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Take-home points: 

1 Athletes should pay attention to their bone health, both in terms of the risk of bone injury during their 
competitive years, for the longer-term exacerbation of the ageing- related losses of bone that 
inevitably occur.  

Stress fractures are relatively common injuries in many sports, particularly where the bone is 
subjected to high loading. It is difficult to provide accurate data on stress fracture injury incidence, 
since this is influenced by so many different factors, including, for example: age, race, type of sport, 
specialisation and location.  

Stress fractures are serious injuries and can result in significant time out of training and competition. 
For example, Ranson et al. (2010) reported that the mean amount of time lost per stress fracture in elite 
cricket fast bowlers was 169 days. 

Bone is a nutritionally modified tissue and, in general, the nutritional guidance given to an athlete for 
bone health is not that different to the guidance provided for the general population. Having said that, 
it is still unclear what the optimal intakes of these nutrients should be to support bone health of the 
athlete during periods of intense training and competition. 

The key nutrients to support bone health include protein, calcium, phosphorus, vitamin D, magnesium, 
zinc, copper, boron, manganese, potassium, iron, vitamin K, vitamin C, vitamin A, the B vitamins 
and silica. 

Some nutrients, particularly calcium and vitamin D, have also been suggested to be important in 
reducing the risk of stress fracture injury, although the links between dietary intake and stress 
fracture injury require further investigation.

Further research is required into the effects of specific dietary practices now more commonly followed 
by athletes, such as plant based and ketogenic diets, on bone health and stress fracture injury risk.

Some of the issues that might be of more specific relevance to the athlete include energy availability, low 
carbohydrate availability, protein intake, vitamin D intake and dermal calcium losses. 

More research related to the bone health of specific types of athletes is still needed.
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Introduction

Bone health is of importance to an individual’s 
overall health and is a key component in the 
maintenance of quality of life and health span. 
Healthy bones provide an individual with a frame 
upon which to maintain mobility and protect the 
body from injury, although healthy bones are also 
required for blood cell production and to support 
mineral homeostasis. Furthermore, it is becoming 
clearer that the bone might also play a role in the 
control of energy metabolism.  

Bone mineral density (BMD, or bone mass) changes 
across the lifespan with bone accrual progressing 
throughout childhood, adolescence and into early 
adulthood; around 90% of an individual’s peak 
BMD is achieved by the time that they are 20 years 
old (Figure 1). In general, BMD stabilises during 
early middle age before starting to decline when 
an individual reaches 40-50 years old, before 
accelerating in some, leading to bone health related 
issues such as osteopenia and osteoporosis. In 
addition to the changes in BMD that occur across 
the lifespan, there are also some sex specific 
differences that occur, with males generally 
achieving a higher peak BMD than females. Females 
also experience a more rapid loss of bone tissue 
with the menopause due to the removal of the 
protective effects of oestrogen on bone. These 
alterations in BMD are often also accompanied 
by a decrease in bone strength, osteocyte death, 
deterioration of type I collagen and adipogenesis at 
the expense of osteogenesis (Santos et al., 2017).

The gain and loss of bone tissue occurs because of 
alterations in the balance between bone resorption 
(loss) and bone formation (gain), with the three 
main cell types in bone (i.e., osteoblasts for bone 
formation, osteoclasts for bone resorption and 
osteocytes contributing to activation processes) 
being primarily responsible for these processes.  
The coordinated action of these cells influences 
bone modelling and remodelling (Figure 2). Bone 
modelling relates primarily to the processes that 
occur with the growth of bone during childhood, 
adolescence and early adulthood. 

Bone remodelling more refers to the process that 
primarily occurs during adulthood to remove old 
and damaged bone to maintain the integrity and 
strength of the skeleton and to allow the bone to 
respond to the strains placed upon it from, for 
example, mechanical loading.  
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Figure 1. A depiction of how bone mineral density 
(BMD) typically changes across the lifespan in both 
males and females. Adapted from Hendrickx et al. 
(2015) and Santos et al. (2017).

Several non-modifiable and modifiable factors have 
been suggested to influence bone strengthening 
or weakening. Some of the non-modifiable factors 
include age, sex, race, and genetics, although there 
is little that can be done interventionally to influence 
their effects on bone. Of more interest from an 
interventional perspective are the modifiable 
factors, with perhaps the most influential of 
these being mechanical loading. Other lifestyle 
factors, which primarily include diet and nutrition, 
smoking and sleep are also important and each of 
these factors can interact with various hormonal 
responses (for example with parathyroid hormone 
or oestrogen) to positively and/or negatively 
influence bone tissue.  

Figure 2. Illustration of the key factors associated 
with bone (re)modelling.  

Stress fractures are the most common bone 
injuries suffered by athletes and they occur 
relatively regularly in many sports being caused 
by the rhythmic and repeated application of 
mechanical loading in a sub-threshold manner 
(McBryde, 1985). Since they are overuse injuries,  
high-volume, high-intensity training, where the 
athlete is body weight loaded, significantly increases 
the risk of stress fractures (Fredericson et al., 
2007). These injuries can occur anywhere, although 
mainly (but not exclusively) in highly loaded bones. 
Therefore, the type of sport or activity has 
a significant influence on the location of the stress 
fracture. For example, tibial stress fractures 
are more common in distance runners, tarsal/
metatarsal stress fractures are more common in 
football and basketball players, vertebral stress 
fractures are more common in cricket players 
and rib stress fractures are more common in 
rowers (Figure 3). It is important to note that as a 
result of stress fractures there is a likelihood of 
missed competitions and/or a significant amount 
of lost training time  (Ranson et al., 2010). The 
pathophysiology of stress fracture injuries is 
complex and not completely understood, but it 
is likely that, at least for some athletes, dietary/
nutritional inadequacies could increase the risk of 
their development. 

Bone modelling and remodelling Bone remodelling cycle
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Figure 3. Common anatomical sites for bone stress 
injuries. Adapted from Hoenig et al. (2022).

Bone stress injuries
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In addition to the risk of injury, there is, at least 
for some sports, a longer-term risk to bone 
health, whereby the avoidance of osteopenia and 
osteoporosis becomes a consideration; particularly 
when bone mass is already recorded as being 
low during early adulthood.  In addition to the 
importance of bone mass, the strength of the 
bone (which defines the bone’s ability to resist the 
strain placed upon it) should also be of primary 
concern for the athlete, both during and after their 
competitive years.  

There are significant consequences of poor 
bone health in later life, particularly in relation 
to osteoporotic fracture, given that one fifth of 
individuals requiring hospitalisation for fragility 
fractures die within 6 months (National Institute for 
Health and Clinical Excellence, 2012). 

As such, adolescence and early adulthood is a 
vitally important time for the achievement of peak 
bone mass, given that the most amount of bone an 
individual possesses is attained by about 30 years 
of age; this also corresponds to the timeframe 
across which most athletes have their competitive 
careers. For example, young competitive swimmers 
(notably females) may be prone to lower BMD 
and osteoporosis due to the nature of the sport 
being water borne and this providing less loading 
of  the bones. Under these circumstances it 
may be prudent to promote some impact-based 
exercise routines (e.g., plyometrics and whole body 
resistance training) to strengthen bones.

Understanding the impact of various sports on 
the long-term bone health of athletes is not simple, 
since there is no comprehensive data relating to 
the number of ex-athletes from different sports 
suffering from osteopenia or osteoporosis in their 
older age. In addition, it is hard to know whether it is 
relevant to compare bone responses in athletes to 
normal population data, such as the t-score (which 
compares how much a person’s bone mass deviates 
from the bone mass of the average healthy 
30-year-old adult) or the z score (which compares 
average bone mass to people of the same age and 
gender). In many cases, athletes are smaller (e.g., 
marathon runners and jockeys) or larger (e.g., 
rugby prop forwards) than the average individual, 
and so these general population comparisons 
might be misleading. Because of the specific nature 
of sports training and competition, it might be that, 
whilst the athlete has lower bone mass at the 
whole-body level, they have quite strong bones at 
specific skeletal sites.
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Nutrition and bone health

The bone responds to diet and nutrition across 
the lifespan (Mitchell et al., 2015) but also acutely, 
with previous studies showing that bone (re)
modelling marker concentrations are reduced 
with feeding when compared to fasting (Clowes et 
al., 2002). When individuals are fed, both the rates 
of bone resorption (loss) and bone formation (gain) 
decrease, although the decrease in the rate of bone 
resorption is greater (Walsh and Henriksen, 2010), 
which might be explained by the fact that feeding 
influences several hormones that can subsequently 
regulate bone turnover. 

From a practical perspective, it is important 
to identify those nutrients and foods that best 
support the skeleton and, equally, to identify 
whether there are any dietary conditions that 
place athletes at increased risk of bone injury or 
reduced BMD and strength. In general terms, the 
dietary requirements to support the nutritional 
needs of bone are not likely to be any different for 
the athlete than for the general population. Some 
of these key nutrients are summarised in Table 1 
(Sale & Elliott-Sale, 2019). Whilst much of the general 
dietary information around the impact of diet on 
musculoskeletal health has largely focused upon 
calcium, vitamin D, and protein, it is important to 
note that evidence exists to support the beneficial 
effects of other aspects of the diet. For example, 
vegetables provide key nutrients (e.g., potassium, 
iron, vitamin K, vitamin C, silica) essential for muscle 
function and bone health, both of which are key 
factors in the prevention of falls and fractures (for 
a review see Webster et al., in press). 

Although there is reasonable information on some 
of the key nutrients supporting bone health and 
there are recommended daily intakes for these 
nutrients (for examples, see the guidelines from the 
European Food Safety Authority, National Health 
and Medical Research Council and the Institute 
of Medicine), it remains unclear what impact the 
strenuous exercise training performed by many 
athletes might have upon the requirement for 
these nutrients.  It is possible, or even likely, that 
the required intakes of various nutrients are 
increased significantly in the athlete, particularly 
when referring to optimising the intake of these 
nutrients rather than simply trying to avoid a 
deficiency (Larson-Meyer et al., 2018). As such, 
some consultation with a performance nutritionist 
or sports dietitian is recommended to attain a 
quality dietary assessment related to bone health, 
which should consider the intakes of dairy, fish, 
fruits and vegetables (particularly of the green leafy 
kind), since these are the most cited sources of the 
main nutrients supporting bone health.
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NUTRIENT ROLE IN BONE SOME POSSIBLE SOURCES

Protein

Calcium

Phosphorus

Vitamin D

Magnesium

Zinc

Copper

Boron

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. 

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 catabolic 

effect on the bone through the activation of PTH.

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.

An important direct and/or indirect mediator of bone, that is certainly 

important for intestinal calcium and phosphorus absorption via 1,25(OH)2D 

stimulation, which is subsequently related to PTH secretion and activity.

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 

influence PTH secretion and activity. Conversely, high magnesium levels 

have also been associated with bone mineralisation defects.

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.

Its direct physiological action on bone is not as clear as for some other 

nutrients, 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.

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.

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
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Manganese

Potassium

Iron

Vitamin K

Vitamin C

Vitamin A

B Vitamins

Silica

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

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 

resorption of bone to release calcium. Indeed, the intake of potassium salts 

has been shown to reduce bone resorption and urinary calcium excretion

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.

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 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 

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 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.

An association between the intakes of vitamins B2, B6, folate and B12 and 

a reduction in the risk of osteoporosis and associated hip fracture has 

been 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

Deficiency is associated with poor skeletal development, probably due 

to its importance in the initiation of bone mineralisation, although its 

physiological role here is still poorly understood.

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, blackcurrants), 

peppers, broccoli, Brussels 

sprouts, potatoes 

Liver and liver products (not 

during pregnancy), dairy (cheese, 

milk, yoghurt), eggs, oily fish

Dairy (milk, cheese), eggs, fish, 

fresh and dried fruits, meats, 

vegetables

Bananas, beer, green beans, 

bread, rice, carrots, cereals
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The athlete, as with members of the general 
population, will have food preferences and 
intolerances that might prevent or limit the intake 
of certain nutrients important for bone health. 
For example, the increased prevalence of plant-
based dietary approaches in the general population 
is mirrored in the athlete population, making it 
important to consider the effect of such dietary 
practices on not only performance, but also health 
outcomes (including bone health). Diets high in 
fruits and vegetables are linked to improved health 
outcomes, although this might not be quite as 
straight forward in relation to bone, since animal-
based foods (including dairy products) contain high 
amounts of the nutrients that relate to positive 
outcomes for bone health. As such, it is possible 
that complete absence of animal-based foods from 
the athlete’s diet could negatively impact bone 
health. Some recent epidemiological data support 
this notion, indicating poorer bone health in vegans 
and vegetarians, particularly in relation to a higher 
risk of fragility fractures (Thorpe et al., 2021; Tong 
et al., 2020; Webster et al., 2022). That said, there 
is only limited investigation of the possible impact 
of plant-based diets on bone related outcomes in 
athletes. Of some relevance is a prospective study 
conducted to examine incidence of stress fractures 
amongst Indian military recruits, which reported 
that the incidence of stress fracture injury 
was significantly greater in vegetarian recruits 
compared with non-vegetarian recruits (Dash and 
Kushwaha, 2012).

Although the general dietary requirements 
underpinning bone health are similar in the athlete 
to the general population, there are some dietary/
nutritional challenges specific to the athlete, 
which may include low energy availability, low 
carbohydrate avaliability, protein intake, vitamin D 
intake and dermal calcium losses; although this list 
is by no means exhaustive.

Changes in energy balance and energy availability 
have both been used to identify energy deficiency 
in athletes and athletic individuals, with energy 
balance being calculated as total energy 
expenditure minus dietary energy intake; and 
energy availability as dietary energy intake minus 
exercise energy expenditure, which is adjusted 
for fat free mass. Although similar, the two differ 
slightly, but importantly in this context in the 
fact that energy balance assumes that bodily 
systems are functioning normally. For example, 
the increased energy expenditure observed with 
strenuous exercise and training might suppress 
some bodily functions and so, at least in theory, 
individuals could be in energy balance, but still 
experience low energy availability (Papageorgiou et 
al., 2017). 

The link between continuous/longer-term low 
energy availability and poorer bone health is best 
known for being described as part of the female 
(Nattiv et al., 2007) and male (Tenforde et al., 2016) 
athlete triads, and the relative energy deficiency 
in sport syndrome (Mountjoy et al., 2014). The 
investigation of this link is significantly hampered 
by the fact that it is difficult to accurately assess 
energy availability, particularly in the longer-term. 
For example, it could often be the case that energy 
intake is underestimated, whilst energy expenditure 
is overestimated. Additionally, in the long-term, it 
is also difficult to isolate the effects of low energy 
availability on bone from other nutritional (such as 
carbohydrate availability, discussed below) and non-
nutritional (such as exercise factors, poor sleep, 
illnesses, and life/psychological stress) factors. 

Whilst being in a very low energy availability state 
in the long-term is likely to be bad for bone health, 
it is less clear whether a quantitative level can be 
applied above which bone health is protected, even 
if this level falls below energy balance, which has 
often been suggested to be at 45 kcal·kgLBM-1·d-1.  
Ihle and Loucks (2004), in a short-term laboratory 
study, showed that bone formation (gain) was 
significantly reduced at an energy availability of 30 
kcal·kgLBM-1·d-1, but that bone resorption (loss) 
remained unaffected. 

Some issues specific to the athlete 

Low energy availability   
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Low carbohydrate availability 

Whilst this has been used to suggest a potential 
‘threshold’ of energy availability to avoid the 
negative consequences on bone health and adverse 
alterations to hormone levels important to the 
female reproductive system, the original work 
was not designed for this purpose. Indeed, it is 
highly unlikely that this would provide a diagnostic 
endpoint, especially when considering a) the likely 
large individual differences in response to specific 
levels of energy availability and b) the significant 
difficulties in accurately measuring energy 
availability, particularly in athletes. 

In addition to the magnitude of low energy 
availability, it also remains unclear whether there 
is a particular duration of low energy availability 
that negatively influences bone health. Taken 
together, this suggests significant difficulty in 
determining the direct impact of low energy 
availability on bone health that is intermittently 
applied or not continuously applied over the 
longer-term. Further research is clearly required 
in larger numbers of athletes and employing 
optimal methods to significantly improve our 
understanding of this area.

It is becoming clear that many athletes, including 
endurance athletes, do not meet recommended 
carbohydrate intake patterns in competition 
(Sampson et al., 2023), and, even in training, 
many athletes seem to consume lower than ideal 
amounts of carbohydrate. Part of this might relate 
to the reported benefits of lower carbohydrate 
intakes for body composition or because it is 
suggested that it might help improve the endurance 
adaptations to training. In some cases, however, 
lower intakes of carbohydrate than would be 
recommended might not be deliberate and could 
relate to a lack of athlete knowledge / education 
about carbohydrate intake requirements and/
or the foods required to meet recommendations.  
In addition to the possible direct effects of low 
carbohydrate availability on bone health, which will 
be discussed below, there might also be a concern 
that these dietary approaches could increase the 
risk of a low energy availability state.  

Hammond et al. (2019) showed that consuming CHO 
before, during and after high-intensity interval 
running attenuates bone resorption (with no effects 
on bone formation); effects that were independent 
of energy availability. These findings are in line with 
prior studies showing that carbohydrate provision 
reduces the bone resorption response to acute 
exercise in athletes completing 8 days of overloaded 
endurance training (de Sousa et al., 2014), and that 
there was a post-exercise reduction in bone (re)
modelling marker concentration with carbohydrate 
feeding during a 120-minute treadmill run in 
recreationally active individuals (Sale et al., 2015). 
As such, there is a small but developing body of 
work suggesting that carbohydrate feeding before, 
during or after exercise might be a useful way to 
modify the acute bone response to hard exercise 
and training, although further research is required 
to confirm this.  

Although no long-term studies of athletes following 
a low carbohydrate diet are available in relation 
to bone health, evidence from shorter term 
studies with athletes following a low carbohydrate, 
high fat diet would seem to indicate altered bone 
metabolism. Heikura et al. (2020) studied the effects 
of a 3.5-week ketogenic low-carbohydrate, high-fat 
diet, and subsequent restoration of carbohydrate 
(CHO) feeding on bone (re)modelling marker 
concentrations in elite race walkers. They showed 
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that the low carbohydrate, high fat diet increased 
fasting markers of bone resorption (loss) and 
decreased markers of bone formation (gain), with 
carbohydrate restoration in the diet returning 
bone resorption marker concentrations to pre-
intervention levels. In a follow-on study from the 
same group (again in elite racewalkers), Fensham 
et al. (2022) showed that short-term carbohydrate 
restriction resulted in reduced resting and post-
exercise bone formation marker concentrations. 
In addition, exercise in the carbohydrate restricted 
state resulted in increased in bone resorption 
marker concentrations. By contrast, no alterations 
to bone (re)modelling marker concentrations 
were shown when athletes maintained adequate 
carbohydrate intake.  

Taken together, these results suggest that low 
carbohydrate availability might have a negative 
impact upon athlete bone health, should these acute 
and shorter-term effects continue over the longer-
term. Clearly, longer term studies are required to 
determine the impact of low carbohydrate diets 
on bone mass and strength in athletes, although 
independent effects of low carbohydrate would be 
difficult to establish.

Both endurance and strength and power-based 
athletes are advised to consume more protein 
than is recommended for the general population 
(i.e. more than 0.8 g·kgBM-1·d-1), which presents 
an interesting issue in relation to bone health.  It 
has been previously reported that higher animal 
protein intakes may have an adverse effect on bone 
health. The acid-ash hypothesis (Fenton et al., 2008) 
proposed that a higher intake of animal proteins 
create a significant challenge to the maintenance 
of acid-base balance and, to rectify this, the body 
increases the availability of alkaline minerals, such 
as calcium, by breaking down the bone to release 
the stored calcium. The excess calcium would be 
lost via excretion in the urine, and if continued over 
time, these processes would increase the rate 
of bone loss and cause a reduction in bone mass 
(Macdonald et al., 2005).  

Whilst this hypothesis is plausible, it is now 
commonly recognised that protein intakes above 
the recommended amounts and in amounts 
recommended for athletes, even if containing high 
animal protein, do not present a significant risk 
for bone health (Dolan and Sale, 2018). Although 
not using optimal methods, Antonio et al. (2018) 
showed that bone mass was not affected by high-
protein consumption, at ≥2.2 g·kgBM-1·d-1 over 6 
months in exercise trained women. That said, under 
these circumstances, it would likely be prudent 
for athletes to make sure that their diet contains 
adequate calcium to reduce the potential for any 
calcium disturbances to impact upon bone health. 
Although not based upon optimal methods of 
dietary assessment, with only a single 24h dietary 
record being used for intake data, recent data from 
Bergamo et al. (2023) showed that higher protein 
and low calcium intakes were associated with 
lower bone mass.  

Despite the acid-ash hypothesis, it is equally 
possible that higher protein intakes could be 
beneficial for the bone, either directly or indirectly. 
Protein forms an important part of the bones’ 
structure (Zimmerman et al., 2015), and protein 
ingestion increases the production of growth 
factors and hormones involved in the formation 
of bone (for a detailed review see Dolan and Sale, 
2018).  There are, however, limited long-term data 
on the effects of high protein intakes (particularly 
with higher animal protein intakes) on bone mass 
and strength in athletes. 

Protein intake
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Vitamin D 

A direct relationship between serum vitamin D 
levels and bone health outcomes is relatively clear 
(Scientific Advisory Committee on Nutrition, 2016), 
and it is equally clear that several athlete groups 
are at risk of deficient or insufficient levels of 
circulating vitamin D (Owens et al., 2015). Given 
the well-identified link between low vitamin D levels 
(serum 25-hydroxyvitamin D [25OHD] levels below 
25 nmol·L-1) and bone, where it plays an important 
role in calcium and phosphorus regulation, it is 
highly likely that athletes deficient in vitamin D will 
be at a greater risk of low bone mass (Hollick, 2007), 
not to mention bone injuries. Maroon et al. (2015) 
reported that vitamin D levels were significantly 
lower in professional American Football players 
with at least one bone fracture when compared 
with no fractures. Although not athletes per se, 
female military recruits supplementing with 2000 
mg calcium and 800 IU of vitamin D per day had 
a 20% lower incidence of stress fracture injury 
than recruits supplemented with placebo (Lappe 
et al., 2008). In female runners, a greater intake of 
dairy products (including vitamin D, but also other 
nutrients important for bone) was associated with 
lower stress fracture rates (Nieves et al., 2010). In 
general, it remains clear that athletes should avoid 
vitamin D deficiency and insufficiency to protect 
their bone health.

Athletes who perform a significant volume of 
prolonged strenuous exercise could be at risk of 
losing enough calcium through sweating to result 
in a decline in serum calcium concentrations, 
although Kohrt et al. (2019) have suggested that 
dermal calcium losses are not likely to be a major 
cause of the increases in parathyroid hormone 
and bone resorption during shorter term exercise. 
That said, this study only examined the effects of 
60 min of cycling at ~75% of peak, in cool (18°C) 
and warm (26°C) conditions to elicit differences 
in sweating, and it might be that dermal calcium 
losses in endurance and ultra-endurance events 
might be sufficient to cause a disruption to calcium 
homeostasis. Should this occur, it would increase 
parathyroid hormone secretion and promote 
the resorption of bone to release calcium into the 
circulation to defend the serum calcium level. Under 
these circumstances, should they occur, it is 

possible that providing athletes with some calcium 
before or during exercise might compensate for 
calcium losses and help to maintain serum calcium 
levels, negating the linked increase in secretion of 
parathyroid hormone and bone breakdown, as 
originally suggested by Barry et al. (2011). 

Two main studies in athletes have been conducted 
to examine the effects of calcium supplementation 
on circulating parathyroid hormone and bone (re)
modelling marker concentrations. Haakonssen 
et al. (2015) provided a calcium rich pre-exercise 
meal (~1350mg), which significantly reduced 
both parathyroid hormone and bone resorption 
responses to a subsequent 90-minute cycling bout 
in competitive female cyclists. Recent data from 
the same group (Lundy et al., 2023), showed that 
providing 1000mg of calcium (when compared to 
a low calcium intake at <10mg of calcium) prior 
to two rowing training sessions conducted on 
the same day, maintained serum calcium levels 
during exercise, which subsequently reduced 
post-exercise parathyroid hormone and bone 
resorption marker levels. These studies would 
suggest that there might be value for some athletes 
in considering their pre-exercise calcium intakes, 
but more research is required, particularly to 
determine the longer-term implications of this for 
bone health and/or injury risk.   

Calcium losses and 
supplementation 
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Closing remarks and future 
perspectives 

Research into the effects of nutrition on the bone 
health of athletes is still in its infancy, at least at a 
scale that is likely to make a significant difference 
to our knowledge base on the topic. In fact, there 
is still a lot that is not known in relation to both the 
development of bone stress injuries in different 
types of athletes and, even more so, about the 
implications of being an athlete for long-term bone 
health. As such, it is difficult to provide specific 
practical guidelines relating to the optimal dietary 
and nutrient intakes required to protect the bone 
and optimise positive adaptations.  

It is safe to suggest that, where possible, athletes 
should consider a practitioner supported 
assessment of dietary intake to determine whether 
they are consuming adequate amounts of the key 
nutrients underpinning bone health, although, 
for the athlete, it is not yet possible to be clear on 
exactly what optimal intakes of these nutrients 
would be. The practitioner must, of course, work 
within the athletes’ dietary preferences and 
intolerances, which might necessitate the use of 
supplements or fortified foods.  

It would stand to reason that most athletes should 
at least make sure they are not vitamin D deficient 
or insufficient and to achieve a serum vitamin 
D level of above 50 nmol·L-1 (20 ng·mL-1). Once 
again though, it is not possible from the evidence 
available to suggest a definitive target for serum 
vitamin D levels to prevent bone stress injuries. 
In addition to vitamin D, it is worth some athletes, 
particularly endurance and ultra-endurance 
athletes, considering dietary their calcium intake 
or supplementation prior to hard or prolonged 
exercise bouts. Finally, it is also important for 
athletes to be educated around energy and 
carbohydrate availability, such that periods of 
low energy or carbohydrate availability are 
periodised around essential aspects of the 
athletes training where the greatest 
performance benefit is likely to occur. 
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