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The effect of physical activity and its interaction with nutrition
on bone health
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Physical activity (PA) is a popular therapy for the prevention and treatment of bone loss and
osteoporosis because it has no adverse side effects, it is low cost, and it confers additional benefits
such as postural stability and fall prevention. Bone mass is regulated by mechanical loading, and
is limited but not controlled by diet. The mechanism by which strain thresholds turn bone
remodelling ‘on’ and ‘off’ is known as the mechanostat theory. Research in animals has shown
that optimal strains are dynamic, with a high change rate, an unusual distribution and a high
magnitude of strain, but the results of randomized controlled trials in human subjects have been
somewhat equivocal. In the absence of weight-bearing activity nutritional or endocrine
interventions cannot maintain bone mass. Biochemical markers of bone turnover predict bone
mass changes, and findings from our research group and others have shown that both acute and
chronic exercise can reduce bone resorption. Similarly, Ca intervention studies have shown that
supplementation can reduce bone resorption. Several recent meta-analytical reviews concur that
changes in bone mass with exercise are typically 2-3 %. Some of these studies suggest that Ca
intake may influence the impact of PA on bone, with greater effects in Ca-replete subjects.
Comparative studies between Asian (high PA, low Ca intake) and US populations (low PA,
high Ca intake) suggest that PA may permit an adaptation to low Ca intakes. Whether Ca and
PA interact synergistically is one of the most important questions unanswered in the area of
lifestyle-related bone health research.

Physical activity: Calcium: Bone mass: Bone turnover

Physical activity (PA) is a popular therapy for the
prevention and treatment of bone loss and osteoporosis
because it has no adverse side effects, it is low cost and it
confers additional benefits such as postural stability and
fall prevention. Strain thresholds turn bone remodelling
‘on’ and ‘off” at a local level by a mechanism known as the
mechanostat (or minimum effective strain; MES) theory.
Research in animals has shown that optimal strains are
dynamic, with a high change rate, an unusual distribution
and a high magnitude of strain. Bone is also sensitive to
metabolic stimuli that govern bone turnover at a systemic
level. Several recent meta-analytical reviews concur that
changes in bone mass with PA are typically 2-3 %. Ca inter-
vention studies have generally shown that supplementation
can help maintain bone mass in adults, or improve bone
mass in children (1-3 %). However, in the absence of
weight-bearing activity, nutritional or endocrine interven-
tions cannot maintain bone mass. Biochemical markers of
bone turnover are also useful for quantifying the effect of

PA and nutrition interventions on bone. However, to date,
most researchers have not adequately accounted for the
inherent variability of these markers. Whether Ca and PA
interact synergistically is one of the most important ques-
tions unanswered in the area of lifestyle-related bone health
research. Recent longitudinal studies in children suggest that
Ca intake may influence the impact of PA on bone, with
greater effects in Ca-replete subjects (Iuliano-Burns et al.
2003; Specker & Binkley, 2003).

The notion that PA has a positive effect on bone dates
back approximately 400 years to the time of Galileo. More
recently, there has been an unprecedented level of interest
in the area. Nutrition is another key lifestyle factor that
influences bone, and its effects are extensively reviewed
elsewhere in this symposium. The present review paper
focuses on Ca as the most important nutrient interacting
with PA in impacting on bone. The relative contributions of
Ca and PA to bone health, and the interactions between PA
and Ca will be discussed. It has been suggested that Ca
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intake modifies the bone response to increased PA (Kelly
et al. 1990), but it is only very recently that this hypothesis
has been tested. The present paper will also review the use
of biochemical markers for elucidating the mechanisms of
the bone response to PA or nutritional interventions.

The effects of physical activity on skeletal tissue:
mechanisms

Skeletal tissue is responsive to both mechanical and meta-
bolic stimuli, which govern bone turnover at a local and
systemic level respectively. It has been hypothesized that
any functional level of bone mass is the result of a balance
between the mechanical drive towards formation (governs
the coupling of bone turnover) and the metabolic drive
towards resorption (governs the rate of bone turnover via
circulating hormones; Rubin & Lanyon, 1984; Inman et al.
1999). PA has the unique ability to activate the bone multi-
cellular unit via both a mechanical and a metabolic stimulus,
either independently or simultaneously, thereby promoting
the retention of bone mass.

Mechanically-induced strain is the key intermediary
variable between loading and resulting bone formation. At
the end of the 19th century Julius Wolff (1892) postulated
that bone adapts to mechanical loads to produce structures
best fitted to withstand those forces (Wolff’s Law). Since
then, the optimal force (magnitude and type) required to
elicit an osteogenic response and its mode of application
have generated considerable research interest. Frost (1987)
identified a strain threshold that must be exceeded for
skeletal adaptation to occur, thereby initiating the MES
theory. Mechanical forces >1500-2000 pe (about 6 % of
the normal fracture strain threshold of 25 000 pLe) stimulate
uncoupling of bone remodelling in favour of bone
formation, thereby strengthening bone and increasing bone
mass (Frost, 1991). Strains below this remodelling threshold
are said to be in the physiological loading zone, within
which the activity within the bone multicellular unit remains
balanced. In the absence of sufficient mechanical strain
(i.e. <200 e, <0-8 % of the fracture strain threshold), as
experienced during periods of immobilization and/or bed
rest, bone remodelling uncouples in favour of resorption and
bone loss results. An activity such as running generates
ground reaction forces of 1-:5-2-0 times body weight and is
generally equivalent to approximately 800 pe. Jumping
generates forces of three or four times body weight in pre-
and post-menopausal women (Bassey ef al. 1998), and thus
produces forces above the MES.

In addition to the absolute magnitude of the strain, animal
models have demonstrated that the most effective types
of strains were dynamic (i.e. cyclic change in internal
strain) (O’Connor & Lanyon, 1982; Lanyon, 1984), high in
rate (Lanyon et al. 1982; Lanyon, 1996) and of abnormal
distribution (Lanyon et al. 1982; Carter, 1987; Lanyon,
1996). It was also found that strain-induced distortion
(change in length divided by original length) was more
osteogenic than stress (force) alone (Burr & Martin, 1992).
However, the number of loading cycles appears to be
less important than the magnitude or rate of strain, as
skeletal tissue becomes desensitized to mechanical loading
above thirty-six consecutive loading cycles (72 s/d; Rubin &
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Lanyon, 1984). According to Turner & Robling (2003)
>95% of the desensitizing effect of repetitive loading
occurs after twenty loading cycles, although 98 % of the
mechano-sensitivity lost is restored after 24h of rest
(Robling et al. 2001). This finding suggests that the osteo-
genic response to exercise can be enhanced by including rest
periods between short vigorous bouts of mechanical
loading.

The exact intermediary steps between matrix strain and
bone cell response have yet to be clearly defined, but a
number of mechanisms have been proposed: release of
prostaglandins (prostaglandin E,); flow-related shear
stresses on cell membranes; repair in response to micro-
damage of skeletal tissue.

In addition to imparting mechanical stress on bone, PA
may also generate an endocrine effect. The primary endo-
crine response to metabolic stress is the stimulation of
growth hormone (GH) release from the pituitary. Acute
physical exercise is a well-known stimulus for GH
secretion, and it is suggested that the GH response to
exercise is influenced by the intensity, duration, work output
and the amount of muscle mass involved. Generally, GH is
produced in proportion to the relative stress of the workload
for that individual, as long as sufficient metabolic stress is
achieved. Considerable research has been undertaken in
order to define the criteria necessary to bring about such
metabolic conditions. Briefly, the lowest intensity of
exercise needed to elicit a GH response is 60min at
10-15 % of the maximum 0, consumption, while 20 min at
70-80 % of the maximum 0, consumption would also
suffice (Cuneo & Wallace, 1994). Fesling et al. (1992)
reported, however, that once the exercise was above the
individual’s anaerobic threshold, a GH surge could be seen
after only 10min. It would appear, however, that two
equivalent total workloads performed in two distinct
exercise protocols would induce two different GH
responses. Prolonged continuous protocols as opposed to
shorter ones with twice the work rate reflect lower metabolic
stress and lactate levels and consequently poorer GH
responses. Data reported by Hatori ef al. (1993) showed a
significant increase (P<0-05) in bone mineral density
(BMD) in subjects who regularly exercised above their
anaerobic threshold over a 7-month period, while those who
exercised below their anaerobic threshold experienced a
slight but non-significant reduction. This outcome may
reflect the greater GH response to exercise above the
anaerobic threshold and the consequent circulating growth
factor-mediated effects. Alternatively, the increased BMD
in those subjects working above the anaerobic threshold
may be a result of inducing acute metabolic acidosis
with each exercise session. High-intensity exercise that
induces acidosis can influence mineral homeostasis via two
mechanisms.

Renal calcium handling

A reduction in pH brought about by metabolic acidosis
reduces the reabsorption of Ca in the renal tubules, thereby
increasing urinary Ca excretion and reducing blood Ca.
Blood Ca is the predominant regulator of parathyroid gland
activity. Parathyroid hormone (PTH) is secreted at the onset
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of hypocalcaemia. Osteolysis, a process that facilitates
the movement of Ca ions from the bone fluid into the
circulation, is activated within minutes. If PTH secretion is
maintained for <1h, osteoclast lining cell activity is
increased, while chronic (<24 h) PTH action on bone results
in an increase in osteoclast number as well as activity. When
administered intermittently PTH has been shown to have an
anabolic effect on skeletal tissue that may act through a
direct mechanism independent of resorption action (for
review, see Morley ef al. 1997). In animal studies inter-
mittent PTH administration has been shown to stimulate
bone formation, increase existing trabecular bone mass,
increase osteoblast number and increase apposition rates
(Whitfield et al. 1996). It should be noted, however, that
PTH administration cannot replace lost trabeculae, and
therefore the effectiveness of PTH action will decrease with
increasing trabecular loss.

Ashizawa et al. (1997) reported that a single bout of high-
intensity resistance training increased blood lactate levels
for <45 min post exercise, with an associated decrease in
urinary pH over the same time period. An increase in
fractional Ca excretion was also observed. A non-significant
increase in PTH immediately post exercise that returned to
baseline by 105 min post exercise was also reported. Takada
et al. (1998), however, demonstrated that a marked increase
in intact PTH 15 min after an anaerobic exercise challenge
significantly increased blood lactate levels (P <0-05). It may
well be that the increase in PTH in the study by Ashizawa
etal. (1997) was missed due to the timing of sampling.
This intermittent increase in PTH (15 min—<105min) in
response to an acute anaerobic exercise bout may have a
long-term anabolic effect on BMD, as reported by Hatori
et al. (1993).

Non-cellular physio-chemical bone dissolution

Bone also appears to be instrumental in the maintenance of a
stable physiological systemic pH during metabolic acidosis
via non-cellular-mediated mechanisms. The alkaline salts of
Ca in bone (carbonate and phosphate) can be mobilized for
the defence of blood pH, thereby releasing Ca in the process.
In vitro studies demonstrated that the influx of protons from
the extracellular fluid into bone took place along with the
efflux of Ca from the bone into the circulation in both acute
and chronic metabolic acidosis (Bushinsky et al. 1987;
Bushinsky & Sessler 1992; Bushinsky & Frick, 2000). It is
probable that this efflux of Ca facilitates the suppression of
PTH by 105 min after an acute anaerobic challenge, thereby
promoting the intermittent action of PTH.

Effects of growth hormone on skeletal tissue

It has been postulated that the most important way in which
pituitary GH exerts its somatogenic effects on target tissues
is by stimulating the release of a direct-acting insulin-like
growth factor I from the liver. The insulin-like growth factor
family as a whole plays an important role in the regulation
of skeletal metabolism, the details of which have been
documented elsewhere (for review, see Rosenfeld &
Roberts, 1999).
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Thus, the original MES theory proposed by Frost (1987)
has since been modified to account for the other osteogenic
factors detailed earlier, i.e. distribution and rate as well
as the non-mechanical influences (i.e. hormonal) on
remodelling control. The MES-related stimulus theory
encompasses all these variables (Lanyon, 1996).

Measuring the properties of bone
Bone mass

In order to quantify the effects of PA, Ca or other inter-
ventions on bone, scientists have developed ways of
describing the size, shape, strength and metabolic activity
of bone. Commonly, dual-energy x-ray absorptiometry
(DEXA) is used to describe the bone mineral content and
BMD. Bone mineral content represents the total mass (g) of
bone mineral as hydroxyapatite within a measured bone
region. BMD represents the mass of bone mineral per unit
bone area scanned (g/cm?). Indeed, the term BMD is more
correctly described as areal density, since DEXA measures
mass per unit area, not mass per unit volume, and density is
defined in physics as mass per unit volume. The difference
between bone mineral content and BMD is important when
comparing individuals of different size, as larger individuals
will have more bone mineral but not necessarily a greater
BMD. While DEXA provides a precise assessment of bone
mass, it does not assess the architecture of bone (i.e. the
number, connectivity and orientation of trabeculae), or
cortical:trabecular bone at any given site. Nonetheless, bone
mass as measured by DEXA explains almost 90 % of the
variance in the breaking strength of bone (Kanis, 1994).
DEXA measurements have good short-term precision and
long-term reliability, expressed as the CV. Although there
are some differences between manufacturers, the in vivo
precision is generally 0-5-1-5 % for the lumbar spine and
1-2 % for the proximal femur (Khan et al. 2001). It is useful
to consider these values in light of the expected changes in
bone mass following PA or Ca interventions.

It is also important to consider the bone remodelling that
is transient in studies involving Ca supplementation or
exercise. At remodelling sites a temporary loss of bone
occurs during the resorption period (the remodelling space).
This bone is not measured by DEXA, so bone density
measurements during the remodelling phase will under-
estimate the amount of bone tissue. Interventions that inhibit
bone resorption, such as Ca supplementation or exercise,
will cause fewer new sites to be activated and a decrease in
the remodelling space, while previously-activated sites will
continue to mineralize normally. This response causes an
apparent increase in the amount of bone mineral measured,
which will level off when the previously-activated sites
finish the remodelling cycle. When the dietary or exercise
intervention is removed, resorption will recommence and
the remodelling space will increase, causing a transient
decrease in the measured amount of bone mineral. Thus, it is
important to consider changes occurring in the first
remodelling cycle of an intervention separately from those
occurring after this time. Studies should thus be of at least
6 months duration, or longer, depending on the individual’s
rate of bone turnover.


https://doi.org/10.1079/PNS2003304

832 N. M. Murphy and P. Carroll

Bone remodelling

While bone mass or density are useful measures, an indi-
vidual’s BMD is in fact representative of the lifelong
remodelling profile and, therefore, the strength of the bone.
It does not give any indication of the dynamics within
the skeletal remodelling cycle at any particular time, i.e.
whether bone is being accrued or lost. A further limitation to
this method of evaluation is the lack of sensitivity associated
with it. It may take <2 years in most circumstances to be
certain with 95 % confidence that any change in BMD is
more than can be accounted for by method imprecision.
Consequently, the monitoring of interventions using meas-
urement of BMD alone is quite slow. Over the past decade,
however, advances have been made in the development of
biochemical markers of skeletal cellular activity. To date a
number of specific and sensitive markers have been
identified, most notably the pyridinium cross-links of type
I collagen of bone and the non-collagenous protein osteo-
calcin, which are representative of osteoclast and osteoblast
activity respectively. The serum-based cross linked
C-telopeptide (CTx) assay, which recognizes peptides
comprising part of the C-terminal telopeptides, is also
widely used as a resorption marker. These markers have
been shown to be more sensitive to changes in skeletal tissue
in response to intervention strategies than the measurement
of BMD, and are thus widely used today. The measurement
of biochemical markers specific for bone remodelling may
also provide useful information about the mechanisms
underlying the effect of PA and Ca on bone. The present
paper will review the known effect(s) of PA and Ca on bone
remodelling as measured by specific biochemical makers.

What is the effect of physical activity and calcium on
bone mass?

Meta-analytical studies of physical activity and bone mass

Biological mechanisms indicate that exercise increases bone
mass, and animal models clearly demonstrate the optimal
forms of exercise to enhance bone mass (Lanyon, 1992;
Turner & Robling, 2003). Most cross-sectional studies have
also described greater bone mass in athletes or active indi-
viduals compared with non-active controls (Forwood &
Burr, 1993), but, in spite of this evidence, the results of
randomized controlled clinical trials in human subjects have
been equivocal (Ernst, 1998). It is useful to try and quantify
the magnitude of the effect of PA on BMD. Meta-analysis is
a quantitative approach in which individual study findings
addressing a common problem are statistically integrated
and analysed. Inclusion criteria are stated and effect sizes
(ES) calculated. ES is generally calculated by subtracting
the outcome in the exercise group from the outcome in the
control group and dividing this difference by the pooled SD
of the exercise and control groups (Hedges & Odkin, 1985).
In general, an ES of about 0-50 is considered moderate (i.e.
the exercise group differed from the control group by 0-5 SD
in favour of the exercise group), and an ES of >0-70 is
considered large (Kelley ef al. 2000), so the exercise group
would do better than about 69 % of the control group.
Most studies calculate percentage changes to enhance inter-
pretation. Study quality scores are also calculated based on
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factors such as bias, randomization and dropout. Kelley
et al. (2000) have reported that studies with higher quality
scores tend to report smaller measures of effect.

One such meta-analysis (Kelley, 1998a) examined the
effect of controlled trials of aerobic exercise on hip BMD in
post-menopausal women who were not receiving hormone-
replacement therapy. A total of eighteen ES were derived
from six studies. The average ES was 0-43, equivalent to
an overall change in BMD of 2-42 % (exercise +2-13 %,
non-exercise —0-29 %). Another meta-analytical review of
randomized trials by the same author (Kelley, 1998b)
included all exercise types and reported that both aerobic
and strength training enhanced regional BMD. Mean
changes were 1-62 and 0:65 % for aerobic and strength
training respectively. These findings are similar to those
from another recent review of randomized controlled
trials that reported mean changes of 1-79 % in spine
BMD (Bonainti et al. 2002). A review of resistance-
training studies in pre- and post-menopausal women
included twenty-nine randomized and non-randomized trials
(Kelley et al. 2001). ES for femur, lumbar spine and radius
BMD were generally small (<0-30), were not statistically
significant at the femur and equated to increases at the
spine and radius in exercisers of 0-33 and 1-22 % respect-
ively, with decreases for controls of 0:05 and 0-95 %
respectively. At all sites increases with resistance training
were greater for post-menopausal women than for premeno-
pausal women. A recent review, in which individual patient
data were used rather than summary means from key studies
(thirteen trials, 699 subjects), indicated an exercise benefit
of approximately 2 % in lumbar spine BMD (exercise +1 %,
control —1 %; Kelley et al. 2002). In men the exercise
benefit was approximately 2:6 % (exercise +2-1 %, control
—0-5 %; Kelley et al. 2000) when BMD sites assessed were
specific to the sites loaded.

In summary, meta-analytical studies suggest that exercise
may have a beneficial effect on bone mass, and the benefit is
in the order of 2-3 %. This effect is modest, particularly in
light of the precision of the measurement tool, DEXA,
which is between 0-5 and 2:0 %. Animal studies would
suggest that resistance exercise might be particularly bene-
ficial, but prospective trials in human subjects have been
disappointing. Kelley (1998b) suggested that it is prudent
to recommend exercise in combination with both adequate
Ca intake and adequate oestrogen exposure for maintaining
and/or increasing BMD in those at risk of osteoporosis. The
exercise response is curvilinear, i.e. the greatest gains
will be seen in those who are least active, and the effect is
attenuated for more active individuals.

Jumping exercise and bone mass

As described previously, evidence from work with animals
indicates that brief rapid-onset high-intensity strains will
produce a maximal osteogenic response. Transferring this
concept to human subjects it would appear that jumping
would be an ideal mode of exercise. Bassey et al. (1998)
reported ground reaction forces of three times body weight
in pre- and post-menopausal women jumping fifty times
daily (100 strain reversals at an average jump height of
80mm (3in)). Indeed, direct measurements of ground
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reaction forces in patients with instrumented hip prostheses
suggest that jumping generates compressive forces in the
hip that are about twice that of the ground reaction forces
(Bassey et al. 1997). Thus, the jumping programme
described by Bassey et al. (1998) was similar to animal
studies in that it involved unusual strains with a comparable
magnitude strain of onset (1 Hz) and number and rate of
cycles. The jumping exercise, which lasted about 2 min/d,
generated forces above the MES.

After 5 months of jumping on 6 d/week the premeno-
pausal group (n 30) experienced a significant increase
(P<0:05) of 2-8% in femoral BMD compared with
controls (n 26). However, in the post-menopausal group
there was no significant difference between the exercise
(n 69) and control (n 54) groups after 12 or 15 months,
and no effect of hormone-replacement therapy on the
outcome, despite the excellent compliance (median 91
(inter-quartile range 13) %) and ground reaction forces that
were four times body weight. During more prolonged
endurance exercise programmes there is usually an
endocrine as well as a mechanical strain response, and the
authors suggested that perhaps post-menopausal women
have a greater need than young women for this priming
factor.

In a recent investigation of a small group of fifty-six
pre-and post-menopausal women assigned to either a
vertical-jumping exercise group or a no-exercise control
group for 6 months, Sugiyama et al. (2002) made a similar
finding. Among the premenopausal women hip BMD in the
exercise group increased significantly compared with
controls (P<0-05), but there was no difference between
these groups for the post-menopausal women. Turner ef al.
(1995), in work on rats, also found that a higher level of
strain is necessary to activate formation in old bone
compared with young bone. In this study oestrogen was
found to enhance the osteogenic response to mechanical
loading, and Kohrt et al. (1998) found that oestrogen
preserved the BMD response after training.

However, this effect has not been observed in another
animal study. A recent exercise training study in middle-
aged ovariectomized rats and sham rats illustrated that
jump-exercised rats (jumped ten times daily on 5 d/week for
8 weeks) had significantly (P <0-05) increased tibial bone
mass, strength and cortical areas compared with sedentary
control rats (Honda et al. 2003). The bone mass and strength
of ovariectomized rats increased similarly to that of the
sham rats, despite oestrogen deficiency or osteopenia.

Calcium

For any individual the quality and amount of bone is
dependent on events throughout that individual’s lifespan.
According to Heaney et al. (2000) the full genetic potential
for bone mass is achieved by an individual when the
skeleton is of a size and mass that has not been restricted by
an insufficient supply of nutrients and/or sub-optimal
mechanical loading. Bone mass is limited but not controlled
by diet, but bone mass is regulated by mechanical loading
(Heaney et al. 2000).

Ca has been described as a ‘threshold’ nutrient, i.e.
skeletal accumulation varies with intake below the

https://doi.org/10.1079/PNS2003304 Published online by Cambridge University Press

threshold, and above it skeletal accumulation remains
constant. Children and adolescents appear to have an ability
to adapt to low levels of Ca intake (Bailey et al. 2000), but
Ca supplementation can help increase bone mass. A recent
review of childhood Ca supplementation trials indicates that
bone mass at predominantly cortical sites is increased with
additional Ca (Specker & Wosje, 2001). In seven studies of
children it was found that Ca supplementation increased
bone mineral by 1-3 % (Khan et al. 2001), but with the
exception of one study the benefits disappeared after with-
drawal of supplementation. In adulthood, studies suggest
that dietary Ca may have a smaller effect than genetic or
other environmental factors. In the early post-menopausal
period Ca supplementation can have a positive effect on
bone mass (Devine ef al. 1997) and may help maintain but
not increase bone mass in the later post-menopausal period
(Khan et al. 2001).

What is the effect of physical activity and calcium on
bone turnover?

Skeletal tissue responds to changes in its environment
via modifications to the remodelling cycle, which can be
measured by specific biochemical markers. Biochemical
markers of bone turnover are, however, subject to sources of
variance, i.e. pre-analytical, within-run analytical and within-
subject biological (CVy). The major source of variance, CVj,
cannot be eliminated and must be established for each
biochemical marker to determine a biologically-significant
change. To date, both the short-term (days to weeks) and the
long-term (months) CV; of biochemical markers of bone
turnover have been reported by several authors (Beck-Jensen
et al. 1992; Colwell et al. 1993; Blumsohn et al. 1994,
Panteghini & Pagani, 1995, 1996; Popp-Snijders et al. 1996;
Ginty et al. 1998b; Orwoll et al. 1998; Plebani et al. 2000;
Scariano et al. 2001). These studies report a lower CV;
in markers of bone formation (osteocalcin 5-9 %, type I
procollagen peptide 6:2 %, bone specific alkaline phos-
phatase <6 %) than in those of resorption, and a lower
CV; in serum markers of bone resorption (CTx and cross-
linked N-telopeptides; <8 % and 10-7 % respectively,
tartrate-resistant acid phosphatase; 5-2 %) than their urinary
counterparts (cross-linked N-telopeptides 17 %, deoxy-
pyridinoline 24 %, pyridinoline 21 %, tartrate-resistant acid
phosphatase 12-7 %).

The efficacy of biochemical markers to respond to long-
term (> 6 months) changes in cellular activity post exercise
has been previously demonstrated (Bennell et al. 1997).
Exercise intensities above the remodelling threshold have
been reported to uncouple the remodelling cycle in favour of
formation and/or reduce the overall rate of remodelling,
which has a long-term anabolic effect on skeletal tissue.
Non-weight-bearing exercise does not appear to impact on
the remodelling cycle, and there is, therefore, little
difference in measures of bone strength between such
athletes (cyclists and swimmers) and their sedentary coun-
terparts. Long-term studies, however, have traditionally
looked at populations and the group mean effect of the inter-
vention. There is evidence to suggest that the effect of the
intervention at an individual level may vary considerably
from the group effect. To date, however, there are few
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studies that have looked at acute (days) changes in bone
turnover after an intervention. There are a number of studies
that have looked at the effect of exercise on specific markers
of bone turnover in the hours and days post exercise. The
exercise modalities varied between studies from high-
resistance exercise (Menkes, 1993; Ashizawa et al. 1997,
1998; Fujimura et al. 1997; Rong et al. 1997) to high-
intensity cycle ergometry (Brahm ez al. 1997; Rong et al.
1997) to low-intensity treadmill running (Nishiyama et al.
1988; Rong et al. 1997; Welsh et al. 1997). The sampling
times varied between studies from immediately post
exercise to <72h post exercise. In all studies, however,
samples were only collected on the day before the exercise
bout (either single or sequential samples to account for the
diurnal rhythm) and no account was made for the inherent
variability of the specific biochemical markers. It is not
surprising, therefore, that inconsistencies exist among
the data reported. In fact, one group replicated a study using
the same subject group but extended the sampling period
post intervention and found conflicting results (Fujimura
et al. 1997; Ashizawa et al. 1998). In nutritional inter-
vention studies using biochemical markers Ca supplement-
ation has been shown to decrease bone resorption in the
long-term (i.e. <2—4 years) in post-menopausal women
(McKane ef al. 1996; Riggs et al. 1998). Decreased bone
resorption has also been observed in the short term (i.e. after
allowing at least 2 weeks to stabilize after a change in
dietary Ca intake) in early post-menopausal women

(Scopacasa et al. 1998) and in young adults (Ginty et al.
1998a).

In order to determine whether a change in a biochemical
marker of bone turnover post intervention is truly
biologically significant the CVy of that marker must first be
established and the critical difference (CD; defined as
the minimum significant difference (P =0-05) between any
measurement of a quantity against a baseline mean value of
the same quantity) calculated.

The CVy and CD (P=0-05) for osteoclacin, serum CTx
and urinary total deoxypyridinoline of twenty-two subjects
(ten males aged 23-35 years and twelve post-menopausal
females not on hormone-replacement therapy aged 45-63
years) established over a period of five consecutive days are
presented in Table 1 (P Carroll, P Jakeman, N Murphy,
M Loughnane, R Donnelly, D Barry and E Barrett, unpub-
lished results). The CVy were found to be heterogeneous
for all biochemical markers measured for both the male and
the female group. Thus, the group mean CD could not be
applied to determine a biologically-significant change
for each individual within the group. The large ranges
of CD presented in Table 1 are evidence of this situation.
The CD of osteocalcin varied <17-fold between subjects
despite being the most stable biochemical marker measured
in this study. Consequently, while a 2-1 % change in osteo-
calcin was indicative of a significant perturbation in cellular
function for subject no. 10, a 33-6 % change was required to
achieve the same outcome for subject no. 3. Thus, biological

Table 1. The within-subject biological variance (CV,; %) and critical difference* (CD; %) for osteocalcin (OC), serum cross-linked C-telopeptides
(sCTx) and urinary total deoxypyridinoline (dPyr) for twenty-two subjects (twelve post-menopausal females not on hormone-replacement therapy
(subjects nos. 1-12) aged 45-63 years and ten males (subjects nos. 13—-22) aged 23-35 years established over a period of five consecutive dayst

OC (ng/ml) sCTx (ng/ml) 24 h urinary total dPyr (nmol/d)

Subject no. CV, CD CV, CD CV, CD
1 72 155 10-0 215 247 54-0
2 34 76 28 67 12-8 29-5
3 157 336 77 16-7 29-0 65-9
4 29 6-3 9-6 209 196 42-3
5 73 15-8 17-6 37-8 257 55-5
6 6-8 14-8 111 25-2 ND ND
7 2:6 58 11-3 252 358 77-8
8 21 47 94 211 97 211
9 137 295 50 10-9 45-8 98-9
10 0-9 21 75 16-6 109 37-0
1 35 76 10-3 226 22-3 487
12 1-2 36 4-4 9-8 41-4 90-5
13 4-5 9-8 6-4 139 179 39-2
14 53 11-9 10-5 230 332 721
15 39 85 58 12-8 57-4 1234
16 55 11-8 94 20-2 129 309
17 2:6 57 114 24-9 28-2 621
18 55 12-8 91 199 434 934
19 3-0 74 5-8 14-0 459 987
20 1-8 4-9 4-5 10-7 528 113-3
21 32 8:6 78 17-0 446 95-7
22 4-4 9-5 14-5 311 646 1391
Mean 4-9 10-8 87 19-2 32-3 70-9
SD 37 77 35 7-3 16-0 333
Range 0-9-15-7 2-1-33:6 2:9-17-6 6-7-37-8 9-7-64-6 21-0-139-1

ND, not detectable.
*Minimum significant difference (P =0-05) between any measurement of a quantity against a baseline mean value of the same quantity.
1P Carroll, P Jakeman, N Murphy, M Loughnane, R Donnelly, D Barry and E Barrett (unpublished results).
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significance was defined as a relative change from the
baseline mean that was greater than the individual CD (CDy)
established for each biochemical marker. However, relative
changes following an intervention would not be comparable
between subjects. In order to standardize observed changes
post intervention between subjects the relative changes
observed could be divided by the error term used in the
calculation of CDy (%), i.e.

(P x V(1 + 1/k) X ((0:5 X (CVA)?) + (CV)?) 2.

(multiplier at required
level of probability)

(error term)

The error term encompasses both sources of variance
specific for an individual (where CV, is the within-run
analytical variance) and the difference in these combined
errors must be accounted for in order to compare data
between subjects. The confidence limits set by the multiplier
can be established by multiplying the probability constant at
the required level of probability (P) by the square root of
(1+1/k). The multiplication is necessary to accommodate
the fact that a single data point following an intervention
will be compared with a mean of & baseline data points.

However, it cannot be assumed that the observed 5d
mean value is representative of true biological homeostasis.
The extent of imprecision, /4, between the observed mean
and the true homeostatic set-point can be calculated at
any level of probability at a fixed k of 5d. By increasing
h, however, the probability of committing a type II statis-
tical error when defining a biologically-significant change
increases (h=1/,p).

Using this template a study was carried out into whether
changes in bone turnover could be observed following
a discrete bout of high-intensity cycling using biochemical
markers specific for bone formation and resorption.
Following the 5d control period subjects completed a 10d
exercise trial comprising 3 d of cycle ergometery (20 min
at 10-20 % above the anaerobic threshold) followed by 7d
of recovery. Relative changes from the baseline mean for
both phases of the study were normalized for individual CD,
and data for serum crosslaps (CTx) are presented in Fig. 1; a
biologically-significant change is defined by any deviation
>+2-15 (P=0-05). It should be noted, however, that at
this level of probability / varies between subjects (3—18 %;
B 6-36 %). Under these statistical conditions a significant
perturbation was observed in 20 % of the data (thirty-nine
samples) and thirty-one of these samples (16 %) were
perturbed in a negative direction, i.e. a reduction in osteo-
clast activity. However, the nature of the individual
responses is highly varied with regard to the magnitude, the
timing and the direction. The randomness seen in the serum
CTx data is also apparent in both the osteocalcin and the
24h urinary total deoxypyridinoline data. There are a
number of factors that may influence the individual
responses to the same relative exercise challenge. These
factors include the genetic predisposition of the subject and
the individual remodelling rates at different skeletal surfaces
and anatomical sites before the intervention. These incon-
sistencies confound the interpretation of the data, and the
physiological relevance of the data for any individual
subject cannot, therefore, be resolved. The wuse of
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Fig. 1. Serum cross-linked C-telopeptide levels normalized for
individual critical difference (minimum significant difference
(P=0-05) between any measurement of a quantity against a baseline
mean value of the same quantity; for details of the calculation and the
equation, see p. 835) for the baseline and exercise phases of the
study (n 22; twelve post-menopausal females not on hormone-
replacement therapy (subjects nos. 1-12) aged 45-63 years and
ten males (subjects nos. 13—22) aged 23-35 years). The extent of
imprecision, (h!/,B), was calculated for a sampling frequency of 5d
at P=0-05; k is the no. of baseline points i.e., 5 days.

biochemical markers in an acute setting may best be
elucidated once the relationships between changes in
biochemical markers and BMD have been established.

Interestingly, when the group mean data for 1d pre-
exercise (baseline day 5) and <72h post exercise were
analysed using a Student’s paired ¢ test no significant change
in any marker measured was observed (# for the change was:
osteocalcin <0-489, serum CTx <0-171, deoxypyridinoline
<0-526). It is apparent that this sampling frequency, as has
been the norm in acute studies to date, is insufficient to
identify the true impact of this exercise challenge on skeletal
metabolism.

Interactions between calcium and physical activity and
their effect on bone

According to a recent excellent review addressing the effect
of PA on bone health (Khan et al. 2001), the question of
whether Ca and PA interact synergistically was identified as
one of the most important unanswered research questions
in the area of lifestyle-related bone health research. To
adequately determine whether Ca intake modifies the effect
of PA on bone a 2x2 factorial design is needed with PA
(yes or no) and Ca supplementation (yes or no) as the two
main factors.

Specker (1996) undertook a review of all intervention
trials reporting the effects of PA on bone mass, and also
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those reporting mean Ca intakes. A total of sixteen studies
were identified, most of which involved peri- or post-
menopausal women, with sample sizes ranging from five to
130 per group. The report provides indirect evidence that the
beneficial effect of increased PA on bone may only be
apparent at high Ca intakes (> 1000 mg/d), with no effect at
mean Ca intakes of <1000 mg/d. This modifying effect was
more pronounced in the lumbar spine, the weight-bearing
region, than in the radius. Similarly, a meta-analysis by
Kelley (1998a) examining the effect of aerobic exercise on
bone mass found larger ES among subjects consuming
>1000mg Ca/d (0-83) v. those consuming <1000 mg/d
(—0-23). In animals low Ca intake or reduced Ca bioavail-
ability may limit the bone’s response to exercise training
(Lanyon et al. 1986).

Very recently, however, two longitudinal trials have been
published that attempt to answer this question. Specker &
Binkley (2003) conducted a 1-year randomized placebo-
controlled partially-blinded trial of PA and Ca supple-
mentation in 239 children aged 3-5 years. Children were
randomized to a Ca (1000 mg/d)-supplementation group or a
placebo group, and to a gross motor activity group or fine
motor activity group. The gross motor activity group
received 30 min activities (5 min warm-up, 20 min jumping,
skipping and hopping, 5 min cool-down)/d, while the fine
motor group did 30 min seated activities/d. The authors
found no positive effect of PA on changes in leg bone mass
unless the children were consuming high Ca intakes
(> 1100 mg/d), which is consistent with the results of the
meta-analysis of adult activity trials discussed earlier
(Specker, 1996).

The second study employing a 2 x 2 factorial design was
also conducted in young children (Iuliano-Burns et al.
2003). Sixty-six girls aged 8-8 (SE 0-1) years were randomly
assigned to one of four study groups for §-5 months, i.e.
moderate-impact exercise with or without Ca, or low-impact
exercise with or without Ca. Mean baseline Ca intakes for
all groups were low (approximately 680 mg/d; 75 % had
intakes below the recommended daily intake). The
moderate-impact group exercised three times weekly for
20 min (hopping, skipping and jumping activities producing
ground reaction forces between two and four times body
weight), whereas the low-impact group did stretching and
low-impact dance routines at the same frequency and
duration. Ca supplementation took the form of food
fortification with milk minerals (434 (SE 19) mg/d). Bone
mass measurements were assessed by DEXA. A significant
exercise—Ca interaction was found at the femur (7-1 %;
P<0-05). At the loaded site (tibia—fibula) there was no
exercise—Ca interaction, but there was an exercise effect,
with a 3 % greater increase in the high-impact group v.
low-impact group. At non-loaded sites (humerus and ulna—
radius) bone mineral content increased 2—4 % more in the
supplemented groups than in the unsupplemented groups.
The authors conclude that greater gains in bone mass at
loaded sites may be achieved when short bouts of moderate
exercise are combined with increased Ca intake, and that the
former confers region-specific effects and the latter
produces generalized effects. This suggestion that Ca has a
general effect on bone sites, even if they are unloaded, while
greater PA preferentially increases the bone mass of loaded
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sites is supported by results of a recent cross-sectional
study in a total of 218 pre- and post-menopausal women
(Uusi-Rasi et al. 2002). High Ca intake was positively
associated with non-weight-bearing radial bone character-
istics (measured by quantitative computed tomography)
whereas PA seemed to particularly benefit the weight-
bearing tibia.

An alternative hypothesis to the PA—Ca interaction has
been offered that suggests that high levels of daily PA may
permit an adaptation to low Ca intakes. This suggestion
comes from cross-sectional studies in Asian countries such
as Hong Kong and Japan, where women have lower Ca
intakes than in the USA, but lower rates of hip fracture exist
(Anderson, 1999). Asian women also have lower lifetime
total oestrogen exposures as a result of later age of menarche
and earlier onset of menopause, both of which are influ-
enced by the amount of accumulated body fat, which is
typically lower in Asian females than in Western females.
Anderson & Sjoberg (2001) hypothesized that despite the
beneficial effect of Ca in reducing PTH, other lifestyle
factors, such as regular PA, must be able to overcome the
adverse effects of PTH on bone loss. It may also be,
however, that other dietary factors, such as increased
vitamin D status from fish consumption and sunlight
exposure and phyto-oestrogens from soyabean products,
compensate for the low Ca intake seen in Asian women
(Anderson, 1999).

In summary, the mechanism by which the combination
of Ca and exercise produces a better effect on bone
than either intervention alone is not understood. Further
2x2 factorial studies are necessary, as are interventions
employing measurement techniques designed to assess bone
geometry as well as bone mass. Studies using biochemical
markers could help elucidate mechanisms, but there are
serious concerns about the current practice in PA and
nutrition research of utilizing 1 d baseline measurements as
representative of homeostasis. Whilst biochemical markers
are sensitive to acute challenges, the longitudinal rela-
tionship between changes in biochemical markers and BMD
needs to be explored to help explain the biological relevance
of the acute response.
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