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Abstract  23 
Physical activity generates different stress in different components of the skeleton. The current standard 24 
clinical evaluation tool for fracture prediction is dual-energy X-ray absorptiometry (DXA). Recently, new 25 
methods have been developed to evaluate the cortical and trabecular bone of the proximal femur in 3D 26 
from standard DXA images. The aim of the present study was to evaluate cortical and trabecular bone 27 
mineral density by DXA-derived 3D analysis in high performance athletes from weight bearing (football 28 
players from Football Club Barcelona team, n=60) and non-weight bearing sports (the Spanish artistic 29 
swimming Olympic team, n=25) and to compare possible differences with non-exercise women (n=40). 30 
Bone mineral density scans were performed using DXA and 3D-DXA evaluations at proximal femur. 31 
Football players had neck, trochanter and total femur proximal bone mineral density (BMD) values were 32 
significantly higher than those of artistic swimmers (11.9%, p=0.000; 16.9%, p=0.000; 16.3%, p=0.000) 33 
and non-exercise group (14.9%, p=0.000; 19.9%, p=0.000; 14%, p=0.000). Football players showed 34 
significant differences in integral and trabecular volumetric BMD (vBMD) than artistic swimmers 35 
(12.5%, p=0.000; 15.9%, p=0.000) and in integral, trabecular and cortical vBMD than non-exercise group36 
(13.4%, p=0.000; 18.9%, p=0.000; 5.7%, p=0.029). Finally, female football players had higher cortical 37 
thickness and sBMD compared to artistic swimmers team (13.7%, p=0.000; 17.7%, p=0.000) and non-38 
exercise group (7.7%, p=0.000; 12%, p=0.000). Female football players showed the highest trabecular 39 
vBMD and cortical thickness. 3D-DXA could provide assessment of the bone structure and a better 40 
classification of the athletes based on their fracture risk.  41 

42 
  43 



Highlights 44 
45 

• 3D-DXA is used to evaluate cortical and trabecular BMD. 46 
47 

• 3D-DXA could detect athlete’s fracture risk. 48 
49 

• Football players show a positive effect on trabecular vBMD and cortical thickness. 50 
51 

• Artistic swimming cannot provide a positive effect on bone. 52 
53 
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Introduction  59 
Osteoporosis affects millions of people around the world, mainly menopausal women 1. The disease is 60 
characterized by a deterioration of bone micro architecture, low bone mass and increased risk of fractures 61 
2.The current standard clinical evaluation tool for fracture prediction is dual-energy X-ray absorptiometry 62 
(DXA) 3. DXA measurements are limited to two-dimensional evaluation of integral bone mineral mainly 63 
at lumbar spine and proximal femur and, contrary to quantitative computed tomography (QTC) cannot 64 
differentiate between trabecular and cortical bone compartments. However, the high-dose radiation and 65 
cost, as well as the limited access to QTC, constitute some of the main limitations for its applicability in 66 
clinical practice 4. Recently, new methods have been developed to evaluate the cortical and trabecular 67 
vBMD and cortical thickness of the proximal femur in 3D from standard DXA images 5,6. The three 68 
dimensional (3D) distribution of the cortical and trabecular bone mass and mineral density in the 69 
proximal femur are critical components in determining fracture resistance 7,8. 3D-DXA is the new 70 
software for a better classification of the subjects based on their fracture risk and allows us to understand 71 
and quantify the response of the bone to the loads to which it is subjected during sports practice.  72 
Physical exercise is highly beneficial to increase bone mineral density (BMD) and bone mineral content73 
(BMC), to reduce the risk of osteopenia that leads to osteoporosis and to reduce the burden of frailty74 
fractures 9. Exercising during youth is a non-pharmacological preventive strategy, not only to increase 75 
muscle strength but also to stimulate bone formation 10. Some prior studies have compared the effects of 76 
various types of exercise on different athletic populations, suggesting that athletes involved in high level 77 
impact from ground reaction forces are more osteogenic than non-weight bearing activities 11–13. 78 
Interestingly, weight-bearing exercise with impacts from varying directions is associated with beneficial 79 
effects on bone mass, cortical and trabecular 14. The participation in professional weight bearing sports 80 
(football, field hockey and volleyball) is associated with higher BMD measurements than in non-weight 81 
bearing sports (swimming, artistic swimming, water polo) and in sedentary controls. Non-weight bearing82 
sports presented similar values than those of sedentary controls at total BMD and segments 83 
measurements, however they showed higher values than sedentary controls in femur measurements 15. In 84 
a recent systematic review 16, children and adolescents swimmers presented similar values of total BMD 85 
in the femur than controls and lower values than other impact sports. A further study 17 carried out with 86 
university level athletes, an intermediate population between both mentioned studies, concludes that 87 
impact sports have higher BMD values than non-impact sports similar to sedentary subjects. The results88 
emphasize that non-weight bearing activities, such as swimming, cannot provide a positive effect on 89 
bones' health. The potential effect this may have on the future development of osteoporosis is not well 90 
defined 16,18.  Athletes train and exercise since their childhood, with their personal goals aimed at having 91 
fun and a good performance in the short term, probably without being aware of the investment that a well-92 



practiced sport means for their future health. Prior studies demonstrated that inactivity and disuse enhance 93 
or compromise respectively the bone quantity and quality, mainly cortical compartment 19. Whereas it has 94 
been shown that cortical thickness and bone mineral density are critical factors in determining the 95 
strength of bone structures and depend on the mechanical stressors along the structure 20.  Since the DXA 96 
technique cannot distinguish whether changes in BMD are due to changes in bone volumetric BMD 97 
(vBMD) or in bone geometrical parameters, data regarding the role of physical activity on bone structural 98 
parameters is scarce. In this way, thanks to 3D-DXA we could be aimed to design more effective 99 
programs with sport’s interventions for the prevention of osteoporosis. Nevertheless, at the present, there 100 
are no data on the usefulness of 3D-DXA in elite athletes. 101 
The aim of the present study was to evaluate cortical and trabecular bone mineral density by a new 102 
software, 3D analysis-DXA, in adult high performance female athletes of weight bearing sports, non-103 
weight bearing sports and non-exercise controls. 104 

105 
Methods 106 
Participants 107 
Study design, protocol and informed consent forms were reviewed and approved by the Institutional 108 
Review Board of Ethics and Clinical Research Committee of CETIR and met the requirements of the 109 
Declaration of Helsinki for research on human beings. 110 
Three groups of women were recruited in a cross-sectional observational study: (1) a weight bearing 111 
group of 60 football players from the first and second teams of Football Club Barcelona (FCB), (2) a non-112 
weight bearing group of 25 artistic swimmers from the Olympic Spanish artistic swimming team and (3) a 113 
non-exercise control group of 40 non-exercise women.  114 
The inclusion criteria for the sports women participating in the study were to be female athletes over 18 115 
years of age, with more than 8 years of sports practice in their discipline, to have at least a 3-year116 
experience in high-level competition, to train at least 12h.-15h/week. This criterion was based on previous 117 
research demonstrating osteogenic benefits with 3h. of activity per week 21. High competition sport means 118 
competing in World Championships (WC) and Olympic Games (OG). The Spanish artistic swimming 119 
team was silver medallist in OG London 2012 (duet free and team free routine). The football players 120 
belong to the first and second Football Club Barcelona teams, play regularly in the Spanish “Liga 121 
Iberdrola” and the UEFA Champions League since 2014–15 and won the Spanish Copa de la Reina 2016 122 
and again in 2017. 123 
Written informed consent was obtained from all athletes prior to participation.  124 
The controls (non-exercise) group had no formal training in any sport and did not reach the minimum 125 
physical activity recommended by the World Health Organization, i.e., less than 150 min/week of 126 



moderate physical activity or less than 75 min/week of vigorous physical activity. They were selected 127 
from the CETIR database (Centre for Technical Studies with Radioactive Isotopes, Barcelona, Spain) 128 
with selection criteria for healthy participants in different studies. The selection of women from the129 
control group was carried out considering the level of activity practiced and the individual Z-score that 130 
was evaluated, being the range of ± 1 standard deviation from the reference values. An epidemiological131 
questionnaire was distributed prior to densitometry for all young healthy women. The questionnaire 132 
gathered information about their sedentary lifestyle, regular walking, sport’s practice and intensity degree 133 
(0: occasional or 1 h/week, 1: < 5 h/week, 2: > 5 h/week). Comments on physical activity during life were 134 
also added and only subjects with 0 scores were selected.  135 
Exclusion criteria for both athletes and non-exercise group were: 1) the diagnosis of any medical 136 
condition, 2) the use of any medication known to affect bone metabolism (corticosteroids, oral 137 
contraceptives, supplementation or other drugs), 3) any contra-indication for sports practice, 4) any type 138 
of menstrual dysfunction and/or 5) abnormal (non-recommended) regular food intake. For non-exercise 139 
group, youths involved in competitive sport (holders of a practising license from the Spanish Federation) 140 
were excluded from the study.  141 

142 
All athletes underwent regular medical examinations. To control for possible confounding variables, a 143 
questionnaire was used to all participants to collect data on their physical training and sports history, 144 
clinical history, drugs intake, stress fractures and gynaecological history (menstrual cycle). 145 
Medical check-ups were conducted at the CAR-CST medical department as usually every season. Bone 146 
densitometries were performed at the FCB Medical Unit and study scans at CETIR medical centre. 147 

148 
Nutrition 149 
 All the athletes were controlled and evaluated monthly by the nutritionist of the FCB for the professional 150 
football players and by the nutritionist of the Olympic training centre for the artistic swimmers, who151 
determined a balanced diet and the intake of all basic nutrients during the training and competition 152 
seasons. The nutritionist evaluates the average energy output, calorie and calcium input, including a 153 
detailed 5-day nutritional intake record. None of the participants needed nor received any dietary 154 
supplementation related to bone formation during the study period. 155 

156 
Exercise training 157 
Football players trained at the FCB ,Sant Joan Despí and the Olympic artistic swimmers trained at the 158 
High Performance Centre (CAR), Sant Cugat del Vallés. 159 
Professional Football training program includes seven to eight sessions per week about 90 160 



minutes/season, three fitness sessions per week and about 700-800 caloric expenditure per session. 161 
Artistic swimming program, at the elite competition level, includes eight to ten pool sessions per week, 162 
with speed swimming, synchronized swimming-specific skills and fitness routines. Overall, it is a high-163 
intensity training program that includes time devoted to choreography. Additional hours of water training 164 
may be required to reach perfect synchronization. Their water training was 36 h/week. The fitness 165 
routines included three sessions per week for 1 h 30 min. First they had a 30-min warm-up with core 166 
exercises and hip and shoulder prevention exercises. In the second part, they did a free-weight routine for 167 
1h: five lower body and five upper body exercises, four sets of ten repetitions at 75% of their 1-repetition 168 
maximum (1RM), which represents a regular training load, and four flexibility work sessions. The non-169 
water training was about 4–5 h/week. 170 

171 
Measurement of Bone Mineral Density (BMD) and body composition 172 
Hip scans were performed using dual X-ray absorptiometry (DXA) (Lunar iDXA GE Medical Systems, 173 
version 12.30). Bone mineral density (BMD) at proximal femur was measured according to standard 174 
operating procedures (SOP) with a coefficient of variation (CV) of 1%. 175 
Assessment by dual X-ray absorptiometry is the reference method for measuring areal BMD and 176 
diagnosing osteopenia according to the WHO classification, specifically assessing the most susceptible 177 
sites of osteoporotic fractures, such as the lumbar spine and the neck of the femur 22. 178 
Participants were measured in light clothing, barefoot and without jewellery or metal buttons, used the 179 
toilets before testing and were evaluated by the same by the same technician following recommendations180 
from the International Society of Clinical Densitometry 23, in supine position, with their feet in slight 181 
internal rotation to have good visibility of the femoral neck. 182 
The 3D-SHAPER software (v2.4, Galgo Medical, Barcelona, Spain) was used to assess 3D femoral 183 
shape, the trabecular macrostructure and the cortex from DXA scans of the participants. The method 184 
relies on a statistical shape and density model of the proximal femur built from a database of Quantitative 185 
Computed Tomography (QCT) images, which is an imaging technique modality for analysing bone 186 
cortex in 3D 5. In order to maximize the similarity between the volumetric 3D reconstruction and the 2D-187 
DXA images, a reconstruction was performed in an intensity based 3D-2D personalized registration 188 
process. The 3D statistical model was registered onto the DXA scan to obtain a 3D patient-specific model 189 
of the proximal femur shape and BMD distribution of the patient. The cortical thickness and density was 190 
computed by fitting a mathematical function to the density profile computed along the normal vector at 191 
each node of the proximal femur surface mesh 24. 3D-DXA measurements include the volumetric Bone 192 
Mineral Density (vBMD) of the cortical, trabecular and integral (cortical + trabecular) bone 193 
compartments and mean cortical thickness. All 3D-DXA measurements are performed at the total femur.  194 



Models and measurements provided by the “3D-DXA” software algorithm were evaluated, by comparing 195 
3D-DXA analyses with measurements performed by Quantitative Computed Tomography. Correlation 196 
coefficients (R) between the 3D-DXA and QCT measurements were 0.86, 0.93, and 0.95 for the vBMD at 197 
the trabecular, cortical and integral compartments respectively, and 0.91 for the mean cortical thickness 198 
25.  3D-DXA could potentially improve osteoporosis management while maintaining DXA as the standard 199 
routine modality.200 

201 
Statistical analysis 202 
All quantitative variables are presented with means and standard deviations (SD). The Kolmogorov-203 
Smirnov test was used to assess normality. The Kolmogorov-Smirnov test showed that the sample was 204 
normally distributed. All the variables obtained p values > 0.05. For determining differences in 3D-DXA 205 
and DXA between the three groups a One-Way ANOVA test was run using Scheffe’s test as post hoc 206 
procedure for multiple comparisons. The average cortical thickness and density mapping were generated 207 
using the 3D-DXA models. To compare the volumetric densities of the cases and controls, the mean 3D-208 
DXA-density instance was computed for each group and projected onto the mean femoral shape for the 209 
group.  210 
A frontal slice was computed for each group for comparison purposes. R 3.3.2 software (www.r-211 
project.org) was used to perform the statistical analysis 26.  212 
Effect sizes (ES) of the differences (Cohen’s d) were also calculated. The magnitude of the differences 213 
was considered to be trivial (ES<0.2), small (0.2  ES <0.5), moderate (0.5  ES <0.8), and large (ES 214 
0.8).  215 
Bone density variables were further analysed using ANCOVA, with adjustments for FFM (lean mass), 216 
age and height and Bonferroni's test for multiple comparisons. 217 
All hypothesis tests with P values lower than 0.05 were considered statistically significant. 218 

219 
Results 220 
Group means for anthropometric and training data are summarized in Table 1. No statistically significant 221 
differences in age were found between groups. Height was significantly higher in the football and artistic 222 
swimmers group respect to non-exercise group (control group). Body mass was significantly higher in the 223 
football players group than in the artistic swimmers group. 224 
FM percentage is higher in the control group than in all the athletes. FFM are higher in the artistic 225 
swimmers and football players groups, and all of them are higher than those of the control group. 226 
The average detailed 5-day nutritional intake record in the football players group was 3600 kcal/day and 227 
1400-1900 mg/day of calcium.  228 



The average detailed 5-day nutritional intake record in the artistic swimmers group was 2034 kcal/day 229 
and 943 mg/day of calcium. This intake was homogeneous throughout the season. 230 
All subjects of the study hadn’t any type of menstrual dysfunction and didn’t use oral contraceptives.  231 
Table 2 shows aBMD measurements. Football players presented significantly higher aBMD when 232 
compared to artistic swimmers in femoral neck (p=0.000; ES=0.989), in trochanter (p=0.000, ES=1.056) 233 
and in total proximal femur BMD (p=0.000, ES= 1.325). Football players presented significantly higher 234 
aBMD when compared to controls in femoral neck (p=0.000; ES=1.745), in trochanter (p=0.000, 235 
ES=1.767) and in total proximal femur BMD (p=0.000, ES=1.380). Statistically significant higher aBMD 236 
were found between artistic swimmers and controls in neck (p=0.002, ES=0.745) and trochanter 237 
(p=0.015, ES=0.573) but not in shaft and total aBMD. Neck Z-score and total proximal femur Z-score 238 
were significantly higher in football players when compared to artistic swimmers (p=0.000, ES=0.939; 239 
p=0.000, ES=1.280) and controls (p=0.000, ES=1.600; p=0.000, ES=1.378). Artistic swimmers showed 240 
significantly higher neck Z-score when compared to controls (p=0.000, ES=0.674). 241 
After adjusting by FFM, age and height (Table 3), the statistically significant differences between artistic 242 
swimmers and controls disappeared. Football players have neck, trochanter and total femur proximal bone243 
mineral density (BMD) values significantly higher than those of artistic swimmers (11.9%, p=0.000; 244 
16.9%, p=0.000; 16.3%, p=0.000) and non-exercise group (14.9%, p=0.000; 19.9%, p=0.000; 14%, 245 
p=0.000). FFM explains 2.3%, height explains 3% and the type of sport explains 26.3% of the BMD of 246 
the femoral neck (R=0,394). FFM explains 3.7% and the type of sport explains 29.8% of the BMD of the 247 
trochanter (R=0,392). FFM explains 2.8% and the type of sport explains 27.6% of the total proximal 248 
femur BMD (R=0,327). 249 
The 3D-DXA femoral measurements are shown in Table 4. Football players had higher statistical 250 
significant vBMD values in all compartments: integral (p=0.000, ES=0.921), trabecular (p=0.000, 251 
ES=1.023) and cortical (p=0.001, ES=0.594) when compared to controls and in integral (p=0.000, 252 
ES=0.921), trabecular (p=0.000, ES= 0.892) and cortical (p=0.022, ES=0.558) when compared to artistic 253 
swimmers. Football players had also higher cortical thickness and BMD cortical surface (sBMD) 254 
compared to artistic swimmers (p=0.000, ES=1.399; p=0.000, ES=1.339, respectively) and controls 255 
(p=0.000, ES=1.505; p=0.000, ES=1.474). When the model is adjusted by FFM, age and height (Table 5), 256 
statistically significant differences between football players, artistic swimmers and controls remain, 257 
except for cortical vBMD between football players and artistic swimmers which differences disappeared.  258 
As well as significant differences appears between artistic swimmers and non-exercise group in cortical 259 
thickness. Football players showed significant differences in integral and trabecular volumetric BMD 260 
(vBMD) than artistic swimmers (12.5%, p=0.000; 15.9%, p=0.000) and in integral, trabecular and cortical 261 
vBMD than non-exercise group (13.4%, p=0.000; 18.9%, p=0.000; 5.7%, p=0.029). Finally, female 262 



football players had significantly higher cortical thickness and sBMD compared to artistic swimmers 263 
team (13.7%, p=0.001; 17.7%, p=0.000) and controls (7.7%, p=0.000; 12%, p=0.000). Non-exercise 264 
group showed higher significant differences than artistic swimmers in cortical thickness (6.5%, p=0.046). 265 
FFM explains 3.4%, height explains 7.9% and type of sport explains 30.7% of the cortical thickness 266 
(R=0,399). FFM explains 3.3%, height explains 2.6% and type of sport explains 19.3% of the integral 267 
vBMD (R=0.283). FFM explains 2.9%, height explains 1.5% and type of sport explains 20.4% of the 268 
trabecular vBMD. (R=0.302). FFM explains 1.9%, height explains 2.4% and type of sport explains 7.5% 269 
of the cortical vBMD (R=0.101). FFM explains 4.3%, height explains 0.7% and type of sport explains 270 
29.2% of the sBMD (R=0.359). 271 
Figure 1 shows the colour maps depicting the percentages of differences in cortical surface (sBMD) of the 272 
proximal femur for all pairwise Comparisons. Label left is anterior and label right is posterior. 273 
The colour maps show that the most significant differences were found between football players and 274 
controls (Fig. 1C) and football players and artistic swimmers (Fig. 1A) in the neck and in the trochanter 275 
zones. Slighter differences (but still significant in the neck) are evident between artistic swimmers and 276 
controls (Fig. 1B). 277 

278 
Discussion 279 
The present study used new 3D-DXA software to compare different bone compartments at the proximal 280 
femur between elite female football players and artistic swimmers as well as a non-exercise group. 281 
Football players showed proximal femur aBMD values higher than those of artistic swimmers and non-282 
exercise group, in agreement with a study performed in highly trained athletes using dual X-ray 283 
absorptiometry 15. The present study is important because it provides information about different bone 284 
compartments. The athletes involved in the weight bearing sport (football players) had higher trabecular 285 
vBMD, cortical thickness and sBMD compared to non-weight bearing sport practitioners (artistic 286 
swimmers), in agreement with a study performed in soccer players, a weight-bearing exercise with 287 
impacts from varying directions 14. The non-weight bearing sport showed trabecular vBMD and cortical 288 
thickness similar to astronauts 20. Cortical bone thickness and density eventually recovered after return to 289 
Earth but cortical porosity and trabecular bone failed to recover, that could happen to elite women who 290 
practice a non-weight bearing sport. 291 
Artistic swimmers presented bone values significantly lower than those of football players and similar to 292 
non-exercise group except for cortical vBMD. Artistic Swimmers regularly practice in a hypo 293 
gravitational medium, such as astronauts, from an early age and underwent a greater amount of water 294 
training hours per week for many years than players in other sports 15,27, in line with the present study. 295 
Several authors 18,28 and a systematic review 16 show a neutral or non-effect of swimming in BMD and 296 



BMC, similar to sedentary controls and lower than impact or anti-gravitational sports. However, artistic 297 
swimming training, which involves the execution of repeated exercises with a variety of movements of 298 
arms and legs to accelerate, decelerate, rotate, turn to pull the body out of the water and even jump,299 
should develop a large muscle mass in extremities that could increase proximal femur BMD 29, that didn’t 300 
occur in the present study. The negative relationship between water practice time and bone gains is a 301 
major concern because its effects could be harmful later in life 30. The lack of impact characteristics of 302 
this sport could lead to a risk of acute stress fracture and osteoporosis in adulthood. Further, as the 303 
practice of artistic swimming starts at a younger age and requires many hours of training in a weightless 304 
environment, at a time when attainment of peak bone mass is critical, studies that evaluate cortical and 305 
trabecular bone mineral density are of paramount importance like our study. A prior study showed that it 306 
is important to consider a complementary workout out of the water to improve femoral neck BMD 31.  307 
Football showed the highest bone values than artistic swimmers and non-exercise controls. Football is a 308 
sport with special biomechanical characteristics: changes of direction, speed, jumps and kicks that offers 309 
additional mechanical stress in lower extremities due to the force of reaction against the ground during 310 
these actions  32. The strain generated by this sport may cause higher cortical bone, increasing BMD, bone 311 
strength making the bones more resistant to fractures. Football practice seems to be beneficial for the 312 
bone acquisition in girls during childhood and adolescence, especially at the femoral neck and trochanter 313 
BMD which are the most sensitive areas to the mechanical stress of the football actions 33. Since football 314 
players present the highest FFM values in legs and the highest femoral bone values, in line with the 315 
literature 28,34.   316 
Football players and artistic swimmers showed a body size with genetically determined physical 317 
characteristics that contribute to an individual's predisposition to play a particular sport (height, body 318 
shape, body composition) that could have influenced the bone variables. When adjusting by age, height 319 
and FFM, significant differences in aBMD between artistic swimmers and non-exercise group 320 
disappeared. The basic morphology of the skeleton is determined genetically, but its final mass, geometry, 321 
architecture and tissue quality is modulated by adaptive mechanisms sensitive to mechanical factors 35.322 
There is evidence that young bones have greater capacity to respond to increased mechanical loading that 323 
the adult skeleton and the importance of FFM for optimizing bone strength during growth 10. The 324 
association between exercise loading and bone parameters is sport specific 14. Our results provided 325 
evidence that FFM (1.9-4.3%) and type of sport (19.3-30.7%) are important values that influences bone 326 
parameters, in line with the literature 13.  327 
A recent study by Gifre et al.4 showed that patients with spinal cord injury, showed a marked decrease in 328 
integral (8.8%), trabecular (11.6%) and cortical (2.4%) vBMD at 6 months after the injury, with a further 329 
decrease at 12 months. Cortical thickness also decreased at 6 and 12 months (8% and 11.4%) with the 330 



maximal decrease being observed the first 6 month. A recent study suggests that microstructural and 331 
biomechanical degradation occurs particularly within the cortical compartment as a result of non-weight 332 
bearing and persists following return to normal loading 19, contrary to artistic swimmers group in the 333 
present study. These prior studies indicated that the lack of physical activity induces a severe loss of bone 334 
thickness and bone mass. On the other hand, despite the presence of certain osteoporosis risk factors such 335 
as low energy availability, primary amenorrhoea and lower body weight, professional ballet dancers 336 
revealed higher bone density for both cortical and trabecular bone compartments and thicker cortex 337 
compared to controls 36. Artistic swimming is an aquatic ballet dancer with similar aesthetic 338 
characteristics without impact, contrary to ballet dancers. 339 
It was observed that as time spent in weight-bearing physical activity increases, BMD augment around the 340 
integral femoral neck, but with differences in bone mass gain rates between sub regions depending on the 341 
magnitude and directions of the hip contact forces; high magnitude vertical impacts favours the gain of 342 
bone mass superiorly at the femoral neck while high and moderate impacts from odd directions promoted 343 
the largest bone mass gain rates at the anterior and posterior sub regions of the femoral neck 37. The 344 
inclusion of these types of mechanical loading in a physical activity regime may provide femoral neck 345 
stability at the vulnerable regions during aging. Exercise involving hip flexion might have targeted 346 
mechanical loading to help preserve the most vulnerable regions of femoral neck 8. To preserve stability 347 
of the cortex, regular loading targeted to the superior-lateral cortex might need to be life long, as occurs 348 
naturally when femur is extended at the hip from a flexed position (cycling, gymnastics). In many 349 
societies in which sitting on the ground level is usual, hip fracture is rare, even when most women older 350 
than 65 years have osteoporosis 38.351 
We could not find other published data that could verify our results on the description of  trabecular and 352 
cortical femur characteristics using 3D-DXA in elite athletes. The vast majority of descriptive and 353 
exercise intervention studies have relied upon aBMD or BMC measures derived from dual X-ray 354 
absorptiometry (DXA), established as the most widely used method for measuring BMD 15 or quantitative 355 
computed tomography. Besides that, the contribution of altered bone geometry to fracture risk is 356 
unappreciated by clinical assessment using DXA, because this technique cannot distinguish between 357 
cortical and trabecular bone. 3D imaging methods can measure both compartments separately, playing 358 
independent roles in fragility fracture5. This 3D-DXA method might be a promising approach to quantify 359 
cortical thickness and density using clinical routine imaging techniques in athletes. Further studies are 360 
required to establish the technique as a viable alternative to QCT in research and clinical practice. 361 
Previous studies found that cortical and trabecular bone measurements computed by QCT could better 362 
discriminate hip fracture than aBMD measurements computed by DXA 39. However, there is no clear 363 
evidence either that QCT-based finite-element analysis would lead to an improvement of fracture risk 364 



prediction. Considering these results, it is expected that this new technique will have a positive influence 365 
to detect the fracture risk and the quality of the bone more than it is observed in the standard values of 366 
BMD. 367 

368 
The present study has several limitations. The first limitation is the relatively small sample size, 369 
determined by the small number of elite and Olympic athletes. Secondly, the cross-sectional design of the 370 
study is a limitation because it only speculates and limits the possibility to prove causality, generating the 371 
need for follow-up measurements in the future. The design used is the main reason regarding the absence 372 
of information about time of the season training: training loads change according to the season timing and 373 
progress, and this might affect bone that is constantly adapting. Finally, a limitation is that the accuracy of 374 
the 3D-DXA software algorithms has not been specifically evaluated for athletes. Its validity in individual 375 
cases should be interpreted with caution 40. 376 
The present study has also several strengths. The participants included are all high-performance female 377 
athletes from 1st Football Club Barcelona team and Olympic Spanish artistic swimmers team who train 378 
regularly at a high intensity, volume and frequency. The perfectly standardized check-up of the 379 
participants is unthinkable in the general population with different dietary, exercise habits and lifestyles.  380 
One of the advantages of our methodology is that 3D-DXA is based on standard hip DXA scans and, 381 
therefore, retrospective data can be used. 3D-DXA data evaluation is a promising technology for 382 
measurements of a variety of 3D shape and macro structural measurements of the proximal femur in elite383 
athlete’s women, but few studies had presented values in these elite athletes before.   384 
Conclusion 385 
The weight bearing sport with impacts from varying directions showed the highest trabecular vBMD and 386 
cortical thickness of the proximal femur. 3D-DXA could provide assessment in athletes allowing better 387 
identification of the different bone compartments to bone strength and fracture risk. It could be used to 388 
design programs with exercise intervention for the prevention of osteoporosis.389 

390 
Practical implications 391 
The present study showed promising signs of using this technique for the evaluation and follow up of the 392 
impact of exercise on bone. 3D-DXA could provide assessment of the bone structure; it is a 393 
complementary instrument for a better classification of the subjects based on their fracture risk. In the 394 
field of sports, this method could allow us to make and design more effective programs in the prevention 395 
of osteoporosis. 396 

397 
  398 
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Figure legends 

Figure 1. Colour scale showing the distribution of cortical bone sBMD average differences between the 

different groups studied, anterior and posterior views. Panel A, football players versus artistic swimmers; 

B, artistic swimmers versus sedentary controls; C, football players versus sedentary controls. The intense 

green and blue colour expresses significant differences in cortical bone sBMD between both groups. 

Right panel: anterior view (Panel A) and posterior view (Panel B and C); Left panel: anterior view (Panel 

B and C) and posterior view (Panel A). 

  



Table 1. Elite female athletes main descriptive data mean (SD) grouped by sport and non-exercise 

(control) group.

BMI: Body Mass Index, FM: Fat Mass, FFM: Fat Free Mass. 
a Significantly greater than non-exercise group, p<0.05 
b Significantly greater than artistic swimming, p<0.05 
c Significantly greater than football, p<0.05 

  

 Non-exercise group  

(n = 40) 

Artistic Swimmers  

(n = 25) 

Football Players 

(n = 60) 

Age (years) 22.0 (3.1) 20.4 (5.3)  21.9 (4.2) 

Height (m)            1.62 (7.4)         1.71 (6.4)a                1.69 (7.2)a

Body mass (Kg) 

BMI (Kg/m2) 

FM (Kg) 

FFM (Kg) 

FFM arms (Kg) 

FFM legs (Kg) 

Water training (h/week) 

Non water training 

(h/week) 

 60.1 (16.7) 

           22.8 (5.6) 

   19.5 (8.7) b,c

           37.4 (4.2)  

- 

- 

- 

- 

56.4 (6.2) 

 19.4 (1.5)a 

        13.8 (2.6) 

 41.1 (4.3) a 

4.5 (0.5) 

        13.5 (1.7) 

         36 

           3 

  62.6 (9.4)b

 21.8 (2.2)b

 14.6 (3.9)  

               42.5 (4.5) a

   4.2 (0.6) 

   15.5 (1.6) b 

                  0 

              12-15 



Table 2. Areal bone mineral density (aBMD) in neck, trochanter, shaft and total femur for the three 

groups studied. Values are expressed in g/cm2 as mean (SD). Statistical significant differences (P<0.05) 

after running a one-way ANOVA test are indicated as a: versus non-exercise group; b: versus artistic 

swimmers. 

Table 3. Age, height, FFM adjusted areal bone mineral density (aBMD) in neck, trochanter, shaft and 

total proximal femur for the three groups studied.  Values are expressed in g/cm2 as mean (SEM). 

Statistical significant differences (P<0.05) are indicated as a:significantly greater than non-exercise 

group; b:significantly greater than artistic swimmers. 

Non-exercise group 

(n=40) 

Artistic swimmers 

(n=25) 

Football players 

(n=60) 

Neck 1.042 (0.024) 1.078 (0.027) 1.224 (0.018)ab

Trochanter 0.810 (0.025) 0.841 (0.028) 1.012 (0.018)ab

Shaft 1.244 (0.033) 1.165 (0.036) 1.409 (0.024)ab

Total 1.049 (0.027) 1.020 (0.030) 1.219 (0.019)ab

  

Non-exercise 

group 

(n=40) 

Artistic Swimmers 

(n=25) 

Football players 

(n=60) 

Neck 1.010 (0.121) 1.103 (0.131)a 1.234 (0.133)ab

Trochanter 0.781 (0.120) 0.856 (0.147)a 1.015 (0.140)ab

Shaft 1.221 (0.159) 1.176 (0.158) 1.416 (0.176)ab

Total 

Z-score neck 

Z-score total

1.032 (0.130)

0.3 (1.0)

0.2 (1.1)

1.034 (0.134)

1.0 (1.1)a

0.3 (1.1)

1.223 (0.146)ab

2.1 (1.2)ab

1.8 (1.2)ab



Table 4. Total Proximal Femoral 3D-DXA measurements for each studied group. Cortical, trabecular and 

integral (cortical plus trabecular) volumetric bone mineral density (vBMD) (mg/cm3), cortical thickness 

(mm) and the ratio between density and thickness (surface bone mineral density, sBMD) (mg/cm2) are 

expressed as mean (SD). Statistical significant differences (P<0.05) after running a one-way ANOVA test 

are indicated as a: versus non-exercise group; b: versus artistic swimmers.   

Table 5. Age, height, FFM adjusted Total Proximal Femoral 3D-DXA measurements for each studied 

group. Cortical, trabecular and integral (cortical plus trabecular) volumetric bone mineral density (vBMD) 

(mg/cm3), cortical thickness (mm) and the ratio between density and thickness (surface bone mineral 

density, sBMD) (mg/cm2) are expressed as mean (SEM). Statistical significant differences (P<0.05) are 

indicated as a: versus non-exercise group; b: versus artistic swimmers   

 Non-exercise group  

(n=40) 

Artistic swimmers 

(n=25) 

Football players 

(n=60) 

vBMD Integral (mg/cm3)    367 (9.9)    371 (11)    424 (7.3)ab

vBMD Trabecular (mg/cm3)    214 (8)    222 (9)    264 (5.8)ab

vBMDCortical (mg/cm3)    837 (14)    846 (16)     888 (10.5)a

Cortical thickness (mm) 1.936 (0.032)b 1.810 (0.036) 2.097 (0.023)ab

sBMD (mg/cm2)    162 (4)    153 (4.5)    186 (3)ab

Non-exercise group 

(n=40) 

Artistic Swimmers 

(n=25) 

Football players 

(n=60) 

vBMD Integral (mg/cm3)                 369 (65)        373 (56) 422 (52)ab

vBMD Trabecular (mg/cm3)                 215 (51)        224 (43) 263 (44)ab

vBMDCortical (mg/cm3)                 841 (85)        844 (89)      886 (69)ab

Cortical thickness (mm)     1.87 (0.16)  1.85 (0.15)   2.12 (0.19)ab

sBMD (mg/cm2)                 158 (23)        156 (21)  188 (22)ab
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