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Abstract

Athletes should pay more attention to their bone health, whether this relates to their longer-term bone health (e.g. risk of osteopenia
and osteoporosis) or their shorter-term risk of bony injuries. Perhaps the easiest way to do this would be to modify their training
loads, although this advice rarely seems popular with coaches and athletes for obvious reasons. As such, other possibilities to
support the athletes’ bone health need to be explored. Given that bone is a nutritionally modified tissue and diet has a significant
influence on bone health across the lifespan, diet and nutritional composition seem like obvious candidates for manipulation. The
nutritional requirements to support the skeleton during growth and development and during ageing are unlikely to be notably
different between athletes and the general population, although there are some considerations of specific relevance, including
energy availability, low carbohydrate availability, protein intake, vitamin D intake and dermal calcium and sodium losses. Energy
availability is important for optimising bone health in the athlete, although normative energy balance targets are highly unrealistic
for many athletes. The level of energy availability beyond which there is no negative effect for the bone needs to be established. On
the balance of the available evidence it would seem unlikely that higher animal protein intakes, in the amounts recommended to
athletes, are not harmful to bone health, particularly with adequate calcium intake. Dermal calcium losses might be an important
consideration for endurance athletes, particularly during long training sessions or events. In these situations, some consideration
should be given to pre-exercise calcium feeding. The avoidance of vitamin D deficiency and insufficiency is important for the
athlete to protect their bone health. There remains a lack of information relating to the longer-term effects of different dietary and
nutritional practices on bone health in athletes, something that needs to be addressed before specific guidance can be provided.

1 Introduction

Key Points
Bone mass [or bone mineral density (BMD)] changes across
the lifespan and is characterised by a rapid phase of bone
mass accrual during childhood and adolescence, a relatively
quiescent stage during middle age, followed by age related

The diet required by the athlete to support bone health is
not markedly different from the general population, with
a few specific challenges.

bone loss during the latter years. The response of bone mass
to ageing is similar in men and women, although men tend
to attain a higher peak bone mass [1] and the age-associ-
ated losses of bone mass tend to be accelerated in women,
particularly in the early post-menopausal period, when the
protective effects of oestrogen on bone are withdrawn [2].
As such, women tend to be more susceptible to a clinically
relevant degree of bone loss, culminating in the development
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An energy availability of 45 kcal kg of lean body mass
(LBM)~!.day~! is ideal to support bone health in the
athlete, although this is an unrealistic target for many.
Current knowledge would suggest trying to achieve an
energy availability above 30 kcal-kgLBM™!.day~! to
minimise negative effects on the bone.

Athletes often consume 2-3 times more protein than rec-
ommended daily amounts, which is now thought to have
no negative effects on bone health (and possibly benefi-
cial effects), assuming adequate dietary calcium intake.

Dermal calcium loss might be an important considera-
tion for some endurance athletes, who might wish to
consider increasing calcium intake before exercise.

Much more athlete-specific research is required.
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of osteopenia and/or osteoporosis [3], although these are
most definitely not exclusively female conditions.

Osteoporosis is defined, by the World Health Organiza-
tion [4], as “a progressive systemic skeletal disease charac-
terised by low bone mass and micro-architectural deterio-
ration of bone tissue, with a consequent increase in bone
fragility and susceptibility to fracture”. Consequently, bone
mass and strength are important considerations in the pre-
vention of osteoporosis and its associated conditions. Having
low bone mass in itself is not necessarily a major clinical
problem; the issues arise from the associated increase in
bone fragility and heightened risk of osteoporotic fracture.
Whilst there are no comprehensive data that are specific to
the athlete population, osteoporosis is a common disease
in the general population, which is estimated to affect 22
million women and 5.5 million men in the EU [5]. As might
be expected, given these statistics, the rates of osteoporotic
fracture are also high across Europe, with 620,000 hip frac-
tures, 520,000 vertebral fractures, 560,000 forearm fractures
and 1,800,000 other fractures being reported in 2010 [5].
Most importantly, it is clear that osteoporosis can signifi-
cantly affect one’s quality and quantity of life, given that
around 50% of hip fracture patients do not return to inde-
pendent living and one fifth of individuals requiring hospi-
talisation for fragility fractures die within a 6-month period
[6]. As such, the potential for development of such a bone
condition in athletes requires careful consideration.

There are two main considerations for athletes concern-
ing their bone health. Firstly, 90% of peak bone mass is
achieved by the age of 20 years and the amount of bone
accrued by the age of 30 years is about the maximum
amount that will be attained [7, 8]. Secondly, it is very
difficult to generate a sufficient and sustained osteogenic
stimulus to improve bone health to such a degree as to offset
age-associated bone loss. As such, it is important for ath-
letes to maximise and protect their bone health during their
athletic career, rather than sacrificing this for their athletic
performance. Often, younger athletes are more concerned
with their current performance level than the potential
future risk to their health; in particular, there is a miscon-
ception that athletes can fully regain bone mass and strength
once they have retired from sport. There are also potential
performance consequences of poor bone health, such as the
development of stress fracture injuries. These are important
injuries for the athlete that can result in a significant loss of
training time [9], which undoubtedly impacts upon sporting
performance.

In general, exercise across the lifespan is considered ben-
eficial for bone strength, as well as for many other asso-
ciated aspects of ageing well [1]. Certainly, there is evi-
dence to support this from some athlete groups that have
stronger bones, particularly in sports involving high-impact

forces and multi-directional movements (e.g. rugby, foot-
ball, volleyball, hockey and combat sports). Conversely, not
all sports have been shown to exert a positive influence on
bone, with some athletes competing in sports, such as dis-
tance running, road cycling and swimming, having lower
bone mass than their counterparts in other sports, controls or
reference populations (for a review of this topic, please see
Scofield and Hecht [10]). In addition, jockeys [11, 12] and
ballet dancers [13, 14] are examples of athletes participat-
ing in sporting activities who have lower bone mass at some
skeletal sites. In general, these sports tend to be character-
ised as being non-weight bearing, endurance based and/or
are associated with low energy availability. A point worthy
of further consideration is how best to evaluate bone health
in the athlete and whether it makes sense or not to compare
athlete data to normal population data, such as the T score
that compares how much one’s bone mass deviates from
the bone mass of the average healthy 30-year-old adult or
the Z score that compares average bone mass to people of
the same age and sex. Given that many athletes would be
considered smaller (e.g. marathon runner, jockey) or larger
(e.g. rugby prop forward) than the average individual, one
might question whether estimating an athlete’s bone health
by dual energy x-ray absorptiometry (DXA) T or Z score
might be slightly misleading.

It is important that athletes consider the implications
of their sport on their long-term bone health (e.g. risk of
osteopenia and osteoporosis), as well as the risk of develop-
ing bony injuries (including medial tibial stress syndrome
and stress fractures) in the shorter term. In order to develop
potential strategies to support the athlete in this endeavour,
consideration could be given to the factors that influence
bone strength/weakening. Some of these factors, such as
genetics, race, age and sex are non-modifiable; but some
lifestyle factors provide a potential modifiable effect on the
bone. Of these factors, mechanical loading has arguably the
greatest effect; bone responds to the magnitude, rate, total
number and direction of loading cycles induced through
activity, which is described by Frost’s mechanostat theory
[15]. As such, manipulating the mode, duration and intensity
of exercise could be useful ways to improve bone health in
athletes. This would require some manipulation of training
schedules, and whilst there might often be scope to do this,
that sort of advice rarely proves popular with coaches and
athletes. As such, there is a need to consider other modifi-
able options, such as diet and nutrition.

The effects of dietary intake on bone health across the
lifespan have been the subject of several recent narrative
reviews, which we will draw the reader’s attention to, but not
replicate. The purpose of this narrative review is to provide
an overview of the potential dietary and nutritional influ-
ences on bone health, with a specific focus on the athlete.
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2 Nutrition and Bone Health

Bone is a nutritionally modulated tissue, which is evi-
denced by the acute reduction in bone metabolic markers
that occurs with feeding in postmenopausal women [16].
Reductions, by up to 50%, in markers of bone resorption
have been shown following feeding with, for example,
carbohydrate, fat, protein, and calcium (for a compre-
hensive review, see Walsh and Henriksen [17]). Reduc-
tions in markers of bone formation also occur with nutri-
ent feeding, although to a lower magnitude than for bone
resorption markers [17]. Babraj and colleagues [18] have
also shown that intravenous ‘feeding’ of glucose, lipid
emulsion and amino acids (in the ratio of 55%:30%:15%
energy) in healthy young men increased bone collagen
synthesis by around 66%. In addition to modulating the
daily rhythm of bone turnover [19], feeding can also mod-
erate a number of hormones (such as calcitropic hormones,
incretin hormones, growth hormone and cortisol) that are
implicated in bone turnover in healthy postmenopausal
women. Coverage of these responses is beyond the scope
of the current review, but a detailed review is provided by
Walsh and Henriksen [17].

What is clear is that nutrition has a significant influence
on bone health across the lifespan, and this is well covered
in the narrative review by Mitchell et al. [20]. In the main,
the nutritional requirements to support the skeleton during
growth and development and during ageing (Table 1) are
unlikely to be notably different between athletes and the
general population. As such, key nutrients for bone health,
namely calcium, protein, magnesium, phosphorus, vitamin
D, potassium and fluoride [21], should be considered as
vital constituents of the athletes’ diet in order to directly
support bone formation. In addition to these nutrients, the
athlete should also ensure adequate intake of silicon [22],
manganese, copper, boron, iron, zinc, vitamin A, vitamin K,
vitamin C and the B vitamins [21, 23], in order to support
other metabolic processes important for bone health. It is
difficult to be specific on the recommended dietary intakes
of particular nutrients for the athlete given that different
countries have different recommendations for these intakes
(for examples, see the guidelines from the European Food
Safety Authority, National Health and Medical Research
Council and the Institute of Medicine). What is also unclear
is whether the hard training undertaken by athletes modi-
fies these requirements for many of the nutrients relevant
to bone health. Of course, the majority of recommended
dietary intake guidelines consider the potential for varia-
tion to allow them to meet the needs of the majority of the
population, but many of these guidelines are focused upon
preventing nutrient deficiencies, whereas the athlete is more
focused upon supporting optimal function (a useful resource
here is Larson-Meyer et al. [24]). As such, there might be a

need for the athlete to consider a well conducted nutritional
assessment of their dietary intake to identify whether or not
they are consuming the required amounts of the key nutri-
ents to underpin bone health, among other things, including
optimal performance. In terms of foods, most recommenda-
tions for good bone health include the consumption of dairy,
fish, fruits and vegetables (particularly of the green leafy
kind), which are useful sources of the main nutrients sup-
porting bone health. When the intake of particular nutrients
of benefit to bone is difficult (perhaps because of food intol-
erances or food preferences), some consideration could be
given to the consumption of fortified foods or supplements.

3 Specific Nutritional Issues for the Athlete

Whilst, as mentioned above, many of the dietary require-
ments to support bone health in the athlete are likely to
be largely the same as those supporting bone health in
the general population, there are some dietary/nutritional
challenges specific to the athlete. The remainder of this
review will focus upon what we consider to be the most
pertinent, namely: energy availability, low carbohydrate
availability, protein intake, vitamin D intake and dermal
calcium and sodium losses. The review will also briefly
cover the effects of feeding around exercise on bone
metabolism.

3.1 Energy Availability

Energy availability can be described as the amount of
ingested energy remaining to support basic bodily functions
and physiological processes, including growth, immune
function, locomotion, and thermoregulation, once the energy
needed for exercise has been utilised [25]. For a good over-
view of the myriad effects of low energy availability in the
athlete, we direct the reader to the recent review by Logue
et al. [26]; herein, we focus specifically on the potential
effects of low energy availability on the bone. One of the
major problems of identifying those athlete populations at
risk of low energy availability and of identifying the causal
links between low energy availability and bone health is the
significant difficulty in collecting accurate data on energy
intake and energy expenditure (particularly during more
intermittent types of exercise) [27].

The low energy availabilities experienced by some
athletes can have adverse effects on bone [28], including
acute bony injuries and longer-term reduced bone mass
and strength. It seems that many highly active individu-
als, particularly elite and recreational endurance athletes,
might have some difficulties in matching their dietary energy
intakes to their exercise energy expenditure, which inevita-
bly results in low energy availability [29, 30]. It is clear that
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Table 1 Some key nutrients to support bone health

Nutrient Role in bone

Some possible sources

Protein Part of the organic matrix of bone for collagen structure. Has a role in the
production of hormones and growth factors that modulate bone synthesis.
Protein might have an indirect effect on the bone through its support for
muscle mass and function, but also via the increase in circulating levels of
IGF-1, which has an anabolic effect on bone

Calcium A major bone forming mineral. 99% of the body’s calcium is stored in the
bone. Conversely, low calcium levels in the diet can contribute to a cata-
bolic effect on the bone through the activation of PTH

Phosphorus Phosphorus plays an integral role in bone formation as it is an essential
constituent for the mineralisation of bone, and low phosphorus levels
contribute to an impairment in bone mineralisation. Equally, there are
issues with diets that are very high in phosphorus, particularly if combined
with a low intake of dietary calcium, which can lead to increased PTH and
indicatively a catabolic effect on bone

Vitamin D An important direct and/or indirect mediator of bone, that is certainly impor-
tant for intestinal calcium and phosphorus absorption via 1,25(OH)2D
stimulation, which is subsequently related to PTH secretion and activity

Magnesium More than half of the body’s store of magnesium is in the bone, and it
plays an important role in organic matrix bone synthesis. The controlled
regulation of magnesium homeostasis is suggested to be important for
bone health, due to the fact that there might be harmful effects of both a
deficiency and an excess of magnesium. Magnesium deficiency contributes
directly to poor bone health (due to its importance for both osteoblasts and
osteoclasts) and indirectly by impacting on vitamin D and calcium to influ-
ence PTH secretion and activity. Conversely, high magnesium levels have
also been associated with bone mineralisation defects

Zinc Plays an important role in the mineralisation of bone tissue and organic
matrix bone synthesis; as such, zinc status can be directly linked to bone
turnover. Might also be important for the physiological action of vitamin D
on calcium, thus potentially also indirectly influencing PTH secretion

Copper Its direct physiological action on bone is not as clear as for some other nutri-
ents, although it is needed for enzyme activity to increase the cross-linking
of collagen and elastin molecules. There is some suggestion that bone
mineralisation might be affected in those with low copper intakes

Boron The physiological action of boron on bone remains unclear, although indirect
effects through actions on vitamin D and oestrogen and through improved
calcium and magnesium retention by the kidneys are possible

Manganese Deficiency has been associated with reduced bone mass, potentially due to
its role in the formation of bone regulatory hormones and some enzymes
involved in bone metabolism

Potassium  High potassium intakes have been associated with increased bone mass.
Much of the effect of potassium on bone might be indirect and due to the
protection provided against a high acid load that can influence the resorp-
tion of bone to release calcium. Indeed, the intake of potassium salts has
been shown to reduce bone resorption and urinary calcium excretion

Iron Has important roles in vitamin D metabolism and collagen synthesis. Those
with disorders of iron metabolism have been suggested to have lower bone
mass and an increased risk of suffering an osteoporotic bone fracture.
Interestingly, a very high intake of iron might also be bad for the bone,
most probably due to the increased oxidative stress and inflammatory
response

Vitamin K Low intakes have been associated with osteopenia and increased fracture
risk. Physiologically vitamin K has also been linked to under-carboxylation
of osteocalcin, whereas supplementation with vitamin K might reduce
bone turnover and improve bone strength

Vitamin C  Vitamin C deficiency leading to scurvy has long been reported to result
in bone pain. Vitamin C is important for collagen synthesis and is also a
known antioxidant, which might explain both direct and indirect effects on
the bone

Meats, dairy (milk, yoghurt, cheese), eggs, fish,
nuts, beans, pulses

Dairy (milk, cheese, and yogurt), spinach, kale,
okra, collards, soybeans, white beans

Dairy (milk, yoghurt), meats, poultry, fish, nuts,
beans

Fatty fish (tuna, mackerel, salmon), cheese, egg
yolks, fortified foods

Whole grains, spinach, nuts (almonds, cashews,
peanuts), quinoa, avocado, dairy

Meats, shellfish, nuts, seeds, legumes

Nuts, shellfish, offal

Fruits (raisins, prunes), nuts (almonds, hazelnuts,
brazil nuts, walnuts, cashews), beans, lentils, wine

Tea, bread and cereals, nuts, green vegetables

Bananas, broccoli, parsnips, Brussels sprouts, nuts
and seeds, fish and shellfish, meats

Liver (not during pregnancy), meats, beans, nuts,
whole grains, dried fruits, green leafy vegetables

Green leafy vegetables, vegetable oils, cereal grains

Fruits (oranges, orange juice, strawberries, black-
currants), peppers, broccoli, Brussels sprouts,
potatoes
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Table 1 (continued)

Nutrient Role in bone

Some possible sources

Vitamin A Perhaps one of the more controversial nutrients with regards to a link to
bone. There are suggestions that a high dietary intake of vitamin A is

Liver and liver products (not during pregnancy),
dairy (cheese, milk, yoghurt), eggs, oily fish

associated with a greater risk of osteoporosis and hip fracture. Conversely,
intakes of some of the carotenoids, which are precursors of vitamin A,
have been associated with higher bone mass. More research is required to

determine optimal intakes of vitamin A for bone health

B Vitamins An association between the intakes of vitamins B,, B, folate and B}, and a
reduction in the risk of osteoporosis and associated hip fracture has been

Dairy (milk, cheese), eggs, fish, fresh and dried
fruits, meats, vegetables

suggested. Similarly, lower intakes of the B vitamins have been shown

in patients with hip fracture. Mechanistic explanations for a link between
the B vitamins and the bone would include a positive effect on collagen
cross-link formation and increased bone resorptive activity when vitamin

B deficient
Silica

cal role here is still poorly understood

Deficiency is associated with poor skeletal development, probably due to its
importance in the initiation of bone mineralisation, although its physiologi-

Bananas, beer, green beans, bread, rice, carrots,
cereals

For further information on recommended amounts and sources, the reader could refer to the following: Europe: European Food Safety Authority;
Australia and New Zealand: National Health and Medical Research Council; USA: Institute of Medicine

IGF-1 insulin-like growth factor 1, PTH parathyroid hormone

this is also an issue that can affect male athletes as well as
female athletes [31].

Ihle and Loucks [32] were among the first to directly
investigate the effects of low energy availability on
bone metabolism in healthy young women by induc-
ing three reduced energy availabilities [compared to an
energy balanced control at 45 kcal-kg of lean body mass
(LBM)~!-day~!], 30, 20 and 10 kcal-kgLBM~!.day~!, in
an independent-groups design, using both dietary manip-
ulation and exercise. Whilst more moderate restrictions
of energy availability (20 and 30 kcal-kgLBM~!.day~})
modulated bone formation [as determined by osteocalcin
(OC) and carboxy-terminal propeptide of type 1 procol-
lagen (P1CP) concentrations], no effect was shown upon
bone resorption (as determined by N-terminal telopeptide
[NTX] concentrations). OC concentrations were reduced
by —0.9+0.3 ng-mL~" at 30 kcal-kgLBM~"-day~! and
—2.4+0.5 ng-mL~! at 20 kcal-kgLBM~!.day~!, and
P1CP concentrations were reduced by — 16+8 ng-mL™!
at 30 kcal-kgLBM~!.day™! and —28+8 ng-mL~! at
20 kcal-kgLBM™~!.day~!. More severe reductions in energy
availability (at 10 kcal-kgLBM~'-day~!) produced the dual
effect of reducing bone formation (OC —2.3+0.5 ng-mL™!;
PICP —48 + 13 ng-mL™") and increasing bone resorption
(NTX 417 £4 nM BCE/mM Cr). Although the relevance of
some of these markers of bone metabolism was questioned
(they would not be considered the optimal markers of bone
resorption and formation to use today [33]), this paper has
been instrumental in raising the awareness of potential prob-
lems for the bone when energy availability is low.

It is common for athletes to experience low energy avail-
abilities of a similar order of magnitude to those used by
Thle and Loucks [32]. Indeed, Thong et al. [34] reported
that amenorrhoeic athletes have energy availabilities
of ~ 16 kcal-kgLBM~!-day™!, which formed part of the
rationale for the recent studies conducted by our research
group [35, 36]. In the first of these studies [35], reducing
energy availability to 15 kcal-kgLBM™!.day~! over 5 days
resulted in decreased bone formation [as determined by
total procollagen type 1 N-terminal propeptide (P1NP)] and
increased bone resorption [as determined by C-terminal telo-
peptide (B-CTX)] in women, but not in men. Despite this,
examination of the individual data showed that some men
responded to lower energy availability with a decrease in
bone formation. Whilst this is in no way conclusive, there is
the possibility that lower energy availability will affect bone
metabolism by decreasing bone formation in men, but that
it might take a lower level of energy availability to produce
this response than in women. This would be an interesting
avenue for future research.

One of the issues with examining the effects of reduced
energy availability on bone metabolism in athletes and
athletic populations in the laboratory is that this is usually
achieved via a reduction in dietary intake and an increase
in exercise energy expenditure. Whilst this is probably
relevant, it does not allow us to determine whether the
effect of low energy availability on bone might be more as
a result of dietary restriction or as a result of high exer-
cise energy expenditures (or whether this makes no differ-
ence). Recently, we have examined the effects of 3 days of
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low energy availability, again at 15 kcal-kgLBM~!.day~!,
achieved by either diet or exercise, on bone turnover markers
in active, eumenorrhoeic women [36]. Low energy avail-
ability achieved through dietary energy restriction resulted
in decreased bone formation, with no concomitant change in
bone resorption. Low energy availability achieved through
exercise alone, on the other hand, did not significantly alter
bone metabolism. Taken together, these results might sug-
gest some bone protective effect of the mechanical loading
induced by exercise in the short term, even when this might
result in low energy availability. These results also suggest
that the athlete must focus on adequate dietary intake during
hard training periods.

Given the potential for low energy availability to
negatively influence the short-term responses of bone, it
would seem sensible to suggest that if this state was main-
tained over longer periods, more serious consequences
might be experienced. This raises an important, but as
yet unanswered, question over whether it is the magni-
tude of the low energy availability (i.e. there is a thresh-
old below which there is a negative effect on the bone)
that is important or whether it is more an issue of con-
tinuous low energy availability over time that negatively
influences bone health. Certainly, it would seem that bone
metabolism recovers relatively quickly from short-term
low energy availability [37], whilst several cross-sectional
studies have shown that those maintaining low energy
availability over time have lower bone mass, poorer bone
structure and/or an altered bone metabolic profile com-
pared with those who do not experience low energy avail-
ability [11, 38—41]. Added to this is the evidence from the
many studies conducted since 2007 relating to the female
athlete triad [25, 42]. More recently, this same group has
also suggested the potential for a similar syndrome in male
athletes (referred to as the male athlete triad; see Tenforde
et al. [43]), which mirrors the suggestions made relating
to the occurrence of impaired bone health as a result of
low energy availability, by the relative energy deficiency
in sport (RED-S) paradigm [44, 45]. Whilst further discus-
sion of these conditions (the male athlete triad and RED-
S) is vitally important and would be highly relevant herein,
these topics are covered more extensively in another arti-
cle within this supplement.

Whilst it might seem sensible to suggest to the
athlete that maintaining an energy availability of
45 kcal-kgLBM~'-day~! over time is necessary to opti-
mise their bone health and protect against bony injuries,
it is probably an unrealistic target for many athletes. Cer-
tainly, it seems unlikely that elite endurance athletes (male
or female) would be able to attain these levels of energy
availability given the high energy expenditures induced
by training and the limited time for refuelling that their
demanding training schedules allow. Another complication

here is that endurance athletes might be directly opposed
to trying to maintain a balanced energy intake, since many
consider an energy deficit as essential to drive the endur-
ance phenotype. Taken together, these points highlight the
difficulty in maintaining balanced energy availabilities
for the promotion of bone health in the endurance athlete
when stacked against the competing interests of optimis-
ing their sporting performance. As such, further research
is needed to identify whether or not there is a means to
maintain bone health without compromising training prac-
tices to optimise endurance performance. One possibility
might be to periodise low energy availability into the train-
ing cycle to develop the endurance phenotype without the
need to have constantly low energy availability, a recent
approach suggested by Stellingwerff [46].

Further research is also required to tease out the
nuances of the effects of energy and nutrient availability
on bone. In the laboratory, energy intake is often limited
by simply determining habitual dietary energy intake and
then cutting this intake down by a certain percentage.
The issue with this is that nutrient intake is also reduced
by the same relative amount, which begs the question of
whether the effects on bone are wholly energy availability
dependent or whether the concomitant reduction in the
availability of carbohydrate, protein, calcium, vitamin D
and other micronutrients also contributes to the negative
impact on bone. In addition, there might also be an inter-
action between elements of the female athlete triad and
certain nutrients that could exacerbate the effects on bone.
For example, iron deficiency might directly interact with
reduced energy availability to further disrupt thyroid func-
tion and to suppress anabolic factors for bone formation,
as recently postulated by Petkus et al. [47].

3.2 Low Carbohydrate Availability

There is evidence to suggest that some athletes (particularly
endurance athletes) might benefit from either lower carbo-
hydrate diets or low-carbohydrate/high-fat diets in terms
of their performance, in addition to the proposed benefits
for body composition [48, 49]. This, however, remains a
matter of some contention, given that historically carbo-
hydrate intake would provide the largest contribution to
energy intake in the athlete’s diet and that low-carbohydrate
diets could present a risk for a low energy availability state.
Whilst no studies have directly examined the effects of low
carbohydrate availability on bone health parameters in ath-
letes, it has been shown that carbohydrate feeding can reduce
bone turnover [50]. Bjarnason et al. [50] reported a reduc-
tion of around 50% in bone resorption marker (f-CTX) con-
centrations following the administration of a standard 75-g
oral glucose tolerance test. Similarly, the provision of car-
bohydrate has been shown to attenuate the bone resorption
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response to acute exercise in athletes involved in an 8-day
overloaded endurance training trial [51]. Sale et al. [52]
also showed a modest post-exercise reduction in PINP and
B-CTX with carbohydrate feeding immediately before, dur-
ing and immediately after a 120-min treadmill run in recrea-
tionally active individuals.

There is some more direct information to suggest that fol-
lowing a low-carbohydrate diet would negatively affect bone
health, albeit from animal models and when concomitantly
followed with a high-fat diet [53]. Bielohuby et al. [53]
measured bone growth, BMD and bone turnover in grow-
ing rats fed for 4 weeks on either normal chow (9% fat, 33%
protein, and 58% carbohydrates) or on two different low-
carbohydrate/high-fat diets (1: 66% fat, 33% protein, and
1% carbohydrates; 2: 94.5% fat, 4.2% protein, and 1.3% car-
bohydrates). They showed that longitudinal growth, BMD,
and bone mechanical properties were all impaired by both
low-carbohydrate/high-fat diets, which they suggested was
potentially mediated by the reductions in insulin-like growth
factor 1 (IGF-1) levels shown. Bone formation markers and
the expression of transcription factors influencing osteoblas-
togenesis were also reduced on the low-carbohydrate/high-
fat diets, which the authors suggested might indicate a lower
rate of mesenchymal stem cell differentiation to osteoblasts.
Conversely, in humans, albeit osteoarthritis patients and not
athletes, there was no effect on bone turnover (as assessed
by urinary N-telopeptide and bone-specific alkaline phos-
phatase concentrations) when patients were fed less than
20 g of carbohydrate per day for 1 month and then less than
40 g of carbohydrate per day for the next 2 months [54].

As such, there might be some suggestion that follow-
ing a low-carbohydrate diet acutely, chronically or even
periodically might negatively influence the athlete’s bone
health, but this is by no means certain. Future research work
is required to determine whether low-carbohydrate dietary
practices would negatively impact the bone health of athletes
in the longer term.

3.3 Protein Intake

Athletes are often recommended to consume more protein
than is recommended for the general population, in order
to support the additional demands of athletic training. The
recommendations for athletes is to consume between 1.2 and
1.6 g-kgbw-day™!, although under certain circumstances this
recommendation might increase to 2.2 g-kgbw-day ™! [55],
which is higher than the 0.8 g-kgbw-day~' recommended to
the general population. This may result in a conflict of inter-
est, as there is a long-held belief that higher protein intakes
may have a negative influence on bone health [56, 57], a
topic that has recently been covered in detail by Dolan and
Sale [58]; herein we will summarise the salient points. The
‘acid-ash hypothesis’ [59] suggests that animal proteins are

acidic (essentially having a high potential renal acid load)
and, as such, provide a significant challenge to the mainte-
nance of acid-base balance by disrupting the body’s pH,
which is critical to the maintenance of homeostasis. The
theory suggests that, in order to protect the homeostatic
state, the body increases the availability of alkaline minerals,
such as calcium, most of which are stored within the bone
tissue. Indeed, around 99% of the calcium stored within the
body is stored within the bone and so any requirement for
the release of calcium into the circulation to counteract the
effects of increased acidity is likely to result in the resorption
of bone [59]. The calcium released from the bone in order to
counteract a high potential renal acid load is also associated
with increased losses of calcium in the urine, along with
lower BMD and an increased rate of bone loss [60]. Taken
together, the results of these studies would suggest that, as
a result of the acid-ash hypothesis, an athlete consuming a
high (particularly animal) protein diet would run the risk of
inducing demineralisation of the bone over the longer term
with potential adverse effects on bone health.

Taken alone, however, this theory does not provide a fully
balanced account of the potential influences of a high protein
intake on bone. The main negative effect of a high animal
protein diet on bone according to the acid-ash hypothesis
relies upon the clear assumption that the calcium used to
neutralise the high potential renal acid load resulting from
animal protein consumption comes from the bone and that
any excess calcium subsequently excreted in the urine comes
from the bone. This might not, however, be the case given
that Kerstetter et al. [61] have shown that higher protein
intakes resulted in an increase in the amount of calcium that
is absorbed from foods, and, as such, the increased urinary
calcium levels with high animal protein intakes might well
come from increased calcium availability instead. Of further
consideration is the fact that dietary acid load could just as
easily be influenced by a reduction in the intake of alkaline
foods, such as fruits and vegetables, as by an increase in the
intake of acidic foods, such as animal proteins. This would
compound the issue, especially given that alkaline foods are
also rich in a wide range of micro- and phyto-nutrients that
are important for bone health [21]. Therefore, it is possible
that the poorer bone outcomes reported in those consuming
an acidic diet [60] were not due to high protein, but were as
a result of a shortage of nutrient rich fruits and vegetables.
This gives further support to the point made in Sect. 2 that
athletes should consume fruits and particularly green leafy
vegetables to support their bone health.

It is equally important to consider the possibility that
protein is, in fact, beneficial and not harmful to bone (for a
review, see Dolan and Sale [58]). Bone tissue is~50% pro-
tein by volume and about a third by mass [62], given that it
is an important constituent of the structural matrix of bone
[63]. As such, athletes need to consume sufficient protein
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to support the increased rate of bone turnover caused by
athletic training. Additionally, protein ingestion increases
the production of a number of hormones and growth fac-
tors, such as IGF-1, which are also involved in the forma-
tion of bone. Of further relevance for the athlete is the fact
that higher protein intakes also support the development of
muscle mass and function [64]; the associated increases in
muscular force would likely act upon the bone to enhance
bone mass and strength [65].

On the balance of the available evidence it would seem
unlikely that higher animal protein intakes, in the amounts
recommended to athletes, are harmful to bone health. This is
evidenced by the results of a number of studies (albeit not in
athletes per se) that have been well summarised and statisti-
cally combined in high-quality meta-analyses (as summa-
rised by Rizzoli et al. [66]). It might, however, be sensible to
recommend to athletes that they maintain adequate calcium
during periods of higher protein consumption to be sure of
no negative effects on the bone. A small positive effect of
protein on BMD and fracture risk has been identified, sug-
gesting that the protein intakes of athletes, which are usu-
ally in excess of the recommended daily allowance, might
be ultimately beneficial to the bone, although this requires
further specific research.

3.4 Vitamin D Intake

Numerous studies in the last 5-10 years have identified ath-
lete groups who have deficient or insufficient levels of cir-
culating vitamin D [67], although the specific definitions of
vitamin D deficiency and insufficiency have been debated.
Whilst there is broad agreement that vitamin D deficiency
is defined as a serum 25-hydroxyvitamin D [25(OH)D] level
below 25 nmol-L™! [68, 69], there is no consensus as to what
constitutes insufficiency or indeed the optimal vitamin D
status. The Institute of Medicine Report [70] on dietary ref-
erence intakes for vitamin D suggested that 25(OH)D levels
of 40 nmol-L~! were sufficient to cover the requirements
of ~50% of the US population, with levels of 50 nmol-L~!
being enough to cover the requirements of at least 97.5% of
the US population.

Given the well-identified link between low vitamin D
levels (serum 25-hydroxyvitamin D [250HD] levels below
25 nmol-L™") and bone, where it plays an important role in
calcium and phosphorus regulation in the body, it is highly
likely that athletes who are deficient in vitamin D would be
at a greater risk of low bone mass and bone injuries [71],
such as stress fractures.

Whilst the causes of vitamin D deficiency in the gen-
eral population are clearly multifactorial, it is most likely
that the main cause in the athletic population is a reduction
of ultraviolet B radiation absorption into the skin, which is
the major source of vitamin D [72, 73]. Whilst this seems

fairly obvious in relation to those athletes who largely train
and compete indoors and those who live and train in lati-
tudes furthest from the equator, it might also be of relevance
to those who train and compete outside, but who have to
wear a significant amount of equipment (e.g. jockeys) or
who choose to use high sun protection factor sunscreen or
sunblock (which rightly relates to considerations over the
protection of the athlete’s skin from damage).

A direct relationship between serum vitamin D levels and
musculoskeletal outcomes is relatively clear [69] and makes
sense given the important role for vitamin D in calcium and
phosphorus metabolism. Miller et al. [74] examined the vita-
min D concentrations in 53 patients with radiographically
confirmed stress fractures, with 44 of these patients having
serum vitamin D levels of less than 40 ng-mL~'. Similarly,
Maroon et al. [75] showed that vitamin D levels were signifi-
cantly lower in professional American Football players having
suffered at least one bone fracture when compared to those
players with no fractures. Conversely, female Navy recruits
receiving 2000 mg calcium plus 800 IU of vitamin D per day
had a 20% lower incidence of stress fracture than the recruits
receiving the placebo [76]. Whilst not directly causal, low-fat
dairy products and the major nutrients in milk (calcium, vita-
min D, and protein) were associated with greater bone gains
and lower stress fracture rates in young female runners [77].
Interestingly, a higher potassium intake was also associated
with greater gains in hip and whole-body BMD.

It would seem relatively clear that the avoidance of vita-
min D deficiency and insufficiency is important for the ath-
lete to protect their bone health. In theory, this is relatively
straight forward, and achieving serum vitamin D levels,
through dietary supplementation, above 50 nmol-L~! would
most likely prove protective [78], although a clear target
for vitamin D in the prevention of bone injury prevention
remains unknown.

3.5 Dermal Calcium and Sodium Losses

Athletes who undertake a high volume of prolonged exer-
cise, particularly when that exercise is not weight bearing,
are at risk of having lower BMDs [79, 80]. One of the poten-
tial contributors to this might be an increase in bone resorp-
tion mediated by the activation of parathyroid hormone due
to reductions in serum calcium levels, which, in turn, occur
as the result of dermal calcium losses [81]. It is likely that
the level of dermal calcium loss required to cause a decline
in serum calcium concentrations, which is sufficient to acti-
vate parathyroid hormone secretion and thus bone deminer-
alisation, would only occur during prolonged hard exercise.
Given that calcium plays an important role in many cellular
processes that occur while exercising, the body vigorously
defends serum calcium concentrations, predominantly by
the demineralisation of bone, which, in turn could lead to a
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reduction in bone mass over time. As such, Barry et al. [81]
proposed that supplementing with calcium before or during
exercise might compensate for dermal calcium losses and
defend the serum calcium level, meaning that there would
be no concomitant increase in parathyroid hormone release
or bone resorption.

Barry et al. [81] examined whether calcium supplemen-
tation, either before or during cycling exercise, reduced the
exercise-induced increases in parathyroid hormone and bone
resorption (as determined by p-CTX). Twenty male endur-
ance athletes completed a 35-km cycling time trial on three
occasions having consumed either (1) 1000 mg of calcium
20 min before exercise and a placebo during exercise; (2)
a placebo before exercise and 250 mg of calcium every
15 min during exercise; or (3) a placebo before and during
exercise. The results showed that when 1000 mg of calcium
was ingested as a single bolus prior to exercise, there was an
attenuated parathyroid hormone response to the subsequent
exercise bout. There was a smaller attenuation of the para-
thyroid hormone response when calcium was supplemented
during exercise, and this did not reach statistical significance.

Following on from this work, others have also shown that
pre-exercise calcium consumption, this time in the form of
a high-calcium meal (~ 1350 mg), attenuated the subsequent
response of both parathyroid hormone and bone resorption
(assessed via B-CTX concentrations) to a 90-min cycling bout
in competitive female cyclists [82]. Although these results
suggest that pre-exercise calcium consumption/supplementa-
tion may represent an optimal strategy for preventing bone
resorption during exercise, the chronic effects of this nutri-
tional strategy on BMD are yet to be researched. It is unlikely
that the amount of calcium lost in the sweat would be signifi-
cant enough to cause perturbations to calcium homeostasis
to the extent that it would affect bone metabolism, unless the
sweat rate was fairly high and/or the duration of sweat loss
prolonged. As such, it is likely that this would be of primary
concern for the endurance and ultra-endurance athlete, but
perhaps also for any athlete who uses dehydration mecha-
nisms to ‘make weight’. This latter possibility has not been
explored and future research is required.

In line with this, there is also the possibility that the chal-
lenge to fluid and sodium homeostasis that would occur under
these circumstances might influence bone metabolism and
health. This, to our knowledge, has not been directly or well-
studied in relation to the athlete, but there is some suggestion
from the osteoporosis focussed literature suggesting that bone
might be negatively affected by hyponatraemia. Verbalis et al.
[83] examined the effects of using a syndrome of inappropri-
ate antidiuretic hormone secretion rodent model to show that
3 months of hyponatraemia (~30% compared with normo-
natraemic controls) significantly reduced the BMD of excised
femurs and reduced both trabecular and cortical bone, pur-
portedly via an increase in bone resorption and a decrease

in bone formation. The same paper also reported on a cross-
sectional analysis of human adults from the Third National
Health and Nutrition Examination Survey, showing that mild
hyponatraemia was associated with significantly increased
odds of osteoporosis, in line with the rodent data presented.
This might be explained by novel sodium signalling mecha-
nisms in osteoclasts resulting in the release of sodium from
bone stores during prolonged hyponatraemia [84].

4 Feeding and Acute Exercise

Nutrient ingestion around acute exercise can alter the bone
resorption marker response to that exercise bout. Many ath-
letes exercise in the morning after an overnight fast, which
has the potential to promote an increase in bone turnover.
Scott et al. [85] investigated the effects of feeding a mixed
meal, versus fasting, on the bone metabolic response to a
60-min treadmill run at 65% of maximal oxygen uptake
(VO,may) 10 physically active younger men. As anticipated,
the ingestion of food reduced pre-exercise bone resorption (as
measured by f-CTX), but, contrary to what was proposed, the
bone resorption response to exercise was greater in the fed
condition than in the fasted condition and, over time, there
was no difference in the response between fasting and feed-
ing. As such, it seemed that the mechanical loading induced
by exercise might have provided a more powerful stimulus
than that of pre-exercise feeding. In line with this theory,
Sale et al. [52] examined the effect of feeding carbohydrate
during exercise on the bone metabolic responses of physi-
cally active young men. Carbohydrate feeding attenuated
bone resorption (f-CTX) and formation (P1NP) in the hours
but not days following exercise, indicating an acute effect of
carbohydrate feeding on bone turnover. These effects were,
however, small and transient, perhaps reflecting the short
timeframe and limited ability to feed during exercise (an 8%
glucose solution was given immediately before and every
20 min during exercise, at a rate of 0.7 gCHO-kg™'BM-h™1).
The total amount of glucose ingested was 102.1 + 10.6 gin a
total solution volume of 1276 + 132 mL. Given the fact that
the post-exercise period might provide a longer timeframe
and a greater scope for intervention, Townsend et al. [86]
investigated the influence of a combined carbohydrate/protein
supplement following a treadmill run to exhaustion at 75%
VO,ax 1 endurance trained young men. There were three
trials conducted in this study: (1) placebo: ingested immedi-
ately and 2 h post-exercise; (2) immediate feeding: carbohy-
drate plus protein (1.5 g-’kg~'BM dextrose and 0.5 g-kg"'BM
whey protein) ingested immediately post-exercise and pla-
cebo ingested 2 h post-exercise; and (3) delayed feeding: pla-
cebo ingested immediately post-exercise and carbohydrate
plus protein ingested 2 h post-exercise. When carbohydrate
plus protein was ingested immediately post-exercise, there
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was a suppression of the exercise-induced bone resorp-
tion (B-CTX) response when compared to the control trial,
along with a smaller increase in the bone formation (P1NP)
response 3—4 h post-exercise.

It would seem clear that feeding around exercise can
moderate the bone metabolic response to that exercise bout,
with the post-exercise period being perhaps the most use-
ful timeframe for intervention. Whilst the reduction in bone
resorption might be expected to have a protective effect on
the bone during periods of high-intensity and/or volume
training, one must also consider the possibility that these
responses are likely to be important in the adaptation of the
bone. Longer-term studies are therefore required to deter-
mine whether or not these shorter-term or acute responses
to feeding around exercise are positive for bone health. The
studies in this area have largely been conducted in men, and
it would be of interest to determine whether the same effects
are seen in exercising women.

5 Conclusion

Bone health is an important issue for some athletes, particu-
larly those who are at a greater risk of low or lower BMD.
These athletes should develop strategies to take care of their
bones, particularly during adolescence and early adulthood,
even at the expense of their training and performance, given
that trying to overcome an already low bone mass in later
life is extremely difficult. Taking care of their diet and nutri-
tion might help athletes to better protect their bones against
the demands of their sport. Dietary advice for athletes in
this regard should remain in line with the advice given to
the general population, with some consideration given to
where there would be a need for higher intakes to match the
needs of the sport and to optimise function, although there
are several specific challenges that certain athletes might
face over and above those faced by the general population.
In this review, we have attempted to acknowledge some of
these potential issues and highlight the information that is
currently available to support these views. There is, however,
a dearth of information relating to the effects (particularly
the longer-term effects) of different dietary and nutritional
practices on bone health in athletes, and significant research
effort is required on this topic in the future. In terms of seek-
ing the best possible practical advice, athletes could seek a
well-qualified sports dietician/nutritionist.

5.1 Some Suggestions for Future Work

e There is still a requirement to clearly define which types
of athlete are and which types of athlete are not at risk of
longer-term bone health issues, such as osteopenia and
0Steoporosis.

e Further research is needed to determine the wider impli-
cations of reduced energy availability, beyond bone, as
suggested by the RED-S syndrome; currently these are
not well researched.

e It remains to be clearly established whether there is or
is not a male athlete triad and whether the bone health
implications of reduced energy availability are seen at
the same level as in females or whether males are a little
more resistant to the effects of low energy availability.

e [t remains to be determined whether there is or is not a
threshold beyond which lower energy availabilities (less
than 45 kcal-’kgLBM~!-day~!) do not result in reduced
bone formation.

e Further research is required into the periodisation of low
energy availabilities in endurance athletes, such that they
can benefit from the positive effects of calorie restriction
on the endurance phenotype but without putting their
bone health at risk.

e More work is required in athletes to determine the effects
of nutrient availability (particularly of carbohydrate) sep-
arately from energy availability on bone health.

e Although there are data available to suggest that pre-
exercise calcium consumption and/or supplementation
can reduce the bone resorption response to endurance
exercise, the chronic effects of this strategy on bone mass
and strength are not yet known.

e The amounts of calcium lost during training in endurance
and ultra-endurance athletes are still not well known, nor
is the amount of calcium lost during more passive sweat-
ing, particularly in hot environments, such as might be
performed by weight-making athletes.

e No research has been conducted in athletes to determine
whether or not there is an effect of sweat sodium loss on
bone.

¢ Longer-term studies are needed to determine whether or
not the shorter-term or acute responses of bone metabo-
lism to feeding are positive for bone health. These studies
should also seek to determine whether feeding should be
periodised around hard training blocks rather than con-
stant so as not to reduce the potential adaptation of the
bone to exercise training.

Acknowledgements This supplement is supported by the Gatorade
Sports Science Institute (GSSI). The supplement was guest edited by
Lawrence L. Spriet, who attended a meeting of the GSSI Expert Panel
in March 2019 and received honoraria from the GSSI, a division of
PepsiCo, Inc., for his participation in the meeting. Dr. Spriet received
no honoraria for guest editing the supplement. Dr. Spriet suggested
peer reviewers for each paper, which were sent to the Sports Medicine
Editor-in-Chief for approval, prior to any reviewers being approached.
Dr. Spriet provided comments on each paper and made an editorial
decision based on comments from the peer reviewers and the Editor-
in-Chief. Where decisions were uncertain, Dr. Spriet consulted with
the Editor-in-Chief.



Nutrition and Athlete Bone Health

Compliance with Ethical Standards

Funding This article is based on a presentation by Craig Sale to the
GSSI Expert Panel in March 2019. Funding for attendance at that meet-
ing together with an honorarium for preparation of this article were
provided by the GSSI.

Conflict of interest While some of the authors’ own work described
herein was funded by the UK Ministry of Defence (Army) and the
English Institute of Sport, Craig Sale and Kirsty Elliott-Sale declare
that they have no potential conflicts of interest relevant to the content
of this review.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Santos L, Elliott-Sale KJ, Sale C. Exercise and bone health across
the lifespan. Biogerontology. 2017;18(6):931-46.

2. Dobbs MB, Buckwalter J, Saltzman C. Osteoporosis: the increas-
ing role of the orthopaedist. Iowa Orthop J. 1999;19:43-52.

3. Johnell O, Kanis J. Epidemiology of osteoporotic fractures. Osteo-
poros Int. 2005;16(Suppl. 2):S3-7.

4. World Health Organization. Assessment of fracture risk and its
application to screening for postmenopausal osteoporosis. Techni-
cal Report Series, 843. 1994. Geneva.

5. Hernlund E, Svedbom A, Ivergard M, Compston J, Cooper C,
Stenmark J, et al. Osteoporosis in the European Union: medi-
cal management, epidemiology and economic burden. A report
prepared in collaboration with the International Osteoporosis
Foundation (IOF) and the European Federation of Pharma-
ceutical Industry Associations (EFPIA). Arch Osteoporos.
2013;8:136.

6. National Institute for Health and Clinical Excellence. Osteoporosis
fragility fracture risk—Costing report. 2012.

7. Recker RR, Davies KM, Hinders SM, Heaney RP, Stegman
MR, Kimmel DB. Bone gain in young adult women. JAMA.
1992;268:2403-8.

8. Henry YM, Fatayerji D, Eastell R. Attainment of peak bone mass
at the lumbar spine, femoral neck and radius in men and women:
relative contributions of bone size and volumetric bone mineral
density. Osteoporos Int. 2004;15:263-73.

9. Ranson CA, Burnett AF, Kerslake RW. Injuries to the lower back
in elite fast bowlers: acute stress changes on MRI predict stress
fracture. J Bone Jt Surg. 2010;92(12):1664-8.

10. Scofield KL, Hecht S. Bone health in endurance athletes: runners,
cyclists and swimmers. Curr Sports Med Rep. 2012;11(6):328-34.

11. Dolan E, McGoldrick A, Davenport C, Kelleher G, Byrne B,
Tormey W, et al. An altered hormonal profile and elevated rate
of bone loss are associated with low bone mass in professional
horse-racing jockeys. J Bone Miner Metab. 2012;30(5):534—42.

12. Wilson G, Hill J, Sale C, Morton JP, Close GL. Elite male flat
jockeys display lower bone density and lower resting metabolic
rate than their female counterparts: implications for athlete wel-
fare. Appl Physiol Nutr Metab. 2015;40(12):1318-20.

13. Amorim T, Koutedakis Y, Nevill A, Wyon M, Maia J, Machado
J, et al. Bone mineral density in vocational and professional ballet
dancers. Osteoporos Int. 2017;28:2903-12.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Wewege MA, Ward RE. Bone mineral density in pre-professional
female ballet dancers: a systematic review and meta-analysis. J Sci
Med Sport. 2018;21:783-8.

Frost HM. The mechanostat: a proposed pathogenetic mechanism
of osteoporoses and the bone mass effects of mechanical and non-
mechanical agents. Bone Miner. 1987;2(2):73-85.

. Clowes JA, Hannon RA, Yap TS, Hoyle NR, Blumsohn A, Eastell

R. Effect of feeding on bone turnover markers and its impact on
biological variability of measurements. Bone. 2002;30(6):886-90.
Walsh JS, Henriksen DB. Feeding and bone. Arch Biochem Bio-
phys. 2010;503(1):11-9.

Babraj JA, Smith K, Cuthbertson DJ, Rickhuss P, Dorling JS, Ren-
nie MJ. Human bone collagen synthesis is a rapid, nutritionally
modulated process. J Bone Miner Res. 2005;20(6):930-7.
Schlemmer A, Hassager C. Acute fasting diminishes the circadian
rhythm of biochemical markers of bone resorption. Eur J Endo-
crinol. 1999;140(4):332-7.

Mitchell PJ, Cooper C, Dawson-Hughes B, Gordon CM, Riz-
zoli R. Life-course approach to nutrition. Osteoporos Int.
2015;26:2723-42.

Palacios C. The role of nutrients in bone health, from A to Z. Crit
Rev Food Sci Nutri. 2006;46(8):621-8.

Jugdaohsingh R. Silicon and bone health. J Nutr Health Ageing.
2007;11(2):99-110.

Price CT, Langford JR, Liporace FA. Essential nutrients for bone
health and a review of their availability in the average North
American diet. Open Orthop J. 2012;6:143-9.

Larson-Meyer ED, Woolf K, Burke L. Assessment of nutrient
status in athletes and the need for supplementation. Int J Sports
Nutr Exerc Metab. 2018;28:139-58.

Nattiv A, Loucks AB, Manore MM, Sanborn CF, Sundgot-Bor-
gen J, Warren MP, et al. American College of Sports Medicine
position stand. The female athlete triad. Med Sci Sports Exerc.
2007;39(10):1867-82.

Logue D, Madigan SM, Delahunt E, Heinen M, McDonnell SJ,
Corish CA. Low energy availability in athletes: a review of preva-
lence, dietary patterns, physiological health, and sports perfor-
mance. Sports Med. 2018;48(1):73-96.

Heikura IA, Uusitalo ALT, Stellingwerff T, Bergland D, Mero
AA, Burke LM. Low energy availability is difficult to assess but
outcomes have large impact on bone injury rates in elite distance
athletes. Int J Sports Nutr Exerc Metab. 2018;28(4):403-11.
Papageorgiou M, Dolan E, Elliott-Sale KJ, Sale C. Reduced
energy availability: implications for bone health in physically
active populations. Eur J Nutr. 2018;57(3):847-59.

Loucks AB, Kiens B, Wright HH. Energy availability in athletes
J Sports Sci. 2011;29(Suppl 1):S7-15.

Slater J, McLay-Cooke R, Brown R, Black K. Female recreational
exercisers at risk for low energy availability. Int J Sports Nutr
Exerc Metab. 2016;26(5):421-7.

Torstveit MK, Fahrenholtz IL, Lichtenstein MB, Stenqvist TB,
Melin AK. Exercise dependence, eating disorder symptoms
and biomarkers of relative energy deficiency in sports (RED-S)
among male endurance athletes. BMJ Open Sport Exerc Med.
2019;5(1):e000439.

Ihle R, Loucks AB. Dose-response relationships between energy
availability and bone turnover in young exercising women. ] Bone
Miner Res. 2004;19(8):1231-40.

Vasikaran S, Cooper C, Eastell R, Griesmacher A, Morris
HA, Trenti T, et al. Markers of bone turnover for the predic-
tion of fracture risk and monitoring of osteoporosis treatment:
a need for international reference standards. Osteoporos Int.
2011;22:391-420.

Thong FS, McLean C, Graham TE. Plasma leptin in female ath-
letes: relationship with body fat, reproductive, nutritional, and
endocrine factors. J Appl Physiol. 2000;88(6):2037—44.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

C. Sale, K. J. Elliott-Sale

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Papageorgiou M, Elliott-Sale KJ, Parsons A, Tang JCY, Greeves
JP, Fraser WD, et al. Effects of reduced energy availability on
bone metabolism in women and men. Bone. 2017;105:191-9.
Papageorgiou M, Martin D, Colgan H, Cooper S, Greeves JP, Tang
JCY, et al. Bone metabolic responses to low energy availability
achieved by diet or exercise in active eumenorrheic women. Bone.
2018;114:181-8.

Prouteau S, Pelle A, Collomp K, Benhamou L, Courteix D. Bone
density in elite judoists and effects of weight cycling on bone
metabolic balance. Med Sci Sports Exerc. 2006;38(4):694—700.
Ackerman KE, Nazem T, Chapko D, Russell M, Mendes N, Taylor
AP, et al. Bone microarchitecture is impaired in adolescent amen-
orrheic athletes compared with eumenorrheic athletes and nonath-
letic controls. J Clin Endocrinol Metab. 2011;96(10):3123-33.
Ackerman KE, Putman M, Guereca G, Taylor AP, Pierce L, Her-
zog DB, et al. Cortical microstructure and estimated bone strength
in young amenorrheic athletes, eumenorrheic athletes and non-
athletes. Bone. 2012;51(4):680-7.

De Souza MJ, West SL, Jamal SA, Hawker GA, Gundberg CM,
Williams NI. The presence of both an energy deficiency and
estrogen deficiency exacerbate alterations of bone metabolism in
exercising women. Bone. 2008;43(1):140-8.

Southmayd EA, Mallinson RJ, Williams NI, Mallinson DJ, De
Souza MJ. Unique effects of energy versus estrogen deficiency
on multiple components of bone strength in exercising women.
Osteoporos Int. 2017;28(4):1365-76.

De Souza MJ, Nattiv A, Joy E, Misra M, Williams NI, Mallin-
son RJ, et al. 2014 Female Athlete Triad Coalition Consensus
Statement on Treatment and Return to Play of the Female Athlete
Triad: 1st International Conference held in San Francisco, Cali-
fornia, May 2012 and 2nd International Conference held in Indi-
anapolis, Indiana, May 2013. Br J Sports Med. 2014;48(4):289.
Tenforde AS, Barrack MT, Nattiv A, Fredericson M. Paral-
lels with the female athlete triad in male athletes. Sports Med.
2016;46(2):171-82.

Mountjoy M, Sundgot-Borgen J, Burke L, Carter S, Constantini
N, Lebrun C, et al. The IOC consensus statement: beyond the
female athlete triad—relative energy deficiency in sport (RED-S).
BrJ Sports Med. 2014;48(7):491-7.

Mountjoy M, Sundgot-Borgen JK, Burke LM, Ackerman KE,
Blauwet C, Constantini N, et al. IOC consensus statement on rela-
tive energy deficiency in sport (RED-S): 2018 update. Br J Sports
Med. 2018;52(11):687-97.

Stellingwerff T. Case study: body composition periodization in an
Olympic-level female middle-distance runner over a 9-year career.
Int J Sports Nutr Exerc Metab. 2018;28:428-33.

Petkus DL, Murray-Kolb LE, De Souza MJ. The unexplored
crossroads of the female athlete triad and iron deficiency: a nar-
rative review. Sports Med. 2017;47(9):1721-37.

Noakes T, Volek JS, Phinney SD. Low-carbohydrate diets for ath-
letes: what evidence? Br J Sports Nutr. 2014;48(14):1077-8.
Chang CK, Borer K, Lin PJ. Low-carbohydrate-high-fat diet: can
it help exercise performance? J Hum Kinet. 2017;56:81-92.
Bjarnason NH, Henriksen EE, Alexandersen P, Christgau S, Hen-
riksen DB, Christiansen C. Mechanism of circadian variation in
bone resorption. Bone. 2002;30:307-13.

de Sousa MV, Pereira RM, Fukui R, Caparbo VF, da Silva ME.
Carbohydrate beverages attenuate bone resorption markers in elite
runners. Metabolism. 2014;63(12):1536-41.

Sale C, Varley I, Jones TW, James RM, Tang JC, Fraser WD, et al.
Effect of carbohydrate feeding on the bone metabolic response to
running. J Appl Physiol. 2015;119(7):824-30.

Bielohuby M, Matsuura M, Herbach N, Kienzle E, Slawik M,
Hoeflich A, et al. Short-term exposure to low-carbohydrate, high-
fat diets induces low bone mineral density and reduces bone for-
mation in rats. J Bone Miner Res. 2010;25(2):275-84.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Carter JD, Vasey FB, Valeriano J. The effect of a low-carbohydrate
diet on bone turnover. Osteoporos Int. 2006;17(9):1398-403.
Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ,
Henselmans M, Helms E, et al. A systematic review, meta-analysis
and meta-regression of the effect of protein supplementation on
resistance training-induced gains in muscle mass and strength in
healthy adults. Br J Sports Med. 2018;52:376-84.

Kraut J, Coburn J. Bone, acid and osteoporosis. N Engl J Med.
1998;330:1821-2.

Barzel U, Massey L. Excess dietary protein can adversely effect
bone. J Nutr. 1998;128:1051-3.

Dolan E, Sale C. Protein and bone health across the lifespan. Proc
Nutr Soc. 2018;78(1):45-55.

Fenton T, Eliasziw M, Lyon A, Tough SC, Hanley DA. Meta-
analysis of the quantity of calcium excretion associated with
the net acid excretion of the modern diet under the acid ash diet
hypothesis. Am J Clin Nutr. 2008;88:1159-66.

Macdonald HM, New SA, Fraser WD, Campbell MK, Reid DM.
Low dietary potassium intakes and high dietary estimates of net
endogenous acid production are associated with low bone min-
eral density in premenopausal women and increased markers
of bone resorption in postmenopausal women. Am J Clin Nutr.
2005;81:923-33.

Kerstetter JE, O’Brien KO, Caseria DM, Wall DE, Insogna KL.
The impact of dietary protein on calcium absorption and kinetic
measures of bone turnover in women. J Clin Endocrinol Metab.
2005;90(1):26-31.

Heaney R. Bone Health. Am J Clin Nutr. 2007;85:300-3.
Zimmerman E, Busse B, Ritchie R. The fracture mechanics of
human bone: influence of disease and treatment. Bonekey Rep.
2015;4:743.

O’Bryan KR, Doering TM, Morton RW, Coftey VG, Phillips SM,
Cox GR. Do multi-ingredient protein supplements augment resist-
ance training-induced gains in skeletal muscle mass and strength?
A systematic review and meta-analysis of 35 trials. Br J Sports
Med. 2019. https://doi.org/10.1136/bjsports-2018-099889.
Kohrt WM, Barry DW, Schwartz RS. Muscle forces or gravity:
what predominates mechanical loading on bone? Med Sci Sports
Exerc. 2009;41:2050-5.

Rizzoli R, Biver E, Bonjour JP, Coxam V, Goltzman D, Kanis
JA, et al. Benefits and safety of dietary protein for bone health—
an expert consensus paper endorsed by the European Society for
Clinical and Economical Aspects of Osteoporosis, Osteoarthritis,
and Musculoskeletal Diseases and by the International Osteopo-
rosis Foundation. Osteoporos Int. 2018;29(9):1933-48.

Owens DJ, Fraser WD, Close GL. Vitamin D and the athlete:
emerging insights. Eur J Sport Sci. 2015;15(1):73-84.

Pearce SH, Cheetham TD. Diagnosis and management of vitamin
D deficiency. BMJ. 2010;340:b5664.

Scientific Advisory Committee on Nutrition. Vitamin D and
Health. 2016; https://www.gov.uk/government/groups/scientific
-advisory-committee-on-nutrition. Accessed 17 Oct 2019.

The Institute of Medicine. Dietary Guidelines for Americans
2010. 2010; https://health.gov/dietaryguidelines/dga2010/dieta
ryguidelines2010.pdf. Accessed 17 Oct 2019.

Holick MF. Vitamin D deficiency. N Engl J Med.
2007;357(3):266-81.

Angeline ME, Gee AO, Shindle M, Warren RF, Rodeo SA. The
effects of vitamin D deficiency in athletes. Am J Sports Med.
2013;41:461-4.

Cannell JJ, Hollis BW, Sorenson MB, Taft TN, Anderson JJ.
Athletic performance and vitamin D. Med Sci Sports Exerc.
2009;41:1102-10.

Miller JR, Dunn KW, Ciliberti LJ, Patel RD, Swanson BA. Asso-
ciation of vitamin D with stress fractures: a retrospective cohort
study. J Foot Ankle Surg. 2016;55(1):117-20.


https://doi.org/10.1136/bjsports-2018-099889
https://www.gov.uk/government/groups/scientific-advisory-committee-on-nutrition
https://www.gov.uk/government/groups/scientific-advisory-committee-on-nutrition
https://health.gov/dietaryguidelines/dga2010/dietaryguidelines2010.pdf
https://health.gov/dietaryguidelines/dga2010/dietaryguidelines2010.pdf

Nutrition and Athlete Bone Health

75.

76.

71.

78.

79.

80.

Maroon JC, Mathyssek CM, Bost JW, Amos A, Winkelman R,
Yates AP, et al. Vitamin D profile in National Football League
players. Am J Sports Med. 2015;43(5):1241-5.

Lappe J, Cullen D, Haynatzki G, Recker R, Ahlf R, Thompson
K. Calcium and vitamin D supplementation decreases incidence
of stress fractures in female navy recruits. J Bone Miner Res.
2008;23(5):741-9.

Nieves JW, Melsop K, Curtis M, Kelsey JL, Bachrach LK, Green-
dale G, et al. Nutritional factors that influence change in bone
density and stress fracture risk among young female cross-country
runners. PM R. 2010;2:740-50.

Institute of Medicine. Dietary reference intakes for calcium and
vitamin D: Institute of Medicine of the National Academies, 2010.
http://www.nationalacademies.org’/hmd/~/media/Files/Report%20
Files/2010/Dietary-Reference-Intakes-for-Calcium-and-Vitam
in-D/Vitamin%20D %20and%20Calcium%202010%20Report%20
Brief.pdf. Accessed 17 Oct 2019.

Rector RS, Rogers R, Ruebel M, Hinton PS. Participation in road
cycling vs running is associated with lower bone mineral density
in men. Metabolism. 2008;57(2):226-32.

Tenforde AS, Carlson JL, Sainani KL, Chang AO, Kim JH,
Golden NH, et al. Sport and triad risk factors influence bone
mineral density in collegiate athletes. Med Sci Sports Exerc.
2018;50(12):2536-43.

81.

82.

83.

84.

85.

86.

Barry DW, Hansen KC, van Pelt RE, Witten M, Wolfe P, Kohrt
WM. Acute calcium ingestion attenuates exercise-induced
disruption of calcium homeostasis. Med Sci Sports Exerc.
2011;43(4):617-23.

Haakonssen EC, Ross ML, Knight EJ, Cato LE, Nana A, Wluka
AE, et al. The effects of a calcium-rich pre-exercise meal on bio-
markers of calcium homeostasis in competitive female cyclists: a
randomised crossover trial. PLoS One. 2015;10(5):e0123302.
Verbalis JG, Barsony J, Sugimura Y, Tian Y, Adams DJ, Carter
EA, et al. Hyponatremia-induced osteoporosis. J Bone Miner Res.
2010;25(3):554-63.

Barsony J, Sugimura Y, Verbalis JG. Osteoclast response to low
extracellular sodium and the mechanism of hyponatremia-induced
bone loss. J Biol Chem. 2011;286(12):10864-75.

Scott JP, Sale C, Greeves JP, Casey A, Dutton J, Fraser WD. Effect
of fasting versus feeding on the bone metabolic response to run-
ning. Bone. 2012;51(6):990-9.

Townsend R, Elliott-Sale KJ, Currell K, Tang J, Fraser WD, Sale
C. The effect of post-exercise carbohydrate and protein ingestion
on bone metabolism. Med Sci Sports Exerc. 2017;49(6):1209-18.


http://www.nationalacademies.org/hmd/~/media/Files/Report%20Files/2010/Dietary-Reference-Intakes-for-Calcium-and-Vitamin-D/Vitamin%20D%20and%20Calcium%202010%20Report%20Brief.pdf
http://www.nationalacademies.org/hmd/~/media/Files/Report%20Files/2010/Dietary-Reference-Intakes-for-Calcium-and-Vitamin-D/Vitamin%20D%20and%20Calcium%202010%20Report%20Brief.pdf
http://www.nationalacademies.org/hmd/~/media/Files/Report%20Files/2010/Dietary-Reference-Intakes-for-Calcium-and-Vitamin-D/Vitamin%20D%20and%20Calcium%202010%20Report%20Brief.pdf
http://www.nationalacademies.org/hmd/~/media/Files/Report%20Files/2010/Dietary-Reference-Intakes-for-Calcium-and-Vitamin-D/Vitamin%20D%20and%20Calcium%202010%20Report%20Brief.pdf

	Nutrition and Athlete Bone Health
	Abstract
	1 Introduction
	2 Nutrition and Bone Health
	3 Specific Nutritional Issues for the Athlete
	3.1 Energy Availability
	3.2 Low Carbohydrate Availability
	3.3 Protein Intake
	3.4 Vitamin D Intake
	3.5 Dermal Calcium and Sodium Losses

	4 Feeding and Acute Exercise
	5 Conclusion
	5.1 Some Suggestions for Future Work

	Acknowledgements 
	References




