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Introduction

Fracture rates during childhood are as high as those in the
elderly1, and the incidence of childhood fractures appears to be
increasing for unknown reasons2. Physical activity, as assessed
by questionnaires, has been shown to be associated with an in-
creased risk of fractures3,4, and is the strongest predictor of child-
hood fracture risk found so far3. In two large studies, details on
habitual physical activity were collected by questionnaires. One
study used data on physical activity collected at aged 10 in 2692
children to predict risk of fracture over the following two years3,
whereas the other used sports participation recorded at aged 19

in 7083 young men and found an association with reported frac-
tures from birth up to the point that the activity data were
recorded4. An explanation for these associations between phys-
ical activity and childhood fractures is that reported physical ac-
tivity is a proxy measure for increased exposure to injury.

As well as being a proxy for exposure to injury, physical ac-
tivity is likely to directly influence fracture risk by its effects
on the musculoskeletal system. It is well-recognised that phys-
ical activity is associated with increased bone density and bone
size. This has been shown cross-sectionally in large population-
based cohorts using objective measures of habitual activity5, as
well as exercise intervention studies6,7. The mechanostat theory8

suggests that mechanical strain is an important determinant of
skeletal growth and modelling i.e. bone adapts its strength to
the highest peak voluntary load. It has also been shown in large
prospective population-based cohorts that increased bone mass
is protective for childhood fractures9.

However, the higher bone mass associated with increased
physical activity does not completely compensate for the risk
of fracture caused by increased exposure to injuries. This may
in part be due to the differing effects of exercise types on mus-
cle mass or strength. Even subtle differences in types of exer-
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cise can result in measurable differences in specific muscle
strength10. There is a suggestion that muscle can play a large
role in protecting bones from absorbing excess shock, stress
or strain11. In addition, reduced lower limb lean mass measured
by dual energy X-ray absorptiometry (DXA) has been shown
to predict lower limb stress fracture over the following 12
months in young adult female athletes12, and calf-girth is an
independent predictor over and above bone density12. This sug-
gests that muscle mass may be on the causal pathway from
physical activity to fracture, or a modulator of fracture risk.

However, the relationship between physical fitness in
broader terms and fracture risk in children is currently unclear.
Much work has been done on adults, and particularly military
recruits, a group with generally high physical fitness, high lev-
els of physical activity and high exposures to injury. Some of
these studies have suggested that lower aerobic fitness com-
pared to peers, assessed by slower timed runs over fixed dis-
tances13,14, is associated with an increased risk of stress
fracture, although not all studies agree15. In children, the rela-
tionship between physical fitness and fracture is likely to be
potentially complex: aerobic fitness per se could be related to
physical activity and therefore be positively related to fracture
risk; whereas children with greater muscle strength might be
expected to have larger and stronger bones which would be
protective. Therefore, in this present investigation we wished
to carry out the first population-based study of children assess-
ing the association between objective measures of aerobic fit-
ness, muscle strength and childhood fractures.

Methods
Study design

This study is a cross-sectional analysis using data collected
from a population-based cohort recruited from Northern Ire-
land: The Young Hearts Project.

Study population
The Young Hearts Project was originally set up to examine

the prevalence of coronary risk factors in young people aged
12 to 16 years. The sampling procedures employed and the re-
sponse rates obtained in the initial screening phase are de-
scribed in detail elsewhere16, but resulted in a 2% representative
sample of Northern Irish schoolchildren. Ethical approval was
obtained from the medical research ethics committee of The
Queen’s University of Belfast, and written consent was ob-
tained from all participating subjects and their parents or
guardians.

Main exposure: Objective assessment of muscle function

Isometric grip strength was assessed with a hand-held dy-
namometer (Takei Scientific Instrument Company Limited,
Japan), and measured in kg force: the same measure used in the
vast majority of hand grip studies17. With subjects standing with
their arms held straight by their sides, the dynamometer was
gripped as hard as possible for three seconds, without contact
with the body and without flexion of the elbow. Two measure-
ments were taken in each arm, with the highest of the measure-

ments recorded and used in the analysis. Maximal vertical jump
was measured using a Jump-MD meter (Takei Scientific Instru-
ments Ltd, Japan). Subjects were asked to perform two jumps
with their hands on their hips from a standing position. The bet-
ter of the two attempts (in centimetres) was recorded.

Main outcome: Reported fractures

Information on previous fractures including anatomical lo-
cation and cause of fracture was collected using a self-report
questionnaire completed by each subjects’ parent / guardian.
For this paper, all reported fractures were used, irrespective of
trauma level, as previous work by our group has shown that
risk factors such as bone density, for example, predict fractures
equally across trauma levels18.

Secondary exposures: Aerobic fitness and physical activity

Aerobic fitness was assessed using the 20-metre endurance
shuttle run (20-MST) previously validated as predictive of
maximal aerobic power in the adolescent age group19, and re-
ported as having a coefficient of variation of 2.2-2.8%20. This
involves participants repeatedly running back and forth be-
tween two sets of markers placed 20 meters apart. Pace is de-
termined by a standardised set of beeps pre-recorded to an
initial pace of 8.5 km/hr, and this increases in increments of
approximately 0.5 km/hr every minute. Care was taken to en-
sure correct pacing during the 20-MST by having the investi-
gator run with the subjects throughout each test. Furthermore,
a portable heart rate monitor (Polar, Finland) was worn by sub-
jects to ensure that maximum heart rate reached at least 90%
of age-related predicted maximum. Participants ran to the point
of volitional exhaustion; either they stopped themselves, or
were stopped by the test instructor when they failed to com-
plete two consecutive laps in time with the signal. 

Questionnaire-based measures of physical activity were used
to obtain estimates of habitual activity, and peak strains associ-
ated with activity, as reported by many authors21,22. Volume of
habitual physical activity, encompassing frequency, intensity
and duration was estimated using a self-administered seven-day
recall questionnaire, the completion of which was supervised
by the exercise physiologist. A recall type questionnaire was
used in preference to a prospective diary because of the relative
ease of administration and completion on the day of testing, and
because of the potential of diaries to influence activity patterns
during the completion period. In addition, all activities recorded
on the questionnaire were assigned an intensity unit based on
their rate of energy expenditure expressed as METs (the ratio of
the associated metabolic rate for the specific activity divided by
the resting metabolic rate). The METS used in this study were
a revised version of the Baecke intensity bandings23.

Other measures

Age and gender were also recorded. Puberty was assessed
by a paediatrician who assigned a modified Tanner score (from
1 to 5) to each participant on the basis of non-genital secondary
hair growth, vocal timbre, body habitus, and muscular devel-
opment, and breast development in females24. 
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Height was measured to the nearest milimeter using a Holtain
stadiometer (Holtain Ltd, Crymych, Dyfed). The participant
stood erect without shoes, with his/her back to the backboard,
heels against the backboard and chin level with the floor. Weight
was recorded with the participants wearing light indoor clothing
and no shoes, to the nearest 100g, using a Seca 770 electronic
weighing scale (Seca Ltd, Hamburg). PIXI (GE Lunar) was used
to record bone density at the non-dominant forearm, with the
arm positioned according to the manufacturer’s instructions so
the scan was performed 30 mm from the radius and ulna radi-
ographic junction proximally up the forearm. Socioeconomic
status was assessed by self-reported housing tenure, marital sta-
tus and current employment of the mother.

Statistical analysis

Statistical analyses were carried out by EC using Stata 11.0.
Logistic regression was used to calculate odds ratios (ORs) and
95% CIs to describe the associations between variables and the
risk of reported fracture. Multivariable regression techniques
were used to control for potential confounders such as age, gen-
der or puberty. As our a-priori hypothesis was that muscle func-
tion may be on the causal pathway between physical activity
and fracture (i.e. an effect modifier), we assessed the association
between physical activity and our outcome across tertiles of
muscle function. Analysing results separately for gender did not
change the point estimates, but reduced the sample size such
that confidence intervals crossed zero. In addition, there was no
evidence of an interaction (using the Likelihood Ratio Test) be-
tween gender and aerobic fitness P=0.922. Results presented are
therefore for boys and girls combined apart from where stated.
Test for trend P values were calculated by treating the categorical
measures as continuous variables in the regression models. 

Results

1590 out of 2017 participants (78.8%) had full data for the
variables of interest. This study population consisted of 787
boys (49.5%) and 803 girls. Both boys and girls had a mean

age of 13.9±1.5 years (the youngest participant was 12.0 years
and oldest 16.2 years for both genders). 10.3% of boys were
prepubertal compared to 3.0% of girls. 11.5% of girls were
postpubertal compared to 3.3% of boys.

In total, 414 (26.0%) children reported a fracture at anytime
since birth, but more boys fractured than girls (29.2% vs
22.9%, P=0.004). 74.4% of fractures were of the upper limb
and 19.9% of the lower limb. The children with reported frac-
tures were slightly older than the children with no fractures
(14.1±1.5 years vs 13.8±1.5, P=0.011), so all further analyses
are adjusted for age. The most common sports played for a
school team were soccer (40.3% of boys and 9.9% of girls),
hockey (3.2% of boys and 32.3% of girls), netball (24.8% of
girls), rugby (17.6% of boys) and gaelic sports (11.7% of
boys). No one sport type was associated with a higher risk of
reported fracture (P=0.321).

Children with fractures were taller, did more habitual phys-
ical activity as assessed by questionnaire and had greater aero-
bic fitness and grip strength than children without reported
fractures (Table 1), and had lower forearm BMD. There was a
trend with the vertical jump test to be positively associated with
reported fractures, but this did not reach statistical significance.
No association was seen between puberty, ethnicity, socioeco-
nomic status (results not shown) or weight and reported frac-
tures. There was a positive association between tertiles of
aerobic fitness and fracture risk (Table 2) that was independent
of height, weight and grip strength (OR Test for Trend 1.23,
95%CI 1.05 to 1.45, P=0.012). This positive association was
also seen in boys (OR 1.17, 95%CI 0.90 to 1.51) and girls (OR
1.17, 95%CI 0.91 to 1.51) with minimal change in the point es-
timate, but confidence intervals crossing zero because of re-
duced sample size. Analyses were repeated, first limiting
reported fractures to those of the upper limb (OR Test for Trend
1.21, 95%CI 1.01 to 1.46, P=0.039), and then limiting to re-
ported fractures of the lower limb (OR Test for Trend 1.29,
95%CI 0.89 to 1.86, P=0.181), and results were similar. No as-
sociation was seen between grip strength and fractures after ad-
justing for aerobic fitness (Table 2). Interestingly, an association

Participants not reporting Participants reporting P value 
a fracture (n=1176) a fracture (n=414) for difference 
age: 13.8 ± 1.5 years age: 14.1 ± 1.5 years

mean (SD) mean (SD) 

Height (cm) 159.4 (7.9) 160.6 (7.9) 0.007 
Weight (kg) 52.4 (10.8) 53.6 (10.8) 0.062 
Aerobic fitness (laps) 59.3 (25.6) 63.8 (25.6) 0.002 
Grip strength (kg) 23.7 (6.1) 24.8 (6.1) 0.002 
Vertical jump test (cm) 40.3 (7.6) 41.1 (7.6) 0.063 
Habitual activity by Q (max 100) 24.8 (15.3) 26.6 (15.3) 0.041 
Forearm BMD (g/cm2) 0.365 (0.054) 0.354 (0.054) 0.003 
Pubertal status (Tanner stage) 1.5 (0.5) 1.4 (0.5) 0.004 

Table 1. Mean and standard deviation (SD) of anthropometrics, objective and subjective measures of physical activity and forearm BMD for
those children with and without reported fractures, adjusted for age. Lines in bold indicate those with a P value <0.05.
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OR for fracture risk OR for fracture risk adjusted for all
adjusted for age other variables in table and age

OR (95%CI) OR (95%CI) 

Aerobic fitness (tertiles)
low 1.0 1.0
medium 1.17 (0.88, 1.56) 1.19 (0.89, 1.60)
high 1.52 (1.15, 2.01) 1.50 (1.08, 1.60)

OR Test for Trend OR Test for Trend
1.23 (1.07, 1.42), P=0.004 1.23 (1.05, 1.45), P=0.012 

Grip strength (tertiles)
low 1.0 1.0
medium 1.05 (0.78, 1.41) 0.93 (0.68, 1.28)
high 1.50 (1.06, 2.12) 1.06 (0.69, 1.64)

OR Test for Trend OR Test for Trend
1.23 (1.03, 1.46), P=0.022 1.02 (0.82, 1.27), P=0.832 

Height (per 5 cm increase) 1.10 (1.03, 1.18), P=0.007 1.03 (0.94, 1.14) P=0.500 

Weight (per kg increase) 1.05 (0.99, 1.03), P=0.063 1.04 (0.97, 1.12) P=0.232

Table 2. Odds ratios (ORs) for fracture risk according to aerobic fitness, grip strength and height or weight. Results are shown adjusted for age,
and adjusted for age and all other variables in the table. Lines in bold indicate those with a P value <0.05.

Figure 1. Graphs showing odds ratios and 95% confidence intervals (error bars) for risk of reported fractures according to tertiles of aerobic
fitness in (A) the entire study population (n=1590), (B) those with grip strength in the lowest tertile (n=531) and (C) those with grip strength in
the highest tertile (n=527). P values are Test for Trend, and results are adjusted for age.
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was still seen between aerobic fitness and all reported fractures
after adjusting for habitual activity in addition to adjustment
for age, height, weight and grip strength (OR Test for Trend
1.21, 95%CI 1.02 to 1.44, P=0.033). As expected, there was a
strong positive association between grip strength and all our
bone mass measures: BMD, BMC or area (P<0.001).

To further analyse potential modifying effects of muscle
function on the association between aerobic fitness and re-
ported fractures (Graph A, Figure 1) we analysed across tertiles
of muscle function, and showed that in those with grip strength
in the lowest tertile, the positive association between fitness
and fractures still held (Graph B, Figure 1). Those with highest
aerobic fitness but lowest grip strength had an elevated risk of
reported fracture (OR 2.10, 95%CI 1.23 to 3.31, P=0.005).
Conversely, in those with grip strength in the highest tertile,
no association was seen between aerobic fitness and reported
fractures (Graph C, Figure 1). Adjustment for gender, height,
habitual activity assessed by questionnaire, and forearm BMD
did not alter these associations (results not shown). Similarly,
those with the highest aerobic fitness but lowest vertical jump
test results had an elevated risk of reported fracture (OR 1.71,
95%CI 1.03 to 2.84, P=0.037), whereas no association was
seen between aerobic fitness and fracture in those with the
highest vertical jump test results. Fourty-eight % of children
in the low grip strength group had low levels of aerobic fitness,
and 18.8% had high levels. In the high grip strength group
15.4% had low levels and 56.0% had high levels of fitness. 

Discussion

Our results show that higher levels of aerobic fitness in chil-
dren are associated with a higher risk of fractures. Furthermore
we have shown that muscle strength is an effect modifier for
this association, and the greatest risk of fracture with higher
aerobic fitness is seen in those with low muscle strength. To
our knowledge this is the first time this interplay between aer-
obic fitness, muscle strength and fractures has been addressed
in children.

Our previous work on a population-based cohort of 2692
children used a questionnaire-based measure of physical ac-
tivity collected when the children were aged 9 and showed that
high levels of vigorous physical activity per week predicted
fractures over the following two years3. Similarly, our current
study using objective data from the Young Hearts project sup-
ports the hypothesis that aerobic fitness may serve as a proxy
for exposure to injuries via physical activity. Alternatively, it
is possible that increased aerobic fitness is associated with
fractures for other reasons. Persistence of the association be-
tween aerobic fitness and reported fractures was not altered by
adjustment for habitual activity, suggesting that aerobic fitness
may not be simply a proxy for injury. An alternative explana-
tion could be that increasing aerobic fitness is associated with
‘excessive’ training which may adversely affect general skele-
tal health as seen in female athlete triad, long distance run-
ners25 and competitive cyclists26.

Previous studies have shown that children27 and young

adults28,29 with a history of fractures have reduced muscle
cross-sectional area: our study extends these observations and
shows that muscle function i.e. strength, modifies the associ-
ation between higher aerobic fitness and increased fracture
risk. Muscle function measured by grip strength is likely to be
related to muscle mass, which is in turn a strong determinant
of bone size30, bone volumetric density31 and associated bone
strength. Large prospective studies have shown that, per stan-
dard deviation decrease in bone mass, fracture risk in children
approximately doubles9, and so it is likely our measure of low
grip strength is influencing the causal pathway between phys-
ical activity and fractures by this mechanism. 

Furthermore, it is thought that muscle function may play
both a causative and a protective role in the occurrence of frac-
tures32. For example, occasionally the damaging role is seen
in rowers who may develop stress fractures of the ribs due to
excess muscle torque rather than external reaction forces33.
Conversely, muscles can protect bones by absorbing excessive
shock, stress or strain28. So despite the fact that they may exert
more torque, larger muscles will also have the ability to di-
rectly absorb shock and also reduce shear (seen at the tibia for
example during running34), thereby reducing stress to the bone
and reducing the risk of fractures. Our children with lower grip
strength may be at increased risk of fractures with greater
physical activity because of the reduced ability of their mus-
cles to absorb shock and protect bones.

Furthermore, our results suggest that interventions to im-
prove muscle size and function may reduce fracture risk, cor-
roborating the conclusions of a recent study on military
recruits28. However, prospective research is necessary to de-
termine whether childhood fracture incidence may be reduced
through interventions to improve muscle function. 

There are limitations to our study, particularly the fact that
it is cross-sectional in nature. In addition, it is unknown if low
observed grip strength is a direct effect of a recent fracture
causing immobility of the dominant arm, or whether it was
present prior to fracture. We aimed to mitigate this by using
the greatest observed grip strength after testing both arms. Fur-
thermore, some studies show no lasting effect of previous
childhood fractures on muscle strength. For example, in a case-
control study of 31 children with previous fractures and a
group of matched controls no difference was seen in muscle
strength 1.5 to 5 years after the original fracture35. We also used
reported fractures as an outcome, not verified fractures, and it
is inevitable that some children will have been incorrectly clas-
sified as fractured or not. However, rather than produce spuri-
ous results this is likely to reduce the strength of any
association seen towards the null. In addition, the reported
fractures will have occurred after varying levels of trauma and
in various bones including skull, that may be unrelated to mus-
cle parameters. Again this will simply reduce the strength of
any association seen. Further limitations in our study, in com-
mon with all observational studies, include unmeasured con-
founding and chance. One such unmeasured confounder may
be behavioural characteristics such as competitiveness or risk-
taking which could be associated with both performance dur-



E.M. Clark et al.: Exercise, muscle strength and fractures

201

ing our aerobic fitness test and fracture risk. Finally, the use
of a seven-day recall questionnaire may not adequately address
lifetime or habitual activity exposure.

Although upper extremity muscle function appeared to
moderate fracture risk associated with high physical fitness,
no such association was demonstrated for lower extremity
muscle function (jump height). This is likely to be because the
majority of childhood fractures affect the upper limb3, and
therefore we were actually identifying an association between
reduced upper limb muscle function and upper limb fractures.
This agrees with studies which report that local muscle size
influences local bone mass30 and confirmed by our results. Due
to the relatively low number of lower extremity fractures rep-
resented we did not have the power to find an association be-
tween reduced muscle function of the lower limb and lower
limb fractures. Furthermore, in this analysis we did not sepa-
rate out the specific types of physical activity or sports partic-
ipation, and therefore were unable to identify those activities
that are associated with high aerobic fitness and high muscle
function, which should be promoted as sports which will in-
crease aerobic fitness without increasing fracture risk. 

So, in conclusion, we have shown that in children, higher
levels of aerobic fitness are associated with an elevated risk of
fractures. However, this phenomenon appears to be predomi-
nantly associated with individuals of high fitness but low local
muscular strength, as fit subjects with high grip strength did
not exhibit elevated risk. Our results suggest that there is the
potential to reduce the burden of upper limb fractures in ado-
lescents by exercise protocols that aim to strengthen forearm
musculature and improve bone strength.
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