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Abstract: Objectives. Training for sport is associated with the development of bone minerals, and the
need for reference data based on athletes is often indicated. The purpose of this study was to
develop a reference for bone mineral density (BMD) and content (BMC) specific for youth athletes
of both sexes participating in several sports. Methods DEXA (dual energy X-ray absorptiometry)
was used for total body measurements of bone minerals in 1385 athletes 11 to 20 years, 1019 males
and 366 females. The athletes were training in several sports at Hungarian academies. Reference
values for total bone mineral density and bone mineral content, and also BMD excluding the head
(total body less head, TBLH) were developed using the LMS chartmaker pro version 2.3. Results.
The centile distributions for BMD and BMC of the athletes differed significantly from those of the age-
and sex-specific references for the general population. The youth athletes had higher BMD and BMC
than those of the reference for the general population. Conclusion. The potential utility of the DEXA
reference for male and female youth athletes may assist in monitoring changes in the BMC and BMD
associated with normal growth and maturation, and perhaps more importantly, may be useful in
monitoring changes specific to different phases of sport-specific training protocols.
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1. Introduction

Concern for bone health, specifically bone mineral density (BMD) and bone mineral content
(BMC), is a major concern given age and gender variation [1,2]. In this context, reference data for a
population are routinely used for screening purposes; as such, they are a reference for comparison [1,3,4].
Given changes in BMD and BMC during the course of growth and maturation, there is increased
interest in the bone health of children and youth, especially in the context of beneficial effects of
regular physical activity on BMC [5–7]. Evidence is also consistent in showing beneficial effects of
systematic training for sport on BMC [8,9]. Mechanical loading associated with regular training has a
significant influence on skeletal development and bone maintenance. Regular intensive exercise with
considerable mechanical loading in athletes is associated with an increase in absolute and relative bone
dimensions and structural parameters. In contrast, inadequate bone development per se and some
practices associated with specific sports, e.g., extreme weight control measures and disordered eating,
can negatively influence performance and can increase the risk for bone stress injuries. Understanding
bone development in young athletes may inform training practices, leading to success in sport,
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facilitate the diagnosis of structural abnormalities in bone, and contribute to the prevention of skeletal
injuries [10–12].

The bone health of athletes, specifically BMD and BMC status, is generally evaluated relative
to reference data for the general population [13–15]. Such a reference may have limitations with
athletes given the selectivity of sport in general, sport-specific training demands, and dietary pressures
associated with specific sports [16,17]. Moreover, measures of BMD and BMC among athletes often fall
outside normal ranges for the general population [18–20].

DEXA (dual energy X-ray absorptiometry) technology provides measures of total body bone area
(cm2), BMC (g), and BMD (g/cm2) [21]. However, evaluation of BMC and BMD requires appropriate
reference data that allow for chronological age, body size, pubertal status, ethnicity, and sex, and perhaps
demands of specific sports [22–24]. The preferred indicator of BMD is the total body, excluding the
head [25]. Evidence suggests that age, height, and weight were better predictors of total body BMD
excluding the head (total body less head (TBLH) BMD) in contrast to total body BMD [26]. Use of
the subtotal BMD result, excluding the head region, is preferred as the skull does not develop in
a proportionally similar manner to body mass and to the weight of other organs in children and
adolescents. In addition, the head constitutes a large portion of the total body bone mass but changes
little with growth, activity, or disease. Thus, including the skull may mask gains or losses at other
skeletal sites [21].

The purpose of this study was to develop reference values for BMC, BMD, and TBLH BMD based
on DEXA in a sample of Hungarian youth athletes of both sexes.

2. Material and Methods

The project was approved by the Ethics Committee of the University of Physical Education in
Budapest, Hungary. Parents of athletes <18 years and also the athletes were informed of the details of
the project; both provided written informed consent. Details of the project were also given to older
athletes who also provided informed written consent.

Participants were 1385 athletes, 1019 males and 366 females, 11–20 years of age, who volunteered
to participate in this cross-sectional study. The athletes represented several Hungarian sport academies,
primarily basketball, football, and handball with smaller numbers for ice hockey and several individual
sports including pentathlon, rhythmic gymnastics, swimming, athletics, fencing, kayak, canoe, rowing,
wrestling, karate, and weight-lifting. All of the participants in the study were considered elite and
most began training at 6–7 years of age. The athletes trained daily for approximately two hours per day
through most of the year and had at least one competition per week. The respective academies delegated
the athletes for the body structural and DEXA examinations. Exclusion criteria for DEXA scans included
the lack of written consent, body weight >130 kg, height >200 cm, pregnancy, non-removable objects
(e.g., prostheses or implants) in the past one-half year, and inability of an athlete to attain correct
position and/or to remain motionless during the scan.

The research was conducted between September 2015 and March 2019. Whole body bone mineral
density (BMD), bone mineral content (BMC), and total body less head (TBLH BMD) were measured
with a GE Lunar Prodigy dual-energy X-ray scanner. The scanner was located in the Research Center
for Sport Physiology, University of Physical Education, Budapest, Hungary, and the first Author
(IK) made the DEXA measurements. The data were processed with enCORE Version 16 software.
The Lunar Prodigy reference data were based on an international sample of healthy children and adults
from the general population in several regions of the world in the 1990s and early 2000s. The sample
was free of people with chronic diseases affecting bone structure and development and those taking
bone-altering medications. The enCORE software of the scanner permits comparison of a subject’s
results to a selected reference population considering ethnicity (Black, White, Asian, or Hispanic;
White was chosen in the case of the Hungarian young athletes). The athletes were grouped into single
year chronological age groups with the whole year as the midpoint, i.e., 11 years = 10.50 to 11.49,
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12 years = 11.50 to 12.49, etc. Sample sizes and descriptive statistics for age, height, and weight of male
and female athletes are summarized by age groups in Tables 1 and 2, respectively.

Table 1. Sample sizes and descriptive statistics (means (M) and standard deviations (SD)) for age,
height, and weight of male athletes by age group.

Age Group Sample Age Height Weight

(years) n M SD M SD M SD

11 25 11.56 0.28 157.62 6.28 43.19 6.23
12 28 12.63 0.26 166.89 9.05 50.75 12.72
13 63 13.55 0.28 173.04 10.57 57.65 11.55
14 98 14.57 0.30 177.09 8.86 63.98 10.67
15 200 15.50 0.27 180.08 8.79 69.12 11.94
16 237 16.48 0.29 181.87 9.19 71.27 9.48
17 174 17.49 0.28 184.74 9.65 76.65 11.09
18 123 18.43 0.29 182.27 8.21 76.52 12.19
19 42 19.53 0.32 180.76 7.39 76.13 6.50
20 29 20.34 0.27 177.40 6.00 78.91 11.95

Table 2. Sample sizes and descriptive statistics (means (M) and standard deviations (SD)) for age,
height, and weight of female athletes by age group.

Age Group Sample Age Height Weight

(years) n M SD M SD M SD

13 25 13.60 0.23 168.24 8.86 57.27 10.32
14 79 14.51 0.24 171.47 7.06 63.76 9.36
15 86 15.55 0.30 173.46 7.26 67.11 11.36
16 49 16.54 0.30 172.70 7.08 65.35 8.96
17 63 17.37 0.32 173.00 7.01 66.98 12.78
18 27 18.52 0.32 174.46 8.14 66.10 7.31
19 27 19.43 0.24 174.16 6.69 70.14 9.64
20 10 20.65 0.24 167.38 8.14 63.53 7.16

Age- and sex-specific means and standard deviations, and selected percentiles (10th, 25th, 50th,
75th, 90th) were calculated for BMD, BMC, and TBLH BMD using the LMS chart maker pro version
2.3. The bone mineral parameters of each athlete were converted to z-scores relative to age- and
sex-specific reference values specified by the Lunar Prodigy type dual-energy X-ray scanner manual.
The distributions of BMD and BMC parameters in the athletes were compared to standard reference
centile distributions by using individual z-scores of bone mineral parameters in young athletes on the
basis of the reference centile distribution (reference L, M, S parameters). Single sample t-tests were
used to evaluate the distribution of z-scores in each age-group of males and females, i.e., to compare
age and sex-specific z-scores for BMD and BMC of the athletes to the Lunar Prodigy reference for
youth. The normality of z-scores for BMD and BMC was tested by the Kruskal–Wallis test. Hypotheses
were tested at a 5% level of random error.

Ethical Approval Information

The Research Ethics Committee of the University of Physical Education (Budapest, Hungary)
approved the study (ID of approval: TE-KEB/No42/2019). The investigations were carried out following
the rules of the Declaration of Helsinki of 1975 (https://www.wma.net/what-we-do/medical-ethics/
declaration-of-helsinki/), revised in 2013.

3. Results

Sex differences in the selected bone mineral parameters are apparent at 14 years and older;
total BMD, TBLH BMD, and BMC of male athletes are greater than corresponding values in their
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female age-peers except for total BMD (tBMD) at 13, 14, 19, and 20 years, and TBLH BMD at 20 years.
At each indicated age, the BMD parameters do not differ between boys and girls (Table 3).

Table 3. Significance levels for sex differences in BMD and bone mineral content (BMC) parameters
among athletes (significant values in italics).

Age
(years)

Total BMD
(g/cm2)

TBLH BMD
(g/cm2)

BMC
(g)

12 0.378 0.669 0.505
13 0.421 0.468 0.806
14 <0.001 <0.001 0.009
15 0.157 0.009 <0.001
16 0.127 0.012 <0.001
17 0.012 <0.001 <0.001
18 0.015 <0.001 <0.001
19 0.384 0.024 0.002
20 0.557 0.773 0.004

The total BMD of male athletes is considerably higher than that of the age-specific reference for
males (Figure 1, p < 0.001 in each age-group). The median BMD curve exceeds the 90th percentiles
of the reference. Although the data are cross-sectional, the adolescent increase in BMD occurs at a
somewhat later age among the athletes.

Int. J. Environ. Res. Public Health 2020, 17, x 4 of 12 

 

age-peers except for total BMD (tBMD) at 13, 14, 19, and 20 years, and TBLH BMD at 20 years. At 
each indicated age, the BMD parameters do not differ between boys and girls (Table 3). 

The total BMD of male athletes is considerably higher than that of the age-specific reference for 
males (Figure 1, p < 0.001 in each age-group). The median BMD curve exceeds the 90th percentiles of 
the reference. Although the data are cross-sectional, the adolescent increase in BMD occurs at a 
somewhat later age among the athletes. 

The corresponding trend for total BMD among female athletes also indicates higher BMD 
(Figure 1, p < 0.001 in all age groups except 20 years, p = 0.02). Of interest, the 25th percentile for 
female athletes is higher than the 90th percentile of the reference. Nevertheless, the percentiles for 
female athletes parallel those of the reference. 

 
Figure 1. Total bone mineral density (BMD) in youth male and female athletes 11 to 20 years of age; 
percentiles (- - -) for athletes estimated with the LMS method, are plotted relative to the DEXA (dual 
energy X-ray absorptiometry) reference (—) percentiles (10th, 25th, 50th, 75th, 90th; the 50th 
percentiles are in bold). 

Percentiles for BMD excluding the head (TBLH BMD in male athletes are higher than those of 
the reference beginning at 11 years (Figure 2, p < 0.001 in all age groups), while the 25th percentiles 
of the athletes approximate the 90th percentiles of the reference. In contrast to total body BMD, the 
adolescent spurt in TBLH BMD appears to be somewhat earlier in athletes compared to that of the 
reference. 

Figure 1. Total bone mineral density (BMD) in youth male and female athletes 11 to 20 years of
age; percentiles (- - -) for athletes estimated with the LMS method, are plotted relative to the DEXA
(dual energy X-ray absorptiometry) reference (—) percentiles (10th, 25th, 50th, 75th, 90th; the 50th
percentiles are in bold).
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The corresponding trend for total BMD among female athletes also indicates higher BMD (Figure 1,
p < 0.001 in all age groups except 20 years, p = 0.02). Of interest, the 25th percentile for female athletes
is higher than the 90th percentile of the reference. Nevertheless, the percentiles for female athletes
parallel those of the reference.

Percentiles for BMD excluding the head (TBLH BMD in male athletes are higher than those of the
reference beginning at 11 years (Figure 2, p < 0.001 in all age groups), while the 25th percentiles of the
athletes approximate the 90th percentiles of the reference. In contrast to total body BMD, the adolescent
spurt in TBLH BMD appears to be somewhat earlier in athletes compared to that of the reference.
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Figure 2. Total body less head (TBLH) BMD in youth male and female athletes 11 to 20 years of age;
percentiles (- - -) for athletes, estimated with the LMS method, are plotted relative to the DEXA reference
(—) percentiles (10th, 25th, 50th, 75th, 90th; the 50th percentiles are in bold).

The trend in TBLH BMD percentiles of female athletes is similar to that in males (Figure 2, p < 0.001
in all age groups except 13 years, p = 0.04). The cross-sectional data also suggest a more intense
adolescent spurt in female athletes.

Percentiles for BMC among male athletes are also consistently higher than those of the reference
(Figure 3, p < 0.001 in all age groups). The medians for athletes approximate the 90th percentiles of the
reference across the age range except at 12 years when the 25th percentile of the athletes approximated
the 90th percentile of reference.
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Figure 3. Total BMC in youth male and female athletes 11 to 20 years of age; percentiles (- - -) for
athletes, estimated with the LMS method, are plotted relative to the DEXA reference (—) percentiles
(10th, 25th, 50th, 75th, 90th; the 50th percentiles are in bold).

The corresponding trends for BMC of female athletes generally parallel those of the reference
percentiles from 14 years on, but are significantly higher than those of the reference (Figure 3, p < 0.001
in all age groups except 13 years, p = 0.04).

Examples of the application of the reference percentiles for athletes in the evaluation of individual
BMDs are shown in Figure 4. The athletes were selected from a longitudinal study of bone structure
in youth athletes. In the male athlete (Figure 4, left), the BMD of the athlete is higher than the 90th
percentile of the general population at each observation, but relative to the reference for athletes,
the BMD shifts from the median at observation 1 to the 75th percentile at observation 2, suggesting that
BMD continued to increase between 17 and 19 years. In the example of the female athlete (Figure 4,
right), BMD values are higher than the 90th percentile of the general population reference across the
age interval considered, but are below the reference median for athletes and gradually decline over
time to <25th percentile of the athlete reference by 20 years of age. Such a decline in BMD relative to
the athlete reference suggests the need for attention from the trainers as to potential factors associated
with the decline.
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Figure 4. BMD of two athletes, a female handball player and a male football player, is shown relative
to the percentiles (- - -) for athletes and the DEXA reference (—) percentiles (10th, 25th, 50th, 75th, 90th;
the 50th percentiles are in bold).

4. Overview

Comparison of the percentiles of DEXA measurements of total BMD, BMD TBLH, and BMC of
athletes 11–20 years in several sports (Appendix A, Tables A1–A3) with the corresponding Lunar
Prodigy reference percentiles highlighted the contrast in bone development between athletes and
the reference, and by inference suggested a need for reference values specific for youth athletes.
References data for DEXA bone parameters for athletes are limited [27]. As such, the reference values
for athletes in the present study may aid in the understanding of bone development in actively training
youth athletes.

Relative to age- and sex-peers in the general population [28], BMD and BMC are better developed
among the youth athletes. The results were consistent with earlier studies of youth athletes,
and highlighted the importance of regular physical activity associated with specific sports on bone
structure, density, and morphology [12,29–31]. Intensive physical activity associated with systematic
training was associated with increased BMC and BMD. The data, however, were based on a combined
sample of athletes in a variety of sports, and in the context of the literature, highlight the need to
evaluate BMD and BMC in specific sports and also in sports characterized by variation in impact
forces, e.g., high-impact (gymnastics, judo, karate, volleyball, etc.), odd-impact (soccer, basketball,
step-aerobics, etc.), and non-impact or negative-impact (cycling, swimming, water polo, etc.) stresses.
In addition to BMD and BMC, it is also important to consider variation in bone geometry in anatomic
regions specific to variation in loading patterns by sport.

5. Limitations of the Study

Given the limited number of female athletes, the analysis of sex differences in BMD and BMC
should be evaluated with caution. The lack of an indicator of maturity status in the younger athletes is
also a limitation.

6. Summary

• Reference values for DEXA measures of BMD, TBLH BMD, and BMC were developed for a
relatively large sample of youth athletes 11–20 years of age.

• Compared to reference values for the general population (White ethnicity), BMD and BMC of the
youth athletes were better developed.

• By inference, comparison of DEXA observations of athletes with reference values for the general
population must be done with care to avoid potential misinterpretations.
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Appendix A

Table A1. Basic statistical parameters (mean, SD, and 10th, 25th, 50th, 75th, and 90th percentiles) for
total BMD (g/cm2) in youth male and female athletes.

Age (year) Mean SD P10 P25 P50 P75 P90

Males
11 0.962 0.062 0.837 0.885 0.942 0.996 1.048
12 0.997 0.063 0.902 0.952 1.012 1.069 1.124
13 1.063 0.095 0.971 1.023 1.085 1.145 1.202
14 1.158 0.098 1.041 1.096 1.160 1.223 1.283
15 1.248 0.105 1.109 1.165 1.232 1.297 1.359
16 1.296 0.101 1.166 1.223 1.292 1.358 1.423
17 1.335 0.109 1.212 1.269 1.338 1.405 1.471
18 1.372 0.093 1.248 1.305 1.374 1.441 1.506
19 1.378 0.085 1.278 1.334 1.402 1.469 1.534
20 1.412 0.112 1.303 1.359 1.426 1.492 1.557

Females
13 1.085 0.130 1.020 1.092 1.168 1.233 1.290
14 1.239 0.106 1.071 1.139 1.214 1.280 1.340
15 1.240 0.087 1.113 1.178 1.251 1.318 1.380
16 1.278 0.119 1.146 1.209 1.280 1.348 1.410
17 1.296 0.096 1.175 1.235 1.305 1.371 1.435
18 1.326 0.087 1.202 1.259 1.328 1.393 1.456
19 1.357 0.105 1.224 1.280 1.346 1.410 1.472
20 1.377 0.177 1.240 1.294 1.358 1.420 1.480

Table A2. Basic statistical parameters (mean, SD, and 10th, 25th, 50th, 75th, and 90th percentiles) of
TBLH BMD (g/cm2) in youth male and female athletes.

Age (year) Mean SD P10 P25 P50 P75 P90

Males
11 0.846 0.062 0.734 0.780 0.831 0.876 0.917
12 0.899 0.090 0.796 0.845 0.900 0.951 0.997
13 0.973 0.107 0.870 0.923 0.984 1.040 1.092
14 1.084 0.105 0.957 1.014 1.079 1.141 1.199
15 1.177 0.106 1.038 1.096 1.165 1.230 1.293
16 1.220 0.098 1.096 1.154 1.224 1.291 1.356
17 1.261 0.117 1.137 1.194 1.262 1.328 1.394
18 1.290 0.095 1.171 1.224 1.289 1.353 1.417
19 1.298 0.087 1.203 1.252 1.312 1.373 1.433
20 1.318 0.103 1.235 1.280 1.336 1.392 1.448

Females
13 0.994 0.133 0.906 0.972 1.040 1.097 1.147
14 1.143 0.116 0.995 1.057 1.122 1.178 1.227
15 1.143 0.083 1.036 1.094 1.156 1.211 1.259
16 1.180 0.113 1.057 1.116 1.179 1.235 1.284
17 1.192 0.094 1.070 1.130 1.195 1.253 1.305
18 1.220 0.094 1.092 1.155 1.224 1.286 1.342
19 1.241 0.115 1.118 1.186 1.261 1.329 1.391
20 1.339 0.211 1.146 1.219 1.302 1.377 1.445
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Table A3. Basic statistical parameters (mean, SD, and 10th, 25th, 50th, 75th, and 90th percentiles) for
BMC (g) in youth male and female athletes.

Age (year) Mean SD P10 P25 P50 P75 P90

Males
11 1691.0 216.3 1281.4 1446.2 1625.3 1800.8 1956.1
12 1886.5 343.6 1539.6 1720.9 1923.5 2127.3 2311.7
13 2136.9 459.0 1807.7 2003.2 2227.2 2458.0 2671.3
14 2537.4 433.1 2079.2 2285.8 2527.6 2782.4 3022.8
15 2883.5 447.9 2331.8 2545.3 2799.4 3072.3 3334.6
16 3030.0 401.7 2543.0 2759.1 3019.6 3303.1 3579.7
17 3219.2 461.4 2708.0 2924.1 3186.5 3474.8 3758.7
18 3300.5 451.4 2830.5 3045.9 3308.2 3597.4 3883.4
19 3328.7 403.1 2918.7 3134.1 3396.1 3684.7 3969.8
20 3321.2 422.3 2986.0 3203.2 3466.3 3754.8 4038.4

Females
13 2073.0 386.1 1937.0 2135.8 2356.4 2576.8 2775.0
14 2580.8 375.0 2055.7 2258.9 2485.4 2712.6 2917.7
15 2551.6 321.3 2162.6 2368.5 2598.9 2830.9 3041.1
16 2722.9 370.8 2254.9 2461.6 2693.7 2928.5 3141.9
17 2729.8 340.7 2334.6 2540.5 2772.7 3008.4 3223.2
18 2818.1 345.4 2406.0 2610.2 2841.3 3076.6 3291.8
19 2899.2 461.5 2468.0 2669.5 2898.2 3131.9 3346.2
20 2687.9 865.3 2518.5 2716.2 2941.4 3172.0 3384.2
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