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This study evaluated the association between long-term exercise with different osteogenic index, 
dietary patterns, body composition, biological factors, and bone mineral density (BMD) in 199 female 
elite masters athletes endurance athletes (EA), speed-power athletes (SPA), and throwing athletes 
(TA). Bone parameters in the distal (dis) and proximal (prox) parts of the forearm were measured by 
densitometry. Body compositions were analyzed using bioelectrical impedance analysis. Biological 
factors and lifetime bone fracture status were rated via face-to-face interviews. Dietary patterns and 
usual dietary intake were assessed using a semiquantitative NHANES Food Frequency Questionnaire. 
In female elite masters athletes the main parameters affecting BMD dis were age at menopause (small 
effect: η² = 0.03), number of fractures (small effect: η² = 0.05), number of dairy products per day (small 
effect: η² = 0.05), type of dietary pattern (small effect: η² = 0.04) and sport competition, type by OI 
(small effect: η² = 0.03). BMD prox was affected by age at menarche (medium effect: η² = 0.096), age at 
menopause (large effect: η² = 0.12), past fractures (small effect: η² = 0.02), dairy product (large effect: 
η² = 0.13), type of dietary pattern (small effect: η² = 0.04) and sports competition (medium effect: η² = 
0.06). In both groups of women, EA and SPA dietary pattern with high intake of fruit, vegetables, dairy 
products, whole grains, poultry, fish, nuts, and legumes had a greater mean BMD. In contrast, in the TA 
group dietary pattern with lactose-free, and gluten-free determined higher mean BMD. Late menarche 
determined higher mean BMD in all groups of women, especially in TA. Physical activity helps maintain 
bone mineralization during aging. The long-term effects of athletic training, especially exercises such 
as throwing, have been confirmed in these studies. It is therefore worth considering popularizing these 
exercises for healthy aging.
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EA	� Endurance athletes
FFQ	� Food frequency questionnaire
FM	� Fat mass
FFM	� Fat-free mass
OI	� Osteogenic index
PBF	� Percentage of body fat
PROX	� Proximal part of forearm
SPA	� Speed-power athletes
TA	� Throwing athletes

Aging as a concept has been vastly explored. An essential aspect is defining what it means to age well and to be 
healthy. In the case of bone tissue, healthy aging means maintaining good mineralization and bone mass for as 
long as possible, preventing the development of osteoporosis and bone fractures. The most important factors 
related to bone mineralization and bone mass acquisition are endocrine and mechanical factors, such as habitual 
physical activity1–3, low sedentary time4–6, a healthy diet7,8, and sun exposure3,9. Bone mineralization is also 
determined by genetic conditions10, ethnicity11, the occurrence of other diseases affecting the development of 
osteoporosis12, age, somatic and body composition, and the sex of the individual13.

A physical activity lifestyle is highly beneficial for increasing bone mineral density (BMD) and bone 
mineral content (BMC) to limit the emergence of osteopenia and osteoporosis development2,14. However, there 
is insufficient evidence regarding the extent of intensity and length of exercise required for osteogenic bone 
stimulation to occur at various skeletal locations. The osteogenic effect on bone tissue is important. Different 
forms of physical activity and types of sports have different osteogenic index (OI). Previous studies have shown 
that the accrual of bone mass can be optimized by mechanical loading through exercise interventions with large 
OI such as running, jumping, and weight-bearing activities15–18. It has not been proven, until recently, what 
training component has the strongest effect on human bone structure: type of stress, intensity, frequency, or 
duration19,20.

In addition to physical activity a strong determinant of bone tissue is the type of diet and eating habits. 
Traditionally, nutrition research has focused on single nutrients concerning bone health. However, this approach 
is limited. It does not account for dietary quality or nutrient synergy. The effect of a single nutrient on bone 
may be too small to detect21,22. New trends in studies of the effects of diet on health, including bone health, are 
increasingly based on analyses of dietary patterns. It is important to understand the influence of nutrients not 
only in isolation but also in the context of a dietary pattern, which is a complex mixture of nutrients7. The results 
from the Framingham Study Cohorts have shown dietary patterns to be predictive of BMD among adults22,23. 
Some studies have shown that a diet with a high intake of fruit, vegetables, low-fat dairy products, whole grains, 
poultry, fish, nuts, and legumes has a positive effect on bone status. This dietary pattern can be associated with 
a greater BMD and a lower risk of osteoporosis and fracture24. Some studies have shown that adherence to a 
Mediterranean diet protects against osteoporosis and has a positive effect on vitamin D levels25–27. In contrast, 
the Western diet is characterized by a high number of processed foods and is strongly correlated with lower BMD 
compared to other study groups22. An extensive meta-analysis was conducted in 2009 by Ho-Pham comparing 
BMD vegetarians to BMD controls. Revealed that vegetarians had nearly 4% lower BMD at both the femoral 
neck and lumbar spine than did individuals in the normal diet control group28. Despite various hypotheses 
regarding the correlation between a ketogenic diet and bone health, it is unclear whether a ketogenic diet has 
any effect on bone health in adults29. Intervention studies have shown the beneficial effects of dairy products 
on bone capital accumulation during growth and on bone turnover in adults. Observational studies have shown 
that consumption of dairy products, especially fermented dairy products that provide probiotics in addition to 
calcium, phosphorus, and protein, is associated with a lower risk of femoral neck fracture30.

In addition to the influence of lifestyle factors such as physical activity and nutrition, women’s biological, 
hormonal status has also been shown to be related to BMD levels. Age at menarche directly affects female estrogen 
levels, which play a vital role in bone tissue metabolism. The exact relationship between age at menarche and 
bone mineral status is not fully understood and described31. Some studies have shown that early menarche was 
positively associated with high BMD. Late menarche was associated with decreased BMD and increased risk of 
osteoporosis32. Other studies suggested no correlation between age at menarche and bone mineral status33. Some 
of the studies showed that early menarche is associated with an increased risk of adverse health outcomes, such 
as cardiovascular diseases, and cancers34,35. Other studies have shown that late menarche age may have a higher 
risk of lumbar osteoporotic fractures31. Most studies focused on mean age at menarche, with the frequency of 
early or late menarche rarely evaluated. It is known from research that after menopause, the rate of bone mass 
loss increases. The dynamics of these changes depend on whether women have risk factors for osteoporosis. 
Then the process of bone destruction will exceed the process of bone formation. The influence of biological 
variables on BMD has been a common topic of research in the general population. Much less frequently, such 
analyses were conducted among women training in the Masters category.

It is also worth mentioning a number of other potential factors that may affect bone mineral status in 
women, such as economic status, fertility, and diseases that disrupt bone metabolism. However, explaining the 
mechanisms of the influence of these variables on BMD requires further extended studies.

Given that BMD in women is influenced by a number of variables. In addition, the strength and direction 
of the relationship between these characteristics and BMD has not yet been indicated in previous studies. Also, 
there is a lack of evidence on the intensity of exercise, the type of training and its effect on bone health in 
women which substantiates our study. In this project, we planned multivariate analyses. This study evaluated 
the association between long-term exercise with different osteogenic index, dietary patterns, body composition, 
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biological factors, and forearm BMD in 199 female elite masters athletes endurance athletes (EA), speed-power 
athletes (SPA), and throwing athletes (TA).

Methods
Participants and procedures
The study included 199 women aged 57.6 ± 11.2 years, athletes in the Masters category, and participants at 
the World Masters Athletics Indoor Championships (Poland, Torun 2023) and European Masters Athletics 
Championships Indoor (Poland, Torun 2024). The research was conducted as part of the International Track 
and Field Masters Athletes Cohort Study Project. All women studied were of the same ethnic origin (Caucasian, 
European Origin). All were regular participants of international athletic championships who had trained in 
athletics since their youth and reported a current training frequency of at least four times a week. The athletes 
were divided into 3 categories according to the declared type of event during the competition: endurance athletes 
(EA: medium and long-distance running: 800  m, 1500  m, steeplechase running, marathon, cross country), 
speed-power athletes (SPA: sprint 60 m, 200 m, 400 m, high jump, long jump, hurdles, pentathlon, triple jump), 
and throwing athletes (TA: hammer throw, discus, shot put, javelin throw, weight throw). Criteria for exclusion 
from the study included factors affecting the development of secondary osteoporosis. Secondary causes of bone 
loss can involve any underlying process and medical problem, as well as the use of certain medications, which 
can either affect achieving peak bone mass as a young adult or result in excessive bone resorption, affecting 
bone health and quality. The exclusion criteria included bone metabolic diseases, kidney disease, thyroid and 
parathyroid diseases, cancers, rheumatoid arthritis, and long-term steroid treatment.

This study carried out all methods according to relevant guidelines and regulations. The project complies 
with the principles of bioethics, as confirmed by the Bioethics Committee of the National Institute of Public 
Health, National Institute of Hygiene in Warsaw (protocol number 1/2021). The Bioethics Committee approved 
the research. All research was performed in accordance with relevant guidelines/regulations. Informed consent 
was obtained from all participants. The work was carried out according to the Code of Ethics of the World 
Medical Association and the Declaration of Helsinki for experiments involving humans. Informed consent was 
obtained from all study participants.

Bone tissue parameters and anthropometric measurements
Bone parameters (BMC, BMD, T-score) of the nondominant forearm were measured by dual-energy X-ray 
absorptiometry (Model: Stratec, Swissray-USA, Norland Medical Systems Madison WI, USA). The measurements 
were taken at two regions of interest (ROIs): the distal and proximal (spans 10 mm starting at the 1/3 forearm 
length and continuing proximally) parts of the forearm and the results are given for the radiale plus ulna (R + U). 
The measurement scan speed for high precision was 2 mm/sec. The densitometer was calibrated every morning 
using the original phantoms recommended by the manufacturer. Bone examination was performed once. The 
effective dose (µSv) for this densitometer was 0.05. The T-score is a comparison of a patient’s BMD to that 
of a healthy thirty-year-old individual of the same sex and ethnicity expressed in standard deviations. Bone 
parameters were measured according to the adopted densitometry methodology and the recommendations 
of the International Society for Clinical Densitometry36. The examination was performed by a team with the 
certificates needed to perform peripheral and axial densitometry and who was experienced in densitometry.

The anthropometric measurement protocol described by Hall et al.37 was used. All measurements were 
performed according to the applicable methodology and with the same measurement instruments. The 
nondominant forearm length was measured using large callipers (GPM Large Spreading Caliper) at the 
radiale-stylion points (r - sty) with an accuracy of 1 mm. Body height (basis - vertex) was measured two times 
with an anthropometer (GPM, Siber Hegner, Zurich, Switzerland) with an accuracy of 1  mm by a qualified 
anthropologist. Body mass (in kg), fat mass (FM in kg), percentage of body fat (PBF), and fat-free mass (FFM 
in kg) were analyzed using the JAWON Medical x-scan device based on bioelectrical impedance analysis. The 
examination was performed by a physical anthropology team.

Biological factors and bone fractures over a lifetime
Biological factors such as age at menarche, age at menopause, menopausal status, and lifetime bone fracture 
status were rated via face-to-face interviews. The interview data were collected by a specialist of biological age. 
Menarche occurs between the ages of 10 and 16 years in contemporary girls from developed countries. This 
study used the age at menarche categories recommended for the Caucasian European Origin population. Age 
at menarche below 10 years is classified as early. The age of menarche is above 15 years as late38,39. We used the 
hormonal status classification recommended by the World Health Organization. Premenopause is the period 
before menopause characterized by rhythmic menstrual cycles). Perimenopause is the period immediately 
preceding menopause, in which menstrual cycles are longer and irregular). Postmenopause is natural menopause. 
Information on the occurrence of osteoporosis in the family was collected in a direct interview40.

Dietary pattern
Usual dietary intake was assessed at the face-to-face interview using a semiquantitative NHANES Food 
Frequency Questionnaire (FFQ). The habitual dietary intake was assessed using a semiquantitative NHANES 
Food Frequency Questionnaire (FFQ). Nutritional data were collected during the face-to-face interview with 
every participant woman by a qualified and experienced sports dietitian. The components of an FFQ are a 
food list and a response section eliciting how often each item was eaten in a given time interval and quantity 
of consumption. “The photo album of products and foods” was used, as recommended, as a tool in research 
on assessing actual consumption, especially on a population scale. After the interview was completed, the 
respondent’s gifted answers were verified again. Quantitative data on dairy product consumption (number per 
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day) so milk and any of the foods made from milk, including butter, cheese, ice cream, yogurt, condensed 
and dried milk, dietary supplementation, calcium supplementation, and vitamin D supplementation were also 
collected. Based on previous studies of the effect of dietary patterns on bone status, this study also assessed 
the frequency and effect of key dietary patterns on BMD41. Cluster analysis classified participants into dietary 
patterns using food subgroup servings. Clustering as a data analysis technique allowed observations (in this 
case, foods) to be grouped into groups or clusters in such a way that the characteristics (or variables; in this 
case, nutrients in food relevant to bone health such as calcium, protein, vitamin D, phosphorus, magnesium) 
of observations in a given cluster are more similar to each other than to observations (foods) in other clusters. 
Factor analysis revealed the following four dietary patterns: no.1- traditional diet/normal diet; no.2 - lactose-
free, gluten-free; no.3 - with a high intake of fruit, vegetables, dairy products, whole grains, poultry, fish, nuts, 
and legumes; no.4 - vegan, vegetarian.

Statistical analysis
All calculations were performed with STATISTICA software (v. 12.0, StatSoft, USA). The normality of the 
distribution was verified by the Shapiro-Wilk test. The assumption of equality of variances was assessed with 
the Levene test of homogeneity of variance. The data analysis was based on factor analysis of variance ANOVA 
and the Bonferroni post hoc test. The effect size was calculated as eta-squared (η2) (small effect < 0.06; medium 
effect 0.06–0.14; large effect > 0.14)42. Differences between the frequency of low BMD in two ROIs: the distal 
and proximal parts of the forearm, and between the categories of biological age, dietary pattern, and diet 
supplementation were analyzed with the chi-square test. It also evaluated the effect size for chi-square which 
indicates the strength or magnitude of an observed effect. In this analysis, the following Phi coefficients (Φ - phi 
factor), ranging from no association (0) to perfect (1) were used. To determine the relationships between BMD, 
and BMC in two ROIs: the distal and proximal parts of the forearm, and exercise with different osteogenic 
index (OI), dietary patterns, body compositions, and biological factors in female elite Masters Athletes, 
ANCOVA was applied. The degree of correlation of the predictors was assessed using the variance inflation 
factor (VIF) collinearity test, taking a not-to-exceed value of 10. Residual analysis was also performed, testing 
for homoscedasticity using the White test and the degree of correlation of the residuals using the Durbin-Watson 
test. The effect size was calculated as eta-squared (η2) (small effect: <0.06; medium effect: 0.06–0.14; large effect: 
>0.14). Relationships of sport competition category and type of dietary pattern (no.1- traditional diet/normal 
diet; no.2 - lactose-free, gluten-free; no.3 - with a high intake of fruit, vegetables, dairy products, whole grains, 
poultry, fish, nuts, and legumes; no.4 - vegan, vegetarian) with BMD (mean dis and prox) were evaluated using 
two-way ANOVA. The statistical significance was set at α < 0.01; α < 0.001 for all analyses.

Results
Comparison of somatic, bone, and biological characteristics between EA, SPA and TA
The analysis of individual variables in female masters athletics is presented in Table  1. The groups differed 
significantly in 12 of 17 analyzed indicators, especially bone indicators and body composition. The TA group had 
significantly greater body mass (large effect; η2 = 0.50), body height (medium effect; η2 = 0.10), BMI (large effect; 
η2 = 0.42), FM (large effect; η2 = 0.51), PBF (large effect; η2 = 0.34) and FFM (large effect; η2 = 0.31) than did the 
EA and SPA groups. Additionally, the SPA group had significantly greater body height (medium effect; η2 = 0.10) 
and FFM (large effect; η2 = 0.31) than did the EA group. Almost all values of bone indicators were highest in TA 
with large OI. Compared with EA and SPA, TA significantly increased the BMD dis (medium effect; η2 = 0.42), 
BMC dis (medium effect; η2 = 0.06), T-score dis (small effect; η2 = 0.03), BMD prox (small effect; η2 = 0.04), 
BMC prox (medium effect; η2 = 0.12) and T-score prox (medium effect; η2 = 0.09), (Table 1).

Frequency of low BMD, the categories of biological age, dietary pattern, and diet 
supplementation in EA, SPA and TA
Table 2 presents the frequency of low BMD in two ROIs: namely, the distal and proximal parts of the forearm, 
and the categories of biological age, dietary pattern, and diet supplementation in female masters athletes in 3 
categories of sport competition: endurance athletes (EA), speed-power athletes (SPA) and throwing athletes 
(TA). The desired value (T-score – 1.0 or above) of proximal forearm BMD occurred significantly more often in 
the TA group than in the EA (by 22.3%) and SPA groups (by 30.4%), (Table 2).

Relationships between BMD, BMC and exercise with different OI, dietary patterns, body 
compositions, and biological factors
Table 3 presents the relationships between bone parameters and exercise with different OI, dietary patterns, 
body compositions, and biological factors. The results of the covariance analyses between bone parameters and 
selected parameters indicated that in the case of elite masters athletes women, the main parameters affecting 
BMD dis were age at menopause (small effect: η² = 0.03), number of fractures (small effect: η² = 0.05), number 
of dairy products per day (small effect: η² = 0.05), type of dietary pattern (small effect: η² = 0.04) and sport 
competition, type by OI (small effect: η² = 0.03). BMD prox was affected by age at menarche (medium effect: η² 
= 0.096), age at menopause (large effect: η² = 0.12), past fractures (small effect: η² = 0.02), dairy product (large 
effect: η² = 0.13), type of dietary pattern (small effect: η² = 0.04) and sports competition (medium effect: η² = 
0.06). Similar analyses were conducted for dis and prox BMC. The results of the covariance analyses between 
BMC dis and selected parameters indicated that in the case of masters athletes women, the main parameters 
affecting BMC dis were age at menarche (small effect: η² = 0.04), age at menopause (small effect: η² = 0.05), past 
fractures (small effect: η² = 0.05), dairy product (medium effect: η² = 0.06), type of dietary pattern (small effect: 
η² = 0.04) and sport competition (medium effect: η² = 0.03). The BMC prox was affected by age at menarche 
(medium effect: η² = 0.09), age at menopause (small effect: η² = 0.04), FM (small effect: η² = 0.02), dairy product 
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(medium effect: η² = 0.07), type of dietary pattern (small effect: η² = 0.04) and sports competition (medium effect: 
η² = 0.07). Factors such as age at menopause and menarche, along with dietary intake, significantly affected BMD 
and BMC, highlighting the importance of nutrition, particularly dairy consumption, for bone health (Table 3).

Relationships of sport competition category and type of dietary pattern with BMD and BMC
Figure 1 presents the relationships of sport competition category and type of dietary pattern with BMD (mean 
dis and prox), (two-way ANOVA results) of the women studied. There were clearly significant interactions 
between the variables studied. In both groups of women EA and SPA dietary pattern no. 3 (high intake of fruit, 
vegetables, dairy products, whole grains, poultry, fish, nuts, and legumes) had a greater mean BMD. In contrast, 
in the TA group dietary pattern no. 2 (lactose-free, gluten-free) determined higher mean BMD (Fig. 1).

Figure 2 presents the relationships between sport competition category and the type of dietary pattern and 
the BMC (mean dis and prox), (two-way ANOVA results) of the masters athletes women studied. Similar results 
for BMD were reported. In both groups of women EA and SPA dietary pattern no. 3 (high intake of fruit, 
vegetables, dairy products, whole grains, poultry, fish, nuts, and legumes) had a greater mean BMC. In contrast, 
in the TA group dietary pattern no. 2 (lactose-free, gluten-free) had a greater mean BMC (Fig. 2).

Relationships of sport competition category and age at menarche category with BMD and 
BMC
Figure  3 presents the relationships between the sports competition category and age at menarche category 
and BMD (mean dis and prox), (two-way ANOVA results) of the women studied. There were clear significant 
interactions between the variables studied. In all groups of women TA, EA, and SPA late menarche determined 
higher mean BMD (Fig. 3).

EA (1) SPA (2) TA (3)

Significant difference
F (p)
η2Mean ± SD

Age (years) 58.9 ± 11.6 55.6 ± 10.8 59.5 ± 10.7 ns 2.39 (0.094)
0.02

Age at menarche (years) 13.02 ± 2.0 12.99 ± 1.9 12.73 ± 2.3 ns 0.268 (0.765)
0.00

Age at menopause (years) 50.7 ± 3.1 50.9 ± 3.5 48.8 ± 7.8 ns 0.366 (0.694)
0.00

Body mass (kg) 56.7 ± 6,9 59.3 ± 5.8 79.4 ± 14.2 1v3, 2v3 96.76 (0.000)
0.50

Body height (cm) 162.6 ± 6.3 165.0 ± 7.1 168.8 ± 5.7 1v2, 1v3, 2v3 10.9 (0.000)
0.10

BMI (kg/m2) 21.5 ± 2.9 21.8 ± 1.9 27.8 ± 4.5 1v3, 2v3 71.02 (0.000)
0.42

FM (kg) 19.3 ± 3.9 19.9 ± 3.3 33.7 ± 9.8 1v3, 2v3 101.28 (0.000)
0.51

PBF (%) 33.9 ± 4.0 33.5 ± 3.4 41.7 ± 5.7 1v3, 2v3 51.39 (0.000)
0.34

FFM (kg) 37.4 ± 4.1 39.3 ± 3.8 45.7 ± 5.7 1v2, 1v3, 2v3 44.96 (0.000)
0.31

BMD dis R + U (g/cm2 ) 0.302 ± 0.06 0.305 ± 0.07 0.371 ± 0.09 1v3, 2v3 12.10 (0.000)
0.12

BMC dis R + U (g) 1.258 ± 0.29 1.256 ± 0.30 1.450 ± 0.31 1v3, 2v3 5.84 (0.003)
0.06

T-score dis R + U -0.788 ± 0.94 -0.789 ± 1.06 -0.308 ± 0.85 1v3, 2v3 3.34 (0.037)
0.03

% age matched dis R + U 94.8 ± 16.3 99.1 ± 20.2 101.8 ± 16.9 ns 2.17 (0.117)
0.02

BMD prox R + U (g/cm2) 0.685 ± 0.12 0.682 ± 0.11 0.746 ± 0.14 1v3, 2v3 3.76 (0.025)
0.04

BMC prox R + U (g) 1.781 ± 0.29 1.789 ± 0.31 2.119 ± 0.50 1v3, 2v3 13.47 (0.000)
0.12

T-score prox R + U -2.002 ± 1.76 -2.115 ± 1.73 -0.637 ± 1.66 1v3, 2v3 9.32 (0.000)
0.09

% age matched prox R + U 92.5 ± 12.1 93.0 ± 13.9 94.6 ± 13.4 ns 0.31 (0.737)
0.00

Table 1.  General characteristics of the analyzed variables in female masters athletes in 3 sport competition 
categories: endurance athletes (EA), speed-power athletes (SPA), and throwing athletes (TA). BMD bone 
mineral density, BMC bone mineral content, dis distal part of forearm, prox proximal part of forearm, R + U 
radiale + ulna, BMI body mass index, PBF percentage body fat, FM fat mass, FFM fat-free mass, FMI fat mass 
index, FFMI fat-free mass index. Dietary pattern: no.1- Customary diet/normal diet; no.2- lactose-free, gluten-
free; no. 3- high intake of fruit, vegetables, dairy products, whole grains, poultry, fish, nuts, and legumes; no.4.- 
Vegan, vegetarian; Φ - phi factor, effect size for the chi-squared test; η2 - eta-squared.
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Figure 4 presents the relationships of sport competition category and age at menarche category and BMC 
(mean dis and prox), (two-way ANOVA results) of the women studied. There were clear significant interactions 
between the variables studied. In all groups of women TA, EA and SPA late menarche determined higher mean 
BMD, especially in TA (Fig. 4).

Discussion
This study used forearm bone parameters data from different types of track and field female athletes aged 40 
years and over from the European and World Masters Athletics Indoor Championships. The results suggest that 
bone mineral density (BMD) in the forearm of female masters athletes is strongly affected by biological factors 
such as age at menopause, age at menarche, number of fractures, number of dairy products per day, type of 
dietary pattern, and especially sports competition. In the case of masters athletes women, the main parameters 
affecting BMC were age at menarche, age at menopause, past fractures, dairy products, type of dietary pattern, 
and sports competition.

Multifactorial determinants of bone mineralization have been the subject of numerous studies in the general 
population43–45. There is much less research focused on specific groups such as female athletics trainees over the 
age of 4046–48.

EA (1) SPA (2) TA(3)

Chi‑square test (p) Φ%

Biological age

1.34 (0.85) 0.08
 Perimenopause 12.9 16.0 21.2

 Premenopause 23.5 21.0 21.2

 Postmenopause 63.5 63.0 57.6

T-score dis

6.02 (0.49) 0.17 Normal 49.4 51.0 72.7

 Low 50.6 49.0 27.3

T-score prox

9.46 (0.01) 0.22** Normal 35.3 27.2 57.6

 Low 64.7 72.8 42.2

Bone fractures over a lifetime

0.336 (0.85) 0.04 Yes 15.3 12.3 15.2

 No 84.7 87.7 84.8

Dietary pattern

1.79 (0.93) 0.09

 No. 1 55.3 51.9 54.5

 No. 2 24.7 27.2 21.2

 No. 3 9.4 12.3 9.1

 No. 4 10.6 8.6 15.2

Dairy product consumption 1.579 (0.45) 0.08

 Yes 64.7 64.2 75.8

 No 35.3 35.8 24.2

Dietary supplementation

2.014 (0.36) 0.10 Yes 44.7 53.1 57.6

 No 55.3 46.9 42.4

Calcium supplementation

0.429 (0.81) 0.05 Yes 5.9 6.2 9.1

 No 94.1 93.8 90.9

Vitamin D supplementation

2.909 (0.23) 0.12 Yes 23.5 18.5 33.3

 No 76.5 81.5 66.7

Table 2.  Frequency of low BMD in two ROIs: the distal and proximal parts of the forearm, and category of 
biological age, dietary pattern, and diet supplementation in female masters athletes in 3 sport competition 
categories: endurance athletes (EA), speed-power athletes (SPA) and throwing athletes (TA). BMD bone 
mineral density, BMC bone mineral content, dis distal part of forearm, prox proximal part of forearm. 
Classification BMD: normal when T-score − 1.0 or above; low BMD/Osteopenia when T-score between − 2.5 
and − 1.0; osteoporosis when the T-score of -2.5 or below; dietary pattern: no.1- traditional diet/normal diet; 
no.2- lactose-free, gluten-free; no. 3- high intake of fruit, vegetables, dairy products, whole grains, poultry, fish, 
nuts, and legumes; no.4.- vegan, vegetarian; Φ - phi factor and significantly different: *p ≤ 0.05, **p ≤ 0.01 and 
***p ≤ 0.001. Significant values are in bold.
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Long-term exercise training and bone mineralization
In this study females in the TA group had significantly greater BMD dis, BMC dis, T-score dis, BMD prox, BMC 
prox, and T-score prox than those in the EA and SPA. Master athletes offer a model to examine associations 
between long-term exercise training and bone mineralization. The bone adapts to the mechanical loading it 
experiences during physical activity. In many studies, positive associations between PA levels and bone strength 
in older adults have been reported49,50. This study suggested that exercise is an effective way to improve and 
maintain BMD. There is also uncertainty over the types of activities that are potentially osteogenic. The effects 
of different muscle-loading exercise modes and volumes on musculoskeletal health are not well-studied in older 
populations51.

To fully understand the effect of activity on bone mineralization, it is necessary to take into account not only 
the duration of activity but also the type of activity, and the type of exercise according to the osteogenic effect. In 
our study, the type of athletic competition was important. Athletic throws are characterized by a large proportion 
of weight-bearing exercises during training, and they cause considerable pressure on the bone improving its 
strength. This type of training has a high osteogenic index. Moreover, in the case of the masters category, such 
physical activity has a long-term impact. Similar results were shown in earlier studies3. The results of two distinct 
cohorts of masters athletes with 10 years of training experience, Olympic weightlifters and distance runners, 
showed that greater total and regional BMD in Olympic weightlifters than in runners may reduce the risk of 
developing osteoporosis52. Piasecki et al.46 in a masters study (38 master sprint runners males and females, 
mean age 71 ± 7 years, and 149 master endurance runners males and females, mean age 70 ± 6 years) showed 
that regular running is associated with greater BMD at fracture-prone hip and spine sites in master sprinters but 
not in runners. In our study, female masters with SPA also had better bone mineralization than the EA group.

The available research highlights the most appropriate features of exercise for increasing bone density: 
weight-bearing aerobic exercises, i.e., walking, stair climbing, jogging, and Tai Chi, multicomponent exercises 
consist of a combination of different methods (aerobics, strengthening, progressive resistance, balancing, and 
dancing) aimed at increasing or preserving bone mass. However, for these protocols to be effective they must 
always contain a proportion of strengthening and resistance exercises53.

Interactions of sport competition category and type of dietary pattern with BMD and BMC
The positive and beneficial effects of physical activity and sports training on bone mineralization may be 
supported or reduced by other factors. In our study, we analyzed dietary patterns more accurately than 
individual dietary data. This study had significant interactions of sport competition category and type of dietary 
pattern with BMD and BMC. In both groups of women, EA and SPA, dietary pattern with a high intake of fruit, 
vegetables, dairy products, whole grains, poultry, fish, nuts, and legumes had greater mean BMD and BMC. 

BMD dis (g/cm2) BMD prox (g/cm2) BMC dis (g) BMC prox (g)

F (p)
η²

F (p)
η²

F (p)
η²

F (p)
η²

Age (year) 0.213 (0.645)
0.001

0.653 (0.420)
0.003

0.004 (0.949)
0.000

0.916 (0.340)
0.005

Age at menarche (year) 2.822 (0.095)
0.015

19.650 (0.000)***
0.096

8.013 (0.005)**
0.041

17.631 (0.000)***
0.087

Age at menopause (year) 6.590 (0.011)**
0.034

26.080 (0.000)***
0.123

10.079 (0.002)**
0.051

7.905 (0.005)**
0.041

BMI (kg/m2) 1.561 (0.213)
0.008

0.168 (0.683)
0.001

1.276 (0.260)
0.007

1.103 (0.295)
0.006

FM (kg) 1.093 (0.297)
0.006

0.897 (0.345)
0.005

0.514 (0.474)
0.003

4.443 (0.036)*
0.023

FFM (kg) 0.795 (0.374)
0.004

0.979 (0.324)
0.005

0.484 (0.486)
0.003

1.619 (0.205)
0.009

Fractures (n) 9.373 (0.003)**
0.048

4.625 (0.033)*
0.024

9.870 (0.002)**
0.050

6.380 (0.012)
0.033

Dairy product (n/day) 8.885 (0.003)**
0.046

28.075 (0.000)***
0.131

12.638 (0.000)***
0.064

13.987 (0.000)***
0.070

Dietary pattern (type) 8.557 (0.004)**
0.044

7.464 (0.007)**
0.039

8.469 (0.004)**
0.044

7.135 (0.008)**
0.037

Training experience (years) 0.004 (0.948)
0.000

0.004 (0.949)
0.000

0.009 (0.926)
0.000

0.277 (0.599)
0.001

Sport competition 
(type by OI)

6.079 (0.015)*
0.032

9.366 (0.002)**
0.056

6.122 (0.013)**
0.033

12.511 (0.000)***
0.066

F (p)
R^2 adj.

7.138 (0.000)
0.24

13.206 (0.000)
0.43

7.624 (0.000)
0.29

12.528 (0.000)
0.41

Table 3.  Relationships between BMD, BMC in two ROIs: the distal and proximal part of the forearm and 
exercise with different osteogenic index (OI), dietary patterns, body compositions, and biological factors in 
female elite masters athletes (results of ANCOVA, age-continuous variable). BMD bone mineral density, dis- 
distal part of forearm, prox proximal part of forearm, BMI body mass index, PBF percentage body fat, FM- fat 
mass, FFM fat free mass. Significant differences: *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001.
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In contrast, in the TA group, dietary pattern with lactose-free and gluten-free products was associated with 
greater mean BMD and BMC. The latest studies have shown that adherence to the Mediterranean diet rich in 
olive oil, a high intake of fruit, vegetables, fish, and nuts, and a high proportion of phenols is protective against 
osteoporosis27. Lactose intolerance may predispose individuals to low calcium intake, but a study found no 
significant difference in calcium absorption from a range of dairy products differing in lactose levels in adult 
women54. Therefore, it can be concluded that the regular physical activity of women in the masters category also 
influences nutritional choices. In our study, regardless of sport discipline, more than 60% of women consumed 
dairy products. Compared to the data from the fourth wave (2011/2012) of the Survey of Health, Aging and 
Retirement in Europe55, this percentage is much greater than that of non-training women of a similar age. In 
our study, the number of dairy products consumed per day significantly influenced forearm BMD in connection 
with physical activity. Dairy products are the main food sources providing bone-beneficial nutrients, such as 
calcium, phosphorus and magnesium and also protein, vitamin B-12, zinc, potassium and riboflavin. These 
food sources provide a morphological role in bone healthy structure7. The dietary intake of nutrients, especially 
protein, calcium and vitamin D, is important for masters athletes because of the physiological changes that occur 
with aging and the unique nutritional needs associated with high levels of physical activity.

When analyzing the nutritional patterns of physically active women and their impact on BMD, it is necessary 
to mention potential confounding variables such as impaired absorption of dietary components, general health 
condition, heat treatment of food, and quality of food products.

Interactions between mean BMD and BMC and biological factors
In the masters population, progressive aging processes and age-related diseases may also be obstacles to accurate 
analysis. In this study, there were clear significant interactions between mean BMD and BMC and biological 
factors such as age at menarche and age at menopause. In all groups of women TA, EA and SPA late menarche 
determined higher mean BMD, especially in TA. Studies of the interaction of biological status and bone 
mineralization show divergent results, and most often involve women from the general, non-training population. 

Fig. 1.  Relationships of sport competition category and type of dietary pattern with BMD (mean dis and 
prox), Dietary pattern: no.1- traditional diet/normal diet; no.2- lactose-free, gluten-free; no. 3- high intake of 
fruit, vegetables, dairy products, whole grains, poultry, fish, nuts and legumes; no.4.- vegan, vegetarian; (results 
two-way ANOVA; F = 4.509; p = 0.0003; η2 = 0.13; vertical lines − 0.95 CI - confidence intervals)
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In addition, studies show different relationships between the age of menarche and menopausal status on BMD 
at different skeletal locations3,31–33. One study found that postmenopausal women with a menarche age of ≥ 16 
years had significantly lower lumbar spine BMD than that had by those with a menarche age of ≤ 12 years31. In 
the other research age at menopause did not influence the BMD of the lumbar spine or femoral neck. In this 
study age at menarche or menopause seems to be of limited or no importance as a risk factor for osteoporosis33. 
Our study of women training after the age of 40 showed that biological status significantly influenced forearm 
bone parameters. The surveyed women were physically active in the past, at the age of puberty and peak bone 
mass building, and now at the peri, pre-, and menopausal age, so this is also a specific group for analysis. Physical 
activity affects the menstrual cycle, and after the age of 40, it may improve the health and hormonal status of 
women. In a Polish study with middle-aged women (aged 40–65), high and moderate PA levels have less severe 
menopausal symptoms compared to inactive women56. Interactions of biological factors and bone mineral status 
in physically active women require further in-depth research.

Athletes in the masters category are excellent materials for testing the long-term effect of training on the 
mineral state of bones. As research and data collected from their life histories indicate, most of them were 
competitive athletes both in their youth and now. This study suggested that high-altitude osteogenic exercises, 
such as throwing, and weight-bearing exercises at a young age and training continuation later in life may be 
important contributors to BMD and BMC in middle-aged and elderly individuals. Physical activity in women 
over 40 years of age may also influence better eating patterns and more frequent consumption of healthier foods 
such as fruit, vegetables, dairy products, whole grains, poultry, fish, nuts, and legumes.

Strengths and limitations
Athletes in the masters category are excellent materials for testing the long-term effect of training on the mineral 
state of bones, in the general population it is very hard to find individuals with physical activity and sports 
almost in all life. The strength of the work is that the study was performed at a single point in time, with all 
participants tested and measured by a single specialist. This eliminated the subjective error of the measurements. 

Fig. 2.  Relationships of sport competition category and type of dietary pattern with BMC (mean dis and prox), 
Dietary pattern: no.1- traditional diet/normal diet; no.2- lactose-free, gluten-free; no. 3- high intake of fruit, 
vegetables, dairy products, whole grains, poultry, fish, nuts and legumes; no.4.- vegan, vegetarian; (results two-
way ANOVA; F = 2.590; p = 0.0196; η2 = 0.08; vertical lines − 0.95 CI - confidence intervals)
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Determinants of BMD were analyzed multivariate and in two ROIs. A thorough statistical analysis of the data was 
carried out. ANOVA helps identify the sources of variation in the data and provides a measure of the variability 
between groups. We used in analysis the degree of correlation of the predictors was assessed using the variance 
inflation factor (VIF) collinearity test, taking a not-to-exceed value of 10. Residual analysis was also performed, 
testing for homoscedasticity using the White test and the degree of correlation of the residuals using the Durbin-
Watson test. Our study, although it includes the results of an elite group of women in the masters category, 
has some limitations. One limitation of the full interpretation of the results of the study is the relatively small 
number of female athletes studied after participating in the sports competition. BMD accounts for almost 70% 
of bone strength and bone quality accounts for the remaining 30%, therefore, it is worth extending this research 
to include bone quality characteristics. The one of the limitations of this study can be the study’s homogeneity 
(Caucasian, European origin) limits the applicability of findings to broader populations, and exclusion criteria 
may restrict results to specific athlete groups.

Summary and conclusions
Physical activity at the masters age helps maintain bone mineralization and may influence dietary choices. The 
long-term effects of athletic training, especially exercises such as throwing, have been confirmed in these studies. 
It is therefore worth considering popularizing these exercises at every stage of ontogenesis as a supplement to any 
other physical activity. Athletic training after the age of 40 can help eliminate the risk of developing osteoporosis. 
Dietary patterns, particularly those based on the consumption of dairy products, vegetables, fish, poultry, nuts 
and legumes, are important determinants of BMD and BMC among female masters trainers. Interactions of 
biological factors and bone mineral status in physically active women require further in-depth research. The 
findings underscore the need for personalized training and nutritional approaches for elite female athletes to 
support bone health, with a call for further longitudinal studies to assess long-term impacts.

The results and conclusions of this study have practical, applied uses for both coaches and Masters athletes. 
They can serve as practical guidance as to what factors particularly related to diet are important for the bone 
health of athletes.

Fig. 3.  Relationships of sport competition category and age at menarche category with BMD (mean dis and 
prox), (results two-way ANOVA; F = 2.4106; p = 0.0506; η2 = 0.05; vertical lines − 0.95 CI - confidence intervals).
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Future Research Directions: a further investigation into biological factors to BMD in Masters athletes women, 
extending the scope of the study to include other sports disciplines with different OI in the masters category, 
including analyses of bone turnover markers and other biochemical tests to assess bone metabolism.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author upon reasonable request.
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