8506 fractures occurred, 
including 2164 distal forearm, 779 proximal humerus, 346 clinical spine, and 908 hip fractures. Both lower and 
higher physical activity was associated with higher risk of any fracture compared to the mean. Physical activity 
at 1 standard deviation (SD) below the mean, corresponding to walking/bicycling <20 min/day or exercising 
<1–1 h/week, was associated with a lower risk of distal forearm fracture (hazard ratio [HR]: 0.92, 95% confi-
dence interval [CI]: 0.85–0.99) and higher risk of hip fracture (HR: 1.24, 95% CI: 1.13–1.37), but no associations 
were seen above the mean physical activity level for these fractures. Physical activity was not associated with 
proximal humerus fracture but had a possible U-shaped association with clinical spine fracture. 
Conclusion: Physical activity was non-linearly associated with fracture risk and the association differed across 
fracture sites. Up to 2–3 h weekly exercise is beneficial for the prevention of hip fracture but may increase the 
risk of distal forearm fracture.   

1. Introduction 

Physical activity may decrease the risk of fragility fractures [1] 
through reduced risk of falls [2] and improved bone mineral density [3]. 
Observational studies have demonstrated lower risks of any [4,5], hip 
[4–10], and humerus [6,11] fractures among more physically active 
individuals compared with less active individuals. A high level of 
physical activity has also been linked with higher risk of wrist and distal 
forearm fractures [6,12,13]. To better understand the role of physical 
activity for the prevention of fragility fractures, it is important to explore 

the shape of the dose-response relationship across the full range of 
physical activity for different types of fracture in the same population. If 
a high level of physical activity increases the risk of fractures it is crucial 
as well to identify possible inflection points at which such increases in 
risk may occur. 

Previous observational studies have largely investigated individuals 
within a narrow range of physical activity, mainly of low-to-moderate 
levels [7,11–13] with physical activity divided into a few broad strata 
[5,14] and few types of fracture. Meta-analyses of physical activity trials 
have reported a reduced risk of fracture with exercise, but have been 
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unable compare different levels of physical activity [1,2,15–19] and, 
importantly, few studies have been able to differentiate by fracture site 
[20]. Although minor fractures are associated with pain and impairment 
of function, major fragility fractures, such as humerus, spine, and hip 
fractures, are associated with higher mortality [21,22]. Knowledge of 
possible dose-response patterns, non-linear relations or threshold values 
may inform public health recommendations for fracture prevention. 

Here, we combine participants from two population-based Swedish 
cohorts with the highly active participants in the Vasaloppet cross- 
country skiing race, all aged 49–68 years at baseline, to obtain a pop-
ulation covering the full range of physical activity, from sedentary to 
elite athlete level. We aimed to investigate the shape of the dose- 
response relationship across the full range of physical activity with 
incident fractures, including any fracture, as well as those of the distal 
forearm, proximal humerus, hip and spine. 

2. Methods 

2.1. Participants 

The Swedish Mammography Cohort (SMC) was started in 
1987–1990 when all women born 1914–1948 living in Uppsala County 
and all women born 1917–1948 living in Västmanland County were 
invited to a mammography screening program and were mailed a self- 
administered lifestyle questionnaire [23,24]. A second similar ques-
tionnaire was administered in 1997 to the respondents of the first 
questionnaire, which 39,277 women completed (70% of the original 
cohort). The Cohort of Swedish Men (COSM) was started in 1997 by 
mailing all men born 1918–1952 residing in the Swedish counties of 
Västmanland and Örebro a nearly identical lifestyle questionnaire as in 
the SMC, with a response rate of 49% (n = 48,850) [23,25]. The SMC 
and COSM are representative of the Swedish population [24,25]. 

Vasaloppet is the world's largest cross-country skiing race, hosting 
races of 30 km, 45 km and 90 km. Some distances are held both as 

competitive races and as more inclusive “open track” races [26]. Cross- 
country skiing is an endurance sport and maximal oxygen uptake ca-
pacity is strongly associated with ranking in skiing races [27]. Most 
Vasaloppet participants engage in substantial year-round exercise in 
preparation for the race [6,28]. The Vasaloppet cohort database includes 
competition data (see section 2.2) and the personal identification 
number of all individuals aged 18 years or older who participated during 
1991–2009. Vasaloppet participants have a lower risk of cancer [29], 
recurrent cardiovascular disease [30,31], and lower mortality [28] 
compared to the general Swedish population. 

The present study population was created by combining the SMC and 
COSM 1997 respondents with individuals from the Vasaloppet cohort 
born 1930–1949 who completed at least one race in 1997–1999. As 
indicated in the flowchart (Fig. 1), some SMC and COSM participants 
participated in Vasaloppet during the study period. Individuals who died 
before 1 January 1998 or were diagnosed with cancer except non- 
melanoma skin cancer were excluded, leaving a final study population 
of 63,980 individuals with a start of follow-up on 1 January 1998, 
including 22,247 women from the SMC (159 had participated in Vasa-
loppet), 28,749 men from the COSM (508 had participated in Vasa-
loppet), and 12,984 individuals from the Vasaloppet cohort (who were 
not participants in SMC or COSM). 

2.2. Assessed physical activity 

In SMC and COSM, physical activity was assessed through a multiple- 
choice questionnaire regarding the past year's walking/bicycling habits, 
leisure-time exercise and physical activity at work. Walking/bicycling 
habits were reported with the pre-defined categories “hardly ever,” “less 
than 20 min per day,” “20–40 min,” “40–60 min,” “60–90 min” or “more 
than 90 min per day.” Leisure exercise (not further specified) was re-
ported as “less than 1 h per week”, “1 h”, “2–3 h”, “4–5 h” or “more than 
5 h per week”. Activity at work was reported as “mostly sitting”, “sitting 
half of the time”, “mostly standing”, “mostly walking with little lifting”, 

SMC 1997
n=38,984

Vasaloppet cohort 1989-2011
n=227,145

COSM 1997
n=45,906

Vasaloppet
n=12,984

SMC
n=22,088

COSM
n=28,241

Overlap
n=159

Overlap
n=508

The COSM 1997 cohort
are free of cancer and 
alive 1 January 1998

SMC par�cipants included
in study
n=22,247

Vasaloppet par�cipants
included in study
n=13,651

COSM par�cipants
included in study
n=28,749

Data required for GSEM 
missing
n=293

Not born in 1930-1949
n=16,864

Previous <cancer
n=1,717

Not born in 1930-1949
n=11,232

Died before 1 January 1998
n=11

Data required for GSEM 
missing
n=3,777

Not born in 1930-1949
n=191,349

Did not complete race
n=2,381

Did not race 1997-1999
n=19,460

Did not match LISA register
n=45

Previous cancer
n=248

Data required for GSEM 
missing
n=11

Total study cohort n=63,980

Fig. 1. Flow chart illustrating the study population COSM: Cohort of Swedish men; GSEM: generalized structural equation modelling (used for calculation of the 
latent variable physical activity); LISA: Longitudinal Integration Database for Health and Labour Market Studies; SMC: Swedish Mammography Cohort. 
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“mostly walking with considerable lifting” and “heavy manual labour”. 
Energy expenditure from the physical activity items in the questionnaire 
has been validated against accelerometers and activity diaries with 
concordance correlations of 0.38 [32] and 0.40–0.42 [32,33] 
respectively. 

In the Vasaloppet cohort, we assumed that the participants' general 
level of physical activity was reflected in their performance in the race. 
The Vasaloppet race administration records the year, type of race, race 
distance, finishing time and personal identification number of each 
participant. Information from the 1998 competitions was chosen if 
available, as the SMC/COSM lifestyle questionnaire was administered in 
the autumn of 1997 and queried about the past year's physical activity, 
corresponding to the time spent preparing for the 1998 Vasaloppet race. 
If the person did not participate in 1998, competition data from either 
1997 or 1999 was chosen, with priority given to the year with the 
longest and most competitive race (i.e. first 90 km competitive Vasa-
loppet, second 90 km Open Track, third 45 km Half Vasaloppet, fourth 
30 km competitive Women's Vasaloppet, fifth 30 km Short Vasaloppet). 
It is possible to participate in more than one Vasaloppet race per year 
and we recorded the number of races during the index year. Previous 
years raced was defined as number of years of Vasaloppet participation 
in 1991–1997. As the measure of race performance, we used each par-
ticipant's finishing time expressed as the percentage of the winner's time, 
in order to take differences in weather and skiing conditions into 
account. 

2.3. Outcome 

Using the personal identification number unique to all Swedish res-
idents, study participants were linked to the National Patient Registry, 
where incident fractures were ascertained using validated methods [34] 
and classified according to the Swedish orthopaedic edition of the In-
ternational Classification of Diseases (ICD) 10: any fracture (S12, S22, 
S32, S42, S52, S62, S72, S82, S92), distal forearm fracture (S52.5, S52.6, 
S52.8), proximal humerus fracture (S42.2), hip fracture, (S72.0, S72.1, 
S72.2) and clinical spine fracture (S22.0, S22.1, S32.0). The National 
Patient Registry has high validity and includes all inpatient care from 
1987 and all outpatient care from 2001 [35]. As bone mineral density 
affects risk of both high- and low-energy fractures similarly [36], all 
fractures irrespective of mechanism were included. 

2.4. Covariates 

Covariates of interest were chosen using directed acyclic graphs 
[37,38]. Age, sex, education, cohabiting status, and Charlson's comor-
bidity index were considered confounders. Unfortunately, the Vasa-
loppet cohort lacked information on confounding lifestyle factors (e.g. 
smoking), but controlling for ancestor variables such as education may 
partly take into account confounding by healthy lifestyle. 

In the SMC and COSM, information on education and cohabiting 
status was collected from the study questionnaires. For the Vasaloppet 
cohort this was collected from the national Longitudinal Integration 
Database for Health and Labour Market Studies (LISA). The Cause of 
Death register was used to ascertain date of death to enable censoring. 
Occurrences of in-patient treated disease were collected from the Na-
tional Patient Registry to calculate Charlson's comorbidity index [39]. 

2.5. Statistical analyses 

2.5.1. Estimation of the latent variable using generalized structural 
equation modelling (GSEM) 

To allow comparison of all participants' physical activity, a latent 
physical activity variable was formed as a common measure of physical 
activity for all three cohorts using GSEM [40], an extension of structural 
equation models (SEM). In GSEM, the unobserved latent variable is 
estimated through modelling of its associations with observed variables 

that affect or are caused by it, also allowing for non-continuous distri-
butions among the observed variables affected by the latent variable 
[41]. Fig. 2 outlines the assumed dependencies between observed var-
iables that affect physical activity: Vasaloppet participation [yes/no], 
age, marital status, and education; the latent variable physical activity; 
and the observed variables affected by the latent variable, for Vasa-
loppet participants: type of Vasaloppet race (distance and competitive 
nature), number of years of Vasaloppet participation, and finishing time; 
and for SMC and COSM participants: self-reported walking/bicycling, 
exercise, and activity at work. The model requires that there is a sub-
sample with complete information for all the observed variables; in our 
case, this subsample consists of the 667 women and men in SMC or 
COSM who also participated in Vasaloppet. The distributions of Vasa-
loppet variables across categories of self-reported exercise in the SMC/ 
COSM questionnaire are shown in Supplementary Fig. 1. Although 
dependent on this overlap, information from all individuals in the 
combined study cohort contribute to the GSEM model, as described in 
the Supplementary Methods. The observed variables that predict the 
latent variable cannot be missing in any part of the study cohort, 
whereas variables influenced by the latent variable may have unbal-
anced missing data [41]. This is indeed the case in our data, since most 
of the participants in SMC and COSM did not participate in Vasaloppet 
and most of the participants in Vasaloppet were not included in SMC or 
COSM. To be valid, GSEM assumes data to be missing at random [40]. 

In the GSEM model, an ordinal logistic link function was used for 
ordinal observed variables whereas a normal distribution and identity 
link function were used for Vasaloppet finishing time. After fitting the 
model, empirical Bayes techniques were used to predict the latent var-
iable physical activity for all individuals in the combined study cohort. 
The continuous physical activity variable with no units was standard-
ized to have a mean of zero and standard deviation of one. The results 
from the GSEM are shown in the Supplementary Table. 

2.5.2. Description of the latent variable 
The distribution of the latent physical activity variable and its as-

sociation with the observed variables underlying the calculations are 
presented in Fig. 3. The distributions of the physical activity variable in 
the Vasaloppet cohort and in the COSM-SMC cohorts (both including the 
overlap) are shown in Supplementary Fig. 2. This comparison indicates 
that we oversample individuals with a high physical activity by 
combining the cohorts. The median and mean physical activity levels 
were similar and corresponded to approximately 20–40 min of daily 
walking/bicycling or 2–3 h of weekly exercise in the SMC/COSM 
questionnaire. Physical activity of 2 SDs below the mean corresponded 
to the lower quartile of those in the “hardly ever” (0) category of 
walking/bicycling in SMC/COSM and 1 SD below the mean corre-
sponded to a level somewhere between the two lowest exercise cate-
gories or to walking/bicycling less than 20 min per day. Physical activity 
of 1.5 SDs above the mean corresponded to the highest level of both 
exercise and walking/cycling in SMC/COSM or to participating in the 
90 km Vasaloppet race. 

The highest values of the physical activity variable were seen among 
those who participated in Vasaloppet 7 years in a row and among those 
with finishing times close to the winner's time in the 90 km Vasaloppet 
race. As a description of what actual physical activity levels that would 
mean, we compared finishing times in Vasaloppet with questionnaire 
responses from a questionnaire survey among Vasaloppet participants in 
2006 [42,43]; 816 men and women of the same age range as in the 
current study who finished at the 90 km Vasaloppet race in 2006 
responded to questions relating to their physical activity habits. Of the 
97 men and women who finished within 150% of the winner's time, 46% 
reported engaging in physical activity at least 5 h per week (25% 5–7 h/ 
week, 13% 8–9 h per week, and 8% 10 or more hours per week). They 
had also prepared for the race by skiing (on snow and on roller skis) on 
average 1398 km, compared to 681 km among those with slower fin-
ishing times (n = 719). 
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2.5.3. Estimation of the association between physical activity and fracture 
Cox's proportional hazards models were fitted for all 63,980 in-

dividuals using the latent variable physical activity as exposure and time 
to any, distal forearm, proximal humerus, spine and hip fracture as 
outcomes. Participants contributed person-time at risk from 1 January 
1998 until the first occurrence of the fracture outcome analysed, death, 

or end of follow-up in 31 December 2010, whichever occurred first. We 
fitted separate models for each of the outcomes of interest, i.e. a 
participant could suffer one type of fracture and still remain at risk for all 
other fracture subtypes. Age (continuous), sex (man, woman), education 
(<10 years, 10–12 years, >12 years), cohabiting status (cohabiting, not 
cohabiting) and Charlson's comorbidity index (continuous) were 

Raced in 
Vasaloppet Educa�onal level Living alone Age

Physical ac�vity

Vasaloppet 
race

Number of
years raced in 

1991-1997

Finishing �me, 
percentage of
winner’s �me

Exercise Walking or 
biclycling

Physical
ac�vity at 

work

Fig. 2. Interrelations between the latent variable physical 
activity and the observed variables chosen to construct it 
Variables that have an arrow pointing into the latent variable 
physical activity indicate that the variable is assumed to in-
fluence the activity level. These variables are common to all 
study subjects and are shown at the top in boxes with solid 
outlines. The latent variable physical activity is assumed to 
influence other variables, indicated by arrows originating 
from physical activity. These variables include information 
from Vasaloppet participants, shown at the bottom in boxes 
with dashed outlines, and questionnaire information from the 
Swedish Mammography Cohort (SMC) and Cohort of Swedish 
Men (COSM) participants, shown at the bottom in boxes with 
dotted outlines.   
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Fig. 3. Distribution of the latent variable physical activity and its level by observed variables. The cohorts include Vasaloppet (VL) participants, Swedish 
Mammography Cohort (SMC) participants, Cohort of Swedish Men (COSM) participants, and participants who are in both VL and COSM or SMC (‘Overlap’), who 
form the basis for the latent variable. The Vasaloppet races include Vasaloppet competitive 90 km (‘Vasaloppet’), Open track 90 km (‘Open’), Half Vasaloppet 45 km 
(‘Half’), Women's competitive Vasaloppet 30 km (‘Women's’), and Short Vasaloppet 30 km (‘Short’). The walking/bicycling category 0 corresponds to ‘hardly ever’. 
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included as covariates. Hazard ratios (HR) and 95% confidence intervals 
(CI) were estimated and visualized using restricted cubic splines. Knots 
were placed at the 10th, 50th and 90th percentiles [44] of physical ac-
tivity and the mean (zero) was used as reference. Based on calculations 
from the spline curves, we present numerical estimates for physical 
activity of 1 SD lower and 1.5 SD higher than the mean. Although any 
level could have been chosen, these represent quantifiable levels of 
walking/bicycling and exercise in the SMC/COSM questionnaires (as 
described above) and reflect that the physical activity variable ranges 
between − 2.36 and 3.21 SD. 

The main analysis was repeated stratified by age (<60 years or ≥60 
years at baseline) to investigate potential effect modification by age. 

2.5.4. Sensitivity analyses 
To test the robustness of the latent physical activity variable and to 

limit potential immortal time bias from including those participating in 
Vasaloppet 1999, we performed a sensitivity analysis in which partici-
pation in Vasaloppet was restricted to the competitive 90 km race in 
1998. The overlap between SMC/COSM and Vasaloppet was smaller 
(113 individuals compared to 667 in the main model) but the compar-
ison of the percentage finishing time with the questionnaire data had 
less heterogeneity. 

We restricted the follow-up period to 1 January 2001–31 December 
2010 to define outcomes based on both in-patient and out-patient in the 
whole period. 

To assess how strongly an unmeasured confounder would have to be 
associated with both physical activity and fracture outcomes to 
completely explain away the observed association between physical 
activity and fracture, we calculated the E-value [45] for HR point esti-
mates using the evalue Stata package [46]. 

3. Results 

Baseline characteristics of the study participants by level of the latent 
physical activity variable are presented in Table 1. The mean age at 
baseline was 57 years (range 49–68). Participants with higher levels of 
physical activity were slightly older, were less likely to live alone, had 
fewer comorbidities, reported higher frequency of walking/bicycling, 
exercising, and higher levels of physical activity at work. They were also 
more likely to have participated in Vasaloppet, to have skied more races, 
and have a faster finishing time. 

During a maximal follow up of 13 years and 760,357 person-years at 
risk (PYAR), we observed 8506 fractures of any type, 2164 distal fore-
arm fractures (792,948 PYAR), 779 proximal humerus fractures 
(800,377 PYAR), 346 spine fractures (801,808 PYAR), and 908 hip 
fractures (799,713 PYAR). 

The associations between physical activity and fractures are shown 
in Fig. 4 where HRs and 95% CI's are shown relative to the mean physical 
activity level (52.6% of the population had a physical activity level 
below the mean). The pattern of risk was dependent on both degree of 
physical activity and on type of fracture. Individuals with physical ac-
tivity close to the mean had the lowest rate of any fracture; compared 
with the mean, those with a physical activity 1 SD below the mean and 
1.5 SD above the mean had higher rates of any fracture, indicated by 
HRs of 1.05 (95% CI 1.01–1.08) and 1.11 (95% CI 1.05–1.16), respec-
tively. The HR of any fracture among those with a physical activity level 
at 2.9 SD above the mean was 1.26 (95% CI 1.13–1.41). Lower levels of 
physical activity were associated with lower rate of distal forearm 
fracture; HR 0.92 (95% CI 0.85–0.99) for physical activity 1 SD below 
the mean; at higher levels of physical activity, the hazard ratio was 
around 1.0 indicating no difference in rate compared to the mean. 
Physical activity was not associated with proximal humerus fracture. 
There was a possible U-shaped association between physical activity 
with spine fractures with higher rates at levels below and above the 
mean, though with wide confidence intervals: HR 1.16 (95% CI 
0.98–1.36) and 1.14 (95% CI 0.90–1.45) for physical activity 1 SD below 

and 1.5 SDs above the mean, respectively. Lower levels of physical ac-
tivity were associated with higher rate of hip fracture; HR 1.24 (95% CI 
1.13–1.37) for physical activity 1 SD below the mean. Physical activity 
above the mean was not associated with higher or lower rate of hip 
fracture, HR 1.01 (95% CI 0.86–1.18) for physical activity 1.5 SD above 
the mean. The associations were largely similar after stratification by 
baseline age (Supplementary Fig. 3). However, among individuals 60 
years and older at baseline both lower and higher physical activity were 
associated with lower rate of distal forearm fracture. 

In sensitivity analysis using only race information from the 
competitive 90 km Vasaloppet race in 1998 to create the latent physical 
activity variable, results were similar but with wider confidence in-
tervals (Supplementary Fig. 4). Excluding the first three years of follow- 
up and thus limiting analyses to the period where both in- and out- 
patient information on incident fractures was available did not influ-
ence the associations (Supplementary Fig. 5). 

4. Discussion 

In this study with physical activity ranging from null to elite athlete 
activity and a mean corresponding to 20–40 min of daily walking/ 
bicycling or 2–3 h of weekly exercise, the dose-response relationship 
between physical activity and fractures was non-linear and depended on 
fracture site. We created a common latent physical activity variable 
using generalized structural equation modelling for use in two 
population-based cohorts and a cohort of long-distance ski racers. This 
permitted comparison across a wide range of physical activity and the 
mean exposure level corresponds to the maximum level in many pre-
vious studies. 

The relation with any fracture was U-shaped, with the lowest rate 
among individuals close to the average physical activity in the study 
population. Individuals with low levels of physical activity had lower 
rate of distal forearm fracture but higher rate of hip fracture compared to 
individuals with physical activity at or above the average. We observed 
threshold values above which further physical activity was not signifi-
cantly associated with risk of fracture; more is not better. 

Although injury may occur during physical activity [47], regular 
physical activity lowers the overall risk of fall and fracture [1]. Certain 
types of physical activity, mainly high-force exercise such as progressive 
resistance training or jumping, also increases bone mineral density 
[3,48,49], which may further decrease fracture risk. As different frac-
ture sites have distinct aetiologies, it is not surprising that the associa-
tion between physical activity and fracture differs across fracture sites. 
Striking a body part in a fall increases the risk of fracture at that site 
[50]. Inactive individuals are less likely than more active individuals to 
parry a fall with an outstretched hand, and thus have a lower risk of 
wrist or distal forearm fracture but a higher risk of hip and humerus 
fracture [50,51]. Age may modify the association between physical ac-
tivity and fracture, seen in our study for distal forearm fracture, as both 
fracture mechanism and site differs between young and old individuals 
[52]. 

Strengths of our study include the large number of participants, high 
number of fractures, wide range of exposure and minimal loss to follow- 
up. The current study adds to the field a comparison between individuals 
across a wide range of physical activity using a common measure of 
activity. Previous investigations covering different parts of the full 
physical activity continuum support our observed U-shaped association 
of physical activity with any fracture; a moderate level of physical ac-
tivity was associated with lower risk of any fracture compared with both 
lower [4,53] and with higher [54] levels of physical activity. The any 
fracture diagnosis is often dominated by relatively minor fractures such 
as those at the distal forearm, ankle, fingers or toes [6,54,55] and we had 
the possibility to separately study several fracture outcomes. Compared 
to lower physical activity, previous studies also report that moderate 
physical activity is associated with a higher risk of wrist or distal fore-
arm fracture [6,12,56,57], but a lower risk of hip [4,5,8–10] and spine 
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Table 1 
Characteristics of the study participants in the Vasaloppet cohort, the Swedish Mammograhpy Cohort (SMC, women), and the Cohort of Swedish Men (COSM, men) by 
quantiles of the latent variable physical activity.   

Physical activity quantile 

1 2 3 4 5 6 

Latent physical activity variable, median 
(range) 

− 1.34 (− 2.36, 
− 0.93) 

− 0.66 (− 0.93, 
− 0.43) 

− 0.27 (− 0.43, 
− 0.05) 

0.11 (− 0.05, 
0.36) 

0.61 (0.36, 
0.97) 

1.50 (0.97, 
3.21) 

N 10,668 10,659 10,663 10,664 10,663 10,663 
Age, mean (SD) 56.5 (5.2) 56.4 (5.3) 56.2 (5.4) 58.0 (5.7) 57.9 (5.7) 58.4 (5.8) 
Male 6363 (59.6) 6068 (56.9) 6096 (57.2) 5781 (54.2) 6023 (56.5) 7353 (69.0) 
Female 4305 (40.4) 4591 (43.1) 4567 (42.8) 4883 (45.8) 4640 (43.5) 3310 (31.0)  

Cohort 
Vasaloppet 931 (8.7) 1603 (15.0) 1356 (12.7) 1931 (18.1) 2791 (26.2) 4372 (41.0) 
Overlap (Vasaloppet & SMC/COSM) 16 (0.1) 66 (0.6) 86 (0.8) 122 (1.1) 189 (1.8) 188 (1.8) 
SMC 3594 (33.7) 3881 (36.4) 4136 (38.8) 4147 (38.9) 3659 (34.3) 2671 (25.0) 
COSM 6127 (57.4) 5109 (47.9) 5085 (47.7) 4464 (41.9) 4024 (37.7) 3432 (32.2)  

Highest educational level 
<10 years 6392 (59.9) 5663 (53.1) 6392 (59.9) 6496 (60.9) 6173 (57.9) 6062 (56.9) 
10–12 years 1736 (16.3) 1888 (17.7) 1744 (16.4) 1713 (16.1) 1974 (18.5) 2414 (22.6) 
>12 years 2540 (23.8) 3108 (29.2) 2527 (23.7) 2455 (23.0) 2516 (23.6) 2187 (20.5)  

Living alone 
No 9139 (85.7) 9092 (85.3) 8931 (83.8) 8721 (81.8) 8612 (80.8) 8418 (78.9) 
Yes 1529 (14.3) 1567 (14.7) 1732 (16.2) 1943 (18.2) 2051 (19.2) 2245 (21.1)  

Charlson's comorbidity index 
0 9649 (90.4) 9996 (93.8) 9999 (93.8) 9935 (93.2) 10,014 (93.9) 9974 (93.5) 
1 772 (7.2) 531 (5.0) 552 (5.2) 590 (5.5) 550 (5.2) 595 (5.6) 
2+ 247 (2.3) 132 (1.2) 112 (1.1) 139 (1.3) 99 (0.9) 94 (0.9)    

Physical activity quantile 

1 2 3 4 5 6 

SMC/COSM variables 
Quantile N (%) 9737 (91.3) 9056 (85.0) 9307 (87.3) 8733 (81.9) 7872 (73.8) 6291 (59.0)  

Exercise 
<1 h/week 6891 (70.8) 2045 (22.6) 648 (7.0) 427 (4.9) 128 (1.6) 0 (0.0) 
1 h/week 2210 (22.7) 3863 (42.7) 2725 (29.3) 1191 (13.6) 479 (6.1) 2 (<0.1) 
2–3 h/week 323 (3.3) 2188 (24.2) 2970 (31.9) 5309 (60.8) 3554 (45.1) 619 (9.8) 
4–5 h/week 0 (0.0) 130 (1.4) 455 (4.9) 798 (9.1) 2437 (31.0) 1497 (23.8) 
>5 h/week 1 (<0.1) 58 (0.6) 211 (2.3) 354 (4.1) 896 (11.4) 3894 (61.9) 
Missing 312 (3.2) 772 (8.5) 2298 (24.7) 654 (7.5) 378 (4.8) 279 (4.4)  

Walking/bicycling 
Hardly ever 4312 (44.3) 729 (8.0) 249 (2.7) 87 (1.0) 4 (0.1) 4 (0.1) 
Less than 20 min/day 4721 (48.5) 4023 (44.4) 1543 (16.6) 509 (5.8) 92 (1.2) 22 (0.3) 
20–40 min/day 470 (4.8) 3356 (37.1) 4356 (46.8) 5311 (60.8) 1742 (22.1) 44 (0.7) 
40–60 min/day 0 (0.0) 233 (2.6) 833 (9.0) 1496 (17.1) 3961 (50.3) 1261 (20.0) 
60–90 min/day 0 (0.0) 8 (0.1) 134 (1.4) 438 (5.0) 1343 (17.1) 2106 (33.5) 
>90 min/day 0 (0.0) 2 (<0.1) 37 (0.4) 233 (2.7) 545 (6.9) 2712 (43.1) 
Missing 234 (2.4) 705 (7.8) 2155 (23.2) 659 (7.5) 185 (2.4) 142 (2.3)  

Physical activity at work 
Mostly sitting 3797 (39.0) 2248 (24.8) 1830 (19.7) 1103 (12.6) 898 (11.4) 491 (7.8) 
Sitting half of the time 2482 (25.5) 2980 (32.9) 2177 (23.4) 2467 (28.2) 2242 (28.5) 1381 (22.0) 
Mostly standing 438 (4.5) 590 (6.5) 426 (4.6) 610 (7.0) 457 (5.8) 288 (4.6) 
Mostly walking, little lifting 1391 (14.3) 1532 (16.9) 1748 (18.8) 2488 (28.5) 2469 (31.4) 2351 (37.4) 
Mostly walking, considerable lifting 633 (6.5) 528 (5.8) 604 (6.5) 839 (9.6) 806 (10.2) 716 (11.4) 
Heavy manual labour 539 (5.5) 292 (3.2) 256 (2.8) 402 (4.6) 394 (5.0) 441 (7.0) 
Missing 457 (4.7) 886 (9.8) 2266 (24.3) 824 (9.4) 606 (7.7) 623 (9.9)    

Physical activity quantile 

1 2 3 4 5 6 

Vasaloppet variables 
Quantile N (%) 947 (8.8) 1669 (15.7) 1442 (13.5) 2053 (19.3) 2980 (27.9) 4560 (42.8)  

Type of Vasaloppet race, distance 
Vasaloppet, 90 km 0 (0.0) 105 (6.3) 383 (26.6) 221 (10.8) 777 (26.1) 2531 (55.5) 
Open track, 90 km 1 (0.1) 493 (29.5) 439 (30.4) 742 (36.1) 1114 (37.4) 1484 (32.5) 
Half Vasaloppet, 45 km 6 (0.6) 344 (20.6) 162 (11.2) 369 (18.0) 237 (8.0) 150 (3.3) 
Women's Vasaloppet, 30 km 550 (58.1) 594 (35.6) 343 (23.8) 572 (27.9) 764 (25.6) 368 (8.1) 
Short Vasaloppet, 30 km 390 (41.2) 133 (8.0) 115 (8.0) 149 (7.3) 88 (3.0) 27 (0.6)  

Number of races during the index year 
1 race 947 (100) 1664 (99.7) 1431 (99.2) 2033 (99.0) 2928 (98.3) 4331 (95.0) 

(continued on next page) 
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fracture [4,58]. This is in accordance with the associations seen in the 
lower range of the distribution in our study. In many of the previous 
studies, the highest level of physical activity used in analyses was 
moderate (for example, >60 min/day of walking [56], exercise ≥3 
times/week [5], any or strenuous exercise more than once/week [8], 
jogging ≥2 h/week and strenuous exercise ≥4 h/week [9,54]) and 
corresponded approximately to the mean and others with higher levels 
(for example, exercise >5 h/week [4], strenuous exercise ≥4 [9] or ≥5 
h/week [54], and leisure-time physical activity of >7 h/week [57]) 
corresponded to approximately 1.5 SD above the mean in our study. The 
threshold values above which associations changed for some fracture 
outcomes is likely to lie above the range of physical activity studied in 
previous articles. In the present study, the two population-based cohorts 
SMC and COSM are enriched with the active participants in the Vasa-
loppet cohort, resulting in a higher mean level of physical activity than 
in a sample representative of the general population. This feature allows 
us to investigate the shape of the association with different types of 
fracture across the full range of physical activity, which is potentially not 
possible in any representative general population sample due to scarcity 
of data in the upper range of the physical activity distribution, both in 
terms of highly active individuals and incident fractures in that part of 
the distribution. The shape of the association between physical activity 
and fracture outcomes (analysed using restricted cubic splines) will not 
depend on the choice of the reference point although the HRs are 
calculated in relation to the selected reference point. In contrast to 
previous studies [11,51,59], we found no association between physical 
activity and proximal humerus fracture, but our study included younger 
and more active individuals than previously studied. 

The main limitation of the study is that physical activity was not 
directly measured. Instead we used a latent variable approach to esti-
mate physical activity. Weaknesses related to the latent variable 
approach include the possibility that data used in creating the physical 
activity variable might not be missing at random if the individuals used 
to create that variable (i.e. those in the overlap cohort) are not repre-
sentative of the remainder of the cohort. The choice and the validity of 
observed variables included in the GSEM may also influence the validity 
and the distribution of the latent variable. The self-reported exercise and 
walking/bicycling questions did not distinguish between level of in-
tensity, which is a limitation. Although the self-reported questionnaires 
have been validated [32,33] and reflect a ranking of subjects' activity 
levels, we may overestimate the mean level of physical activity due to 
overreporting. Even if Vasaloppet participants have objective recordings 
of their performance in the race, this may also suffer from misclassifi-
cation among those who do not perform at the top of their capacity; they 
may suffer an injury, material issues with the poles or skis, or they may 
participate in the race as a companion to someone with less capacity. 
The upward misclassification among Vasaloppet participants is, how-
ever, likely to be small. Since the overlap consists of SMC and COSM 
participants who did participate in a Vasaloppet race, we may over-
estimate the physical activity among those with the lowest activity levels 

in the SMC and COSM and underestimate the physical activity among 
those with the highest physical activity in the Vasaloppet cohort when 
modelling the latent variable. Nonetheless, the SMC and COSM only 
participants have a lower, and the Vasaloppet only participants a higher, 
mean physical activity than the overlap. The sensitivity analysis based 
on a stricter definition of Vasaloppet participation indicated that the 
estimation of the physical activity variable and its associations with the 
outcomes seemed robust. Further, the physical activity variable is 
difficult to interpret as it is unitless and modelled on the level of physical 
activity in the study cohort, but Fig. 3 may aid interpretation as it shows 
comparisons between the physical activity variable and the observed 
variables. The Vasaloppet skiers report usual exercise levels of up to 10 h 
or more per week [42,43]. The goal was to capture physical activity, but 
the variable may reflect other healthy behaviours as well. The first three 
years of follow-up did not include information on fractures treated in 
out-patient care. Hip fracture outcomes are unlikely to be influenced by 
this, but we might capture only the more severe cases of for example 
forearm and spine fractures during this period. However, the fracture 
ascertainment method was the same for all subjects and cohorts and 
independent of exposure, thus limiting bias in the associations. Cova-
riates were selected to attempt to adjust for confounding by such healthy 
behaviours, but the information available limited adjustment that was 
possible. We can therefore not exclude that residual confounding (from, 
for example, smoking or dietary habits) may have influenced our find-
ings. Nonetheless, in our previous analysis of exercise data from SMC 
and COSM [4], a simple model adjusted only for age and sex showed 
hazard ratios for any and hip fracture similar to those for a model 
extensively adjusted for potential confounders. The E-value, indicating 
the minimum strength of association (i.e. the HR from a Cox propor-
tional hazards regression) that an unmeasured confounder would need 
to have with both physical activity and hip fracture to completely 
explain away the observed association between physical activity and hip 
fracture, was in the present study 1.79 [45]. This estimate was calcu-
lated based on a HR adjusted for age, sex, educational level, cohabiting 
status, and Charlson's comorbidity index. In our previous study, based 
on the HR from a fully-adjusted model including additional lifestyle 
confounding factors such as body mass index, smoking status, alcohol 
consumption, vitamin D and calcium intakes, cortisone treatment, and 
supplement use, the E-value was 1.74. We therefore believe that our 
results are fairly robust with regards to such confounders. 

5. Conclusions 

In this study of a population with physical activity ranging from null 
to elite athlete activity, the dose-response relationship between physical 
activity and fractures was non-linear and depended on fracture site. Our 
results indicate that physical activity up to the mean (corresponding to 
20–40 min of daily walking/bicycling or 2–3 h of weekly exercise) seems 
beneficial for hip fracture but not distal forearm fracture. Higher levels 
of activity seem largely to increase the risk of minor fractures. If future 

Table 1 (continued )  

Physical activity quantile 

1 2 3 4 5 6 

>1 race 0 (0.0) 5 (0.3) 11 (0.8) 20 (1.0) 52 (1.7) 229 (5.0)  

Number of years raced in 1991–1997 
0 947 (100) 1662 (99.6) 982 (68.1) 141 (1.3) 20 (0.7) 2 (<0.1) 
1 0 (0.0) 7 (0.4) 459 (31.8) 141 (6.9) 769 (25.8) 5 (0.1) 
2 0 (0.0) 0 (0.0) 0 (0.0) 1813 (88.3) 1423 (47.8) 131 (2.9) 
3 0 (0.0) 0 (0.0) 0 (0.0) 91 (4.4) 631 (21.2) 621 (13.6) 
4 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.1) 113 (3.8) 819 (18.0) 
5 0 (0.0) 0 (0.0) 1 (0.1) 0 (0.0) 16 (0.5) 821 (18.0) 
6 0 (0.0) 0 (0.0) 0 (0.0) 1 (<0.1) 6 (0.2) 1011 (22.2) 
7 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.1) 1150 (25.2) 
Finishing time, percentage of winner's time, mean (SD) 244.3 (35.2) 223.7 (35.7) 217.5 (42.8) 212.9 (36.5) 205.1 (35.8) 191.6 (35.6) 

Numbers given are N (%) unless otherwise stated. 
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studies could replicate these possible threshold levels it may be used to 
inform public health recommendations for fracture prevention. 
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Fig. 4. Associations between physical activity and any, distal forearm, prox-
imal humerus, spine (thoracic and lumbar spine), and hip fracture The associ-
ations are presented as hazard ratios (HR; black solid line) and their 95% 
confidence intervals (grey area) with physical activity modelled as a spline 
function with three knots and using the mean level as reference. Age, sex, ed-
ucation, cohabiting status, and Charlson's comorbidity index were included 
as covariates. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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