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Abstract. Risk of osteoporotic fracture in later life 
relates to both age and menopause-related bone loss but 
also to peak bone density achieved in early adulthood. 
Several studies have shown that genetic influences make 
a major contribution to variance in adult bone density, 
but environmental factors such as dietary calcium and 
physical activity also contribute a large proportion of 
observed variance in bone density. Previous hypotheses 
have suggested that the effect of certain environmental 
factors, such as hormonal and dietary influences, may 
be permissive to development of peak bone mass. 
Consideration of the evidence for the interaction 
between environmental influences, such as physical 
activity and nutrition, and genotype leads us to propose 
that environmental factors interact to allow or prevent 
full expression of bone density genotype. This 
expansion of the 'threshold' hypothesis can include the 
effects of sex, physical activity and dietary calcium in a 
model that allows more systematic study of the deter- 
minants of peak bone density and thereby more rational 
intervention to augment bone density in early adult- 
hood. 
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It is now well established that there are strong familial 
and genetic influences on adult bone density with 
genetic factors estimated to contribute around 80% of 
the total variance in bone density [1-6]. Analysis of twin 
data also suggest that a single gene or set of genes is 
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responsible for this genetic effect [1]. These genetic 
studies imply that only a small amount of the variance in 
bone density could be due to environmental influences. 
However, several studies, including our own, have 
shown that physical fitness and strength may explain up 
to 40% of the variance in adult bone density [7]. Also 
recently we have found that dietary calcium may con- 
tribute up to 40% of the variance in bone density at the 
femoral neck in men [8]. It is unlikely, therefore, that 
these environmental and genetic effects are contributing 
independently. It has previously been proposed that 
peak bone density reflects the interplay between envir- 
onmental and genetic factors [9]. In this concept, 
genetic factors may determine environmental factors 
through food preferences, and thus dietary calcium 
intake, or through predisposition to physical activity, 
and thus strength and physical fitness, as well as obvious 
effects on stature and body type. 

With respect to dietary calcium intake, observations 
do not support a genetic effect [10]. Similarly, with 
respect to physical fitness or strength, twin studies have 
either failed to demonstrate a genetic effect (where 
fitness is expressed as predicted or measured maximal 
oxygen uptake per unit body weight), or found that any 
genetic effect is relatively weak [11-15]. Bouchard et al. 
have suggested from a twin and sibling study that 
genetic influences contribute only around 10% of the 
variance in VO2 max corrected for lean body mass [16]. 
An alternative possibility is that environmental factors 
may be interlinked. By this concept physical activity 
could determine dietary intake and thus dietary cal- 
cium. However, strong relationships between dietary 
calcium intake and physical fitness have not been 
observed [17,18]. Therefore the data do not support the 
notion that genetic factors determine the environmental 
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influences or that the increased dietary intake of people 
who are more active results in a significantly greater 
intake of calcium. The hypothesis we have developed, 
from that initially put by Heaney [9], is that dietary 
calcium and physical activity are permissive factors that 
allow bone to reach its genotypic potential and that 
genotype determines the limit of skeletal response to 
environmental influences. 

While the role of calcium and age- and menopause- 
related bone loss remains controversial, there is mount- 
ing evidence that calcium may be important in the 
attainment of peak adult bone density [19-24]. Bone 
density in premenopausal women has been found to be 
related to dietary calcium intake in young adulthood 
[19]. Others have shown that increasing dietary calcium 
intake from an average of 962 mg/day to 1336 mg/day 
may augment bone density at the lumbar spine in 
premenopausal women aged 30-40 years [23]. Also 
higher lumbar vertebral density (corrected for weight) 
has been observed in children with higher (>800 mg/ 
day) dietary calcium intake suggesting a role for dietary 
calcium in the development of the skeleton through 
adolescence [24]. However, many other studies have 
failed to demonstrate a relationship between calcium 
intake and bone density in women. Riggs et al. [25] 
found no relationship between calcium intake and rates 
of change in bone density. The lack of relationship 
between bone density and current calcium intake may 
be due to lack of correspondence between past and 
current dietary calcium intake in women. We have 
recently found that dietary calcium was a strong inde- 
pendent predictor of bone density at both the lumbar 
spine and proximal femur in a group of normal men 
(median age 44 years) [8]. In this study dietary calcium 
explained 24% of the variance in bone density at the 
lumbar spine and 42% of the variance at the femoral 
neck. Interestingly, in children dietary calcium may 
predict bone mineral density in male twins but not in 
female twins [26]. Thus these data suggest that sex 
related differences may exist in the response to dietary 
calcium, although other factors such as stability of 
dietary intake may be more important. 

One hypothesis to explain the effect of dietary cal- 
cium on peak bone density is that dietary calcium plays a 
permissive role allowing factors such as genetic poten- 
tial or physical activity to exert their effects on the 
skeleton. Kanders et al. [27] found a relationship 
between dietary calcium intake, physical activity and 
bone density that supports this hypothesis. They found 
that vertebral bone density was significantly greater in a 
group of subjects with both greater daily energy expen- 
diture (>970 kcal/day) and dietary calcium intake 
(>800 g/day). Also they [27] found a positive relation- 
ship between vertebral bone density and dietary cal- 
cium intake in those with calcium intakes less than 1000 
mg/day, but not in those with higher dietary calcium 
intakes. Furthermore the strength of the relationship 
between dietary calcium intake and bone density was 
improved with the elimination of the effect of energy 
expenditure. While a recent study examining the effects 

of an exercise programme on postmenopausal women 
found no overall significant effect of exercise on verte- 
bral bone loss there was a trend for the loss in the 
exercising group to be less in those with the greater 
dietary calcium intake [28]. In a study of the effect of 
calcium supplementation with 1500 mg calcium carbo- 
nate on bone loss in women, Smith and colleagues found 
that while the rate of loss from the left radius was no 
different to controls (mean dietary calcium intake 691 
mg/day) the rate of loss was decreased by around 50% in 
the right (presumably dominant) radius of the treated 
subjects [29]. Block and co-workers found that in a 
group of exercising and non-exercising men there was a 
significant positive correlation between both paraspi- 
nous muscle area and dietary calcium intake and bone 
mineral density at the femoral neck [30]. However, in 
multiple regression analysis dietary calcium was not a 
predictor, independent of muscle area, of proximal 
femur bone mineral density, thus adding support to an 
interaction between calcium intake and physical activity 
on bone density. 

Further evidence for an interrelated role of dietary 
calcium and physical activity on the attainment of peak 
adult bone mass comes from interesting anthropological 
observations. Eaton and Nelson have noted that the 
skeletal mass of humans from the Late Paleolithic age 
was greater than that of modern man [31]. While the 
level of physical activity was greater, so also was the 
dietary calcium intake, estimated to be twice that 
observed in modern Western societies. In the same 
review the authors point out that of hunter-gatherer 
populations, a group with a high level of physical 
activity, the only group with a prevalence of osteoporo- 
sis similar to that of modern Americans is the Inuit 
(Eskimos) who have a low dietary calcium intake. 
Therefore, it seems that the availability of calcium may 
play a permissive role in allowing the skeleton to 
respond to both genetic and other environmental 
influences such as physical activity. 

From cross-sectional studies it is clear that there is a 
strong relationship between physical activity and 
strength and bone density in young adults. A number of 
studies have found that physical activity and physical 
fitness are predictors of bone mineral density at both the 
appendicular and axial skeleton. While we have sug- 
gested that a collaboration between activity and 
nutrition may exist there is also some challenging 
evidence to suggest that such an interplay may exist 
between genetics and adaptation to physical activity. 
Studies using the twin model have shown that changes in 
various metabolic parameters following physical train- 
ing are genetically determined [32,33]. Despite the lack 
of evidence for a genetic effect on physical fitness in 
cross-sectional studies, the ability to increase physical 
fitness in response to physical activity may be genetically 
influenced [34]. Whether the response of bone to 
physical activity at various ages is genetically deter- 
mined remains to be demonstrated. Furthermore, it is 
possible that certain genotypes may require greater 
environmental effects, i.e, greater physical training, to 
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attain their full genetic potential with respect to bone 
density. Further studies, particularly in twins, may be 
helpful in addressing this question. 

There is evidence that sex may confound the relation- 
ship between bone density and environmental 
influences. Sex differences in bone mineral density at 
the appendicular skeleton have been observed with 
males having around 30% greater bone mineral density 
at the ultradistal and distal radius compared with 
females [35]. These data suggest that sex-related factors 
may have a skeletal site-specific effect. In a study of 
normal men we have found that an index of free 
testosterone was a positive predictor of bone mineral 
density at both the ultradistal and distal radius, while no 
such relationships was observed for the lumbar spine or 
femoral neck [8]. Furthermore studies in hypogonadal 
men treated with testosterone suggest that forearm 
bone may be more responsive to testosterone than axial 
bone [36-38]. Whether this relates to differences in the 
amount of cortical and trabecular bone at the various 
sites or reflects site-specific responsiveness or the effect 
of other environmental influences such as muscle 
strength remains to be determined. However, in con- 
trast to the appendicular skeleton there is no evidence of 
sex-related differences in bone mineral density at the 
axial sites, despite the sex-related differences in body 
weight and muscle strength, both predictors of axial 
bone density [35]. Thus sex appears to have a site- 
specific effect, and for the axial skeleton female sex may 
override the influence of muscle strength or body 
weight. 

We propose the hypothesis that dietary calcium 
intake may be most limiting in those with the greatest 
potential bone mass and that this potential may be 
determined by the interaction between genetic potential 
and other environmental factors such as exercise (see 
Fig. 1). Thus in individuals with the least genetic 
potential and the least positive influence from exercise, 
dietary calcium may be of limited benefit. In those with 
greater genetic potential amplified by positive environ- 

mental influences, otherwise adequate dietary calcium 
intakes may still be limiting. This relationship could be 
considered in the converse direction that, in those with 
least genetic potential and lowest dietary calcium 
intake, exercise may be relatively ineffective on bone 
mass. As an extension of this analysis, in those with the 
greatest genetic potential and in the presence of high 
dietary calcium intake, exercise may be able to achieve 
an optimal effect on bone mass. This hypothesis reason- 
ably explains the conflicting data in the literature and 
the cumulative contributions of genetic and environ- 
mental factors apparently explaining more than 100% 
of observed variance as measured for bone density. This 
hypothesis would stress the importance of attention to 
all environmental factors in the achievement and main- 
tenance of peak bone density. 

Consideration of this hypothesis could lead to import- 
ant modifications to experimental protocols. Generally 
investigations of the effects of calcium intake or of 
physical activity in cross-sectional studies have not 
controlled for these other potentially important factors. 
While efforts have usually been made to avoid individu- 
als who have undertaken major lifestyle (diet or exer- 
cise) changes, more modest changes may have been 
overlooked. However levels of exercise or dietary 
intake could be expected to have changed quite substan- 
tially over the 10-20 years prior to most such studies, the 
time during which their effects on bone mass could be 
expected to have been exerted. We have proposed 
already that the failure to see a relationship between 
current dietary calcium intake in women (whereas we 
did find such a relationship in men [8]) may reflect 
greater variability in dietary intake over time. Even in 
prospective studies dietary calcium intake and exercise 
have seldom been evaluated as independent potential 
effectors. In studies of effects of calcium supplemen- 
tation, possible changes in physical activity have not 
been monitored, or at least reported. In studies of 
effects of physical activity, dietary calcium intake has 
usually been increased by the addition of 1 g of calcium 
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Fig, 1. Graphical representation of the proposed interactions between genetic potential, physical activity, dietary calcium and peak bone density, 
With low dietary calcium intakes the response to physical exercise is small and there is little difference between those with high and low genetic 
potential. As dietary calcium increases, the ability to increase bone mineral density in response to exercise and as allowed by the underlying 
genotype is augmented. With low levels of physical activity, the effect of dietary calcium intake and genetic potential may be masked. As physical 
activity increases the ability to increase bone density is determined by dietary calcium intake and genetic potential. The 'threshold' effect is still 
operative such that in individuals with high calcium intake or high levels of physical activity, further increases in those parameters would have little 
further effect. 
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daily. If the possible interactions of these environmental 
factors are to be evaluated in prospective studies, more 
careful experimental design must include unsupple- 
mented calcium intake arms. Careful monitoring must 
be undertaken to ensure that the powerful media 
influences, advocating (perhaps quite reasonably) 
adequate calcium intakes, do not modify the intake in 
these individuals or at least that such changes are 
adequately recorded and can thus be evaluated. Evalu- 
ation of potential genetic factors is more difficult but the 
twin model is a powerful tool to examine such effects 
with the same sorts of monitoring mentioned above. 
The potential effects of these lifestyle factors must be 
considered in various prospective interventional studies 
of agents designed to prevent bone loss, e.g., sex 
hormone replacement and various other agents in 
the early postmenopausal state. The use of dietary 
questionnaires [39], simple questionnaires on physical 
activity or simple measures of fitness or strength could 
monitor such potential confounding factors and thus 
help to explain the at times contradictory results 
obtained in apparently similar studies. 

In summary, there is mounting evidence to support 
the hypothesis of the interrelationship between environ- 
mental influences, in particular dietary calcium intake 
and physical activity, and genetic influences that deter- 
mine the peak bone density achieved in young adult- 
hood. Thus we propose that environmental factors 
interact with each other and their summed effects 
determine the extent to which bone density genotype is 
expressed. Closer examination of these relationships, 
particularly in prospective studies, could clarify these 
potential interactions and lead to more rational 
approaches to augmentation of peak bone density and 
therefore to prevention of osteoporosis. 
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