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Background. Bone strength is developed through a coordination of multiple bone traits

including morphological and compositional components and therefore no one outcome

variable can measure a positive or negative adaptation in bone. Skeletal robusticity (total

area/ bone length) varies within the population and is independent of body size and has

been associated with bone strength variability. High impact repetitive loading associated

with many sports is beneficial to the skeletal system, yet a relatively large percentage of

athletes get stress fractures. Athletes may have similar variability in robusticity values as

the general population and thus have a wide range of bone strengths based on the

robustness of their bones. Therefore, the purpose of this study was to determine if an

athlete’s bone strength relative to body size was dependent on robusticity. Methods.

Bone variables contributing to bone strength were measured in collegiate athletes and a

referent group using peripheral quantitative computed tomography (pQCT) at the 50%

tibial site. Bone functionality was assessed by plotting bone strength vs body size (body

weight x tibial length) and robustness (total area/length) vs body size. Based on the

residuals from the regression, an athlete’s individual functionality was determined, and

two groups were formed “weaker for size” (WS) and “stronger for size” (SS). Grip strength,

leg extensor strength and lower body power were also measured. Results. Division II

athletes exhibited a natural variation in SSIp relative to robusticity (functional

inequivalence) consistent with previous studies. Bone strength (SSIp) was dependent on

the robusticity of the tibia. The bone traits that comprise bone strength (SSIp) were

significantly different between the SS and WS groups however there were minimal

differences in the anthropometric data between groups. A lower percentage of athletes

from ball sports were “weaker for size” (WS group) and a higher percentage of swimmers

were in the WS group. Discussion. A range of strength values based on robusticity occurs

in athletes similar to general populations. Bones with lower robusticity (slender) were

constructed with less bone tissue and had less strength. The athletes with slender bones

were from all sports including track and field and ball sports but the majority were
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swimmers. Conclusions. Athletes even after optimal training for their sport may have

weaker bones based on robusticity. Slender bones may therefore be at a higher risk for

fracture under extreme loading events but also yield benefits to some athletes (swimmers)

due to their lower bone mass.
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20 Abstract word count: 399

21

22 Background. Bone strength is developed through a coordination of the size and shape 

23 (architecture) of a bone as well as the bone’s material properties and therefore no one outcome 

24 variable can measure a positive or negative adaptation in bone.  Skeletal robusticity (total area/ 

25 bone length) a measure of bones external size varies within the population and is independent of 

26 body size but has been associated with bone strength.  Athletes may have similar variability in 

27 robusticity values as the general population and thus have a wide range of bone strengths based 

28 on the robustness of their bones.    Therefore, the purpose of this study was to determine if an 

29 athlete’s bone strength and cortical area relative to body size was dependent on robusticity.  The 

30 second aim was to determine if anthropometry or muscle function measurements were associated 

31 with bone robusticity.  Methods. Bone variables contributing to bone strength were measured in 

32 collegiate athletes and a reference group using peripheral quantitative computed tomography 

33 (pQCT) at the 50% tibial site.  Bone functionality was assessed by plotting bone strength and 

34 cortical area vs body size (body weight x tibial length) and robustness (total area/length) vs body 

35 size. Bone strength was measured using the polar strength-strain index (SSIp).  Based on the 

36 residuals from the regression, an athlete’s individual functionality was determined, and two 

37 groups were formed “weaker for size” (WS) and “stronger for size” (SS). Grip strength, leg 

38 extensor strength and lower body power were also measured.  Results.  Division II athletes 

39 exhibited a natural variation in (SSIp) relative to robusticity consistent with previous studies.  

40 Bone strength (SSIp) was dependent on the robusticity of the tibia. The bone traits that comprise 

41 bone strength (SSIp) were significantly different between the SS and WS groups however there 

42 were minimal differences in the anthropometric data and muscle function measures between 
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43 groups.  A lower percentage of athletes from ball sports were “weaker for size” (WS group) and 

44 a higher percentage of swimmers were in the WS group.  Discussion.  A range of strength values 

45 based on robusticity occurs in athletes similar to general populations.  Bones with lower 

46 robusticity (slender) were constructed with less bone tissue and had less strength.  The athletes 

47 with slender bones were from all sports including track and field and ball sports but the majority 

48 were swimmers.  Conclusions. Athletes even after optimal training for their sport may have 

49 weaker bones based on robusticity.  Slender bones may therefore be at a higher risk for fracture 

50 under extreme loading events but also yield benefits to some athletes (swimmers) due to their 

51 lower bone mass.  

52

53

54
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55 Introduction

56 Bones must be sufficiently strong to support loading from daily activities and avoid injury.  

57 Adequate bone strength during development may not only prevent injury in the short-term but 

58 may also decrease fracture incidence later in life (Heaney et al., 2000).  However, bone strength 

59 is a complex concept and is determined by the size and shape (architecture) of a bone as well as 

60 the bone’s material properties, the elastic modulus (Van der Meulen, Jepsen & Mikić, 2001).  

61 Therefore, one variable cannot be used to determine the bone strength or the potential for injury; 

62 multiple outcome measures are necessary to effectively monitor bones’ response to exercise. 

63

64 Robusticity, a measure of external bone size, is one of many genetic and anatomical factors that 

65 limit or permit bone adaptation and thus bone strength in the skeletal system (Pandey et al., 

66 2009).  Skeletal robusticity reflects the biological relationship between periosteal expansion 

67 relative to longitudinal growth (Pandey et al., 2009) and is a heritable trait established by 2 years 

68 of age.  Robusticity values vary within the population but are independent of body size.  The 

69 range of robusticity values (slender (low) to robust (high)) affect the ability of bone to adjust the 

70 tissue modulus or architecture to develop a sufficiently strong bone to withstand daily activities.  

71 Slender bones (low robusticity) are constructed with significantly less bone mass than more 

72 robust bones (Jepsen et al., 2011) resulting in relatively weaker bones that may be at greater risk 

73 for fracture, specifically stress fractures (Crossley et al., 1999; Jones, 2002; Taes et al., 2010; 

74 Jepsen et al., 2013).  Individuals have different bone strength dependent on the robusticity of 

75 their bones.  Two people with similar body sizes can have widely varied robusticity and thus 

76 varied bone strength (Jepsen et al., 2011).  Relatively weak bones for body size may not be a 

77 problem during activities of daily living but may be detrimental under extreme loading 
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78 conditions such as those experienced by athletes during training and competition.  Therefore, it is 

79 important to determine if athletes have a similar variability in robusticity values as the general 

80 population and if their bone strength is affected by robusticity in similar ways that have been 

81 found in healthy populations. 

82

83 Higher bone density and larger bone size (moment of inertia) have been identified in athletes 

84 compared to sedentary controls illustrating the positive effect of physical activity on bone 

85 (Haapasalo et al., 2000; Greene et al., 2012).  In fact, baseball and racquet sport athletes have 

86 long term bone strength benefits especially those athletes starting their sport during adolescence 

87 (Kontulainen et al., 2003; Warden & Roosa, 2014; Jackowski et al., 2014).  Yet a relatively large 

88 percentage of athletes develop stress fractures accounting for 0.7% to 20% of all sports medicine 

89 clinic injuries – an indication of either relatively weak bones or excessive loading (Fredericson et 

90 al., 2006).  Athletes cannot be grouped as a homogenous population, both intrinsic (genetic and 

91 biological) and extrinsic (environment, nutrition, training) factors affect both performance and 

92 the incidence of injury.  Risk factors for injury include both training errors, training gear (shoes 

93 and orthotics) as well as anatomical and genetic risk factors including body size, tibial width and 

94 muscle strength.  

95

96 Therefore, athletes may also have a large variation of robusticity and thus bone strength values 

97 relative to body size.  The purpose of this study was to determine if an athlete’s bone strength 

98 and cortical area relative to body size were dependent on robusticity and if anthropometric or 

99 muscle function differed between athletes of different robusticity values  It was hypothesized 

100 that there would be a difference in bone strength and cortical area dependent on robusticity in 
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101 Division II collegiate athletes but no differences in anthropometry or muscle function would be 

102 found.  

103

104 Materials & Methods:

105

106 Participants:

107

108 A total of 105 university students participated in this study including 86 student athletes and 19 

109 non-student athletes making up the reference group.  Fifty-four female athletes (24.1% African 

110 American/Black, 11.1% Latina, 31.5% White, 13.0% Asian, 20.4% Mixed Race or Unknown), 

111 37 male athletes (21.6% African American/Black, 27.0% Latino, 24.3% White, 2.7% Asian, 

112 2.7% Pacific Islander, 21.6% Mixed Race or Unknown) and 19 referents (8 females, 11 males) 

113 (5% African American/Black, 16% Latino, 10% White, 32% Asian, 5% Pacific Islander, 32% 

114 Mixed Race or Unknown) were used in the analysis.  Participants’ average age was 20.7 + 2.2 

115 (18-29) years.  Female athletes were members of the track and cross country (Track, CC), 

116 volleyball, soccer and swim teams.  Male athletes were members of the track and cross country 

117 (Track, CC), soccer and basketball teams.  All participants provided written informed consent 

118 and all study procedures were approved by the Institutional Review Board of California State 

119 University, East Bay.  A general health and demographic survey was completed.  Participants 

120 were excluded if they had a history of any diseases that might influence bone mineral density 

121 (endocrine diseases, gastrointestinal disorders, and eating disorders), smoked or were pregnant.  

122

123 Anthropometry and Muscle Strength:
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124 Body weight and body fat percentage were measured using the BOD POD (COSMED USA, 

125 Concord, CA).  Height was measured in meters using a stadiometer. Maximal grip strength was 

126 tested in a standing posture with arms at sides using a hand dynamometer (BIOPAC Systems Inc, 

127 Goleta, CA). Three trials were completed with a 30 second rest between each trial for both right 

128 and left hands.  A relative measure of the combined force relative to body weight was then 

129 calculated.  Leg extensor strength was measured using the one repetition maximum test (1 RM) 

130 on a bilateral leg-press machine (Hammer Strength-Life Fitness, Rosemont, IL).  Testing did not 

131 take place after practice or a weight training session or on the same day as the vertical jump test. 

132 Participants were instructed to place feet flat on the platform, hips width apart, toes rotated 

133 slightly outward with knees flexed to 70 degrees and then extend knees to 170 degrees. After a 

134 warm up and a familiarization period, the load was set to 90-95 % of their predicted 1 RM. 

135 Following each successful lift, the weight was increased by ~5% until the participant failed to lift 

136 the load through the entire range of motion. Approximately 3-5 min. rest periods were allowed 

137 between each trial. A repetition was considered valid when the participant used proper form and 

138 completed the lift through the full range of motion in a controlled manner without assistance. 

139 The 1RM represents the highest weight that can be lifted one time using proper technique 

140 through the full range of motion.  A vertical jump test was used to estimate lower body power.  

141 Jump height was quantified using a VertecTM (JUMPUSA.com, Sunnyvale, CA), a common tool 

142 for measuring vertical jump ability.  The vertec is a steel structure with horizontal vanes which 

143 are rotated out of the way by the hand to indicate the height reached.  A standing reach value was 

144 measured with the participants arm overhead and both feet flat on the ground.  Participants then 

145 completed three counter movement vertical jumps (CMVJ).  The CMVJ maximal height was 

146 calculated as the difference between the height jumped and the standing reach height.  The 
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147 maximal jump height of three trials was used to calculate peak power and relative peak power.  

148

149 Sayers CMJ Peak Power Equation (Sayers et al., 1999)

150 Peak Power (W) = [51.9 * CMJ height (cm)] + [48.9 * Body mass (kg)] - 2007

151 Relative Peak Power Equation

152 Relative Peak Power (W*kg-1) = Peak Power (W) / Body Weight (kg)

153

154 Bone Mass, Structure and Distribution:

155

156 Bone images were obtained for the dominant tibia (Korhonen et al., 2012) using peripheral 

157 quantitative computed tomography (pQCT) (XCT 2000 Stratec Medizintechnik, Pforzheim, 

158 Germany).  Tibia dominance was determined by asking participants, “Which leg is your 

159 dominant leg?” if they responded inconclusively a follow up question of, “Which hand do you 

160 write with?” was asked. Tibia length was measured as the distance between the medial malleolus 

161 and medial epicondyle with the knee flexed to 90 degrees.  The length measurement was 

162 repeated twice, and the average was taken. 

163 For all participants, a scout scan was performed to locate the distal end of the tibia to determine 

164 the 25% and 50% sites of the tibia length, after which the two sites were scanned.  The voxel size 

165 was set to 0.5 mm, slice thickness was 2 mm and the scanning speed was 30 mm/s.  The 25% site 

166 was predominately cortical diaphyseal bone.  At the 50% site both cortical bone and muscle area 

167 were measured.  Slice images were analyzed using manufacturer’s software (version 6.20).  

168 Regions of Interest (ROI) were identified using auto find and minimize functions of the 2000L 
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169 software package, manual corrections were made using visual check as necessary.  Contour 

170 mode 1 with a threshold of 710 mg/cm3 defined cortical bone and to determine the strength-

171 strain index (SSIp) a contour mode of 1 and a threshold of 480 mm/cm3 was used. At both the 

172 25% and 50%-tibia sites,  cBMD.ct (CRT_DEN, mg/cm3), total area T.Ar (TOT_A, mm2), 

173 cortical area Ct.Ar (CRT_A, mm2), periosteal perimeter, Ps.Pm (PERI_C, mm), endocortical 

174 perimeter, Ec.Pm (ENDO_C, mm), cortical thickness Ct.Wi (CRT_THK_C, mm) and polar 

175 moment of inertia, J (IP_CM_W, mm4) and strength-strain index SSIp (RP_CM_W, mm3) were 

176 measured.  Muscle cross-sectional area (mm2) was determined from the 50%-tibia site.  

177 Robusticity was determined at the 25% and 50%-tibia sites as the total area divided by bone 

178 length. 

179 SSIp = (MI/ Dmax) * (CD/ND)(Cointry et al., 2014)

180 MI: Moment of Inertia

181 Dmax=maximum distance of a voxel from center of gravity

182 CD=measured cortical density (mg/cm3) mineral per unit of cortical bone volume

183 ND=normal physiological density (1200 mg/cm3)

184

185 All scans were acquired and analyzed by 1 of 2 technicians holding Limited Permit X-Ray 

186 Technician certifications from the California Department of Public Health. The short term in 

187 vivo precision (CV %) in our laboratory for all the variables used has been assessed and 

188 estimated between 0.22% and 1.7%.  All scans were checked for movement artifacts at the time 

189 of the initial scan by the technician. Manufacturer supplied hydroxyapatite phantoms for pQCT 

190 were scanned daily prior to data collection. 

191 Robusticity and Bone Strength relative to Body Size
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192

193 Whole bone strength was estimated from pQCT images using the  Strength-Strain Index (SSIp).  

194 Body size was calculated as the product of body weight (BW) and tibial bone length (Le) 

195 (BW*Le).  Robusticity was calculated as the total area of the bone divided by the bone length at 

196 the 50% site (Figure 1A).  The hypothesis that variation in bone strength varies by robusticity 

197 after adjusting for body size in a population of collegiate athletes was tested.  Traditionally bone 

198 mechanical function is reported relative to a measures of body size.   Bone functionality was 

199 assessed for males and females separately by plotting bone strength vs body size (body weight x 

200 tibia length: BW*Le) (Figure 1C).  For males and females separately, robusticity was also 

201 regressed against body size (BW*Le) (Figure 1B).  The residuals from the regressions represent 

202 the variation within SSIp and robusticity that is not explained by body size (BW * Le).  Using 

203 the residuals, SSIp was then regressed against robusticity by partial regression analysis.  If 

204 relative to body size, robusticity resulted in the same SSIp the slope should be zero indicating 

205 that bone strength was not dependent on robusticity (Figure 1D).  A partial linear regression 

206 between cortical area (Ct.Ar) and robusticity accounting for body size (BW*Le) was then 

207 completed to determine any dependence of cortical area on robusticity.  The slope of the partial 

208 regression should not be significantly different from zero if robust and slender tibias had similar 

209 cortical areas.  

210

211 Athletes and referents were then separated into two groups based on the partial regression 

212 analysis.  Although a continuum in SSIp and robusticity exists, those participants with negative 

213 residuals for both SSIp and robusticity with respect to body size (BW*Le) (bottom left quadrant 

214 of Figure 1D) were placed in a group labeled “weaker for size” (WS).  The second group(top 
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215 right quadrant of Figure 1D) was comprised of individuals with positive residuals for both SSIp 

216 and robusticity with respect to body size (BW*Le) and labeled “stronger for size” (SS).  

217 Anthropometric, muscle strength and bone trait variables from the 50% tibial site were compared 

218 between groups. 

219

220 Differences between the two groups (WS and SS) were determined by unpaired t-tests (two-

221 tailed) with a significance value set at 0.05.  All statistical analyses (t-tests and regressions) were 

222 performed using Graph Pad (GraphPad Prism version 6.00 for Windows, GraphPad Software, 

223 San Diego, California, USA). 

224

225 Results:

226

227 Robusticity and Bone Strength Relative to Body Size

228

229 At the 50% site, tibia robusticity (total cross-sectional area/tibia length) (Figure 1A) was 

230 normally distributed with a range for females (.89-1.54) and for males (1.1-1.9).  Robusticity 

231 increased modestly with body size (BW*Le); similar to previous studies (Females R2=0.11; 

232 Males R2=0.36) (Figure 1B). The Strength-Strain Index (SSIp) increased with body size 

233 (BW*Le) (Females: R2=0.47; Males: R2=0.55) (Figure 1C).  Robusticity correlated significantly 

234 with SSIp for both males and females after accounting for body size (BW*Le) (Females: 

235 R2=0.80; Males: R2=0.77) (Figure 1D) indicating that SSIp was dependent on the robusticity 

236 consistent with previous studies (Jepsen et al., 2011, 2013).. The slopes of the female and male 

237 partial regression lines were significantly different. Bones with lower robusticity values had 
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238 lower SSIp levels for body size.  Bone strength (SSIp) was dependent on the robusticity of the 

239 tibia (Figure 1D).  

240

241 Anthropometrics, Muscle Function and Bone Functionality for WS vs SS groups

242 The tibia robusticity at the 50% site in the WS group was 17-18% less than the SS group (Figure 

243 2A and 2B).  The WS group had SSIp values that were 27.3% and 28.8% less in females and 

244 males respectively compared to the SS group of individuals (Figure 2C).  Cortical area values 

245 were also significantly less; 19% for both females and males (Figure 2D) in the WS groups. The 

246 largest difference between the 2 groups was found in the polar moment of inertia (J); females in 

247 the WS group had a 31.4% smaller J and males were 33.8% smaller (Figure 2E).  However, 

248 cortical bone mineral density (cBMD) was similar for both groups (Figure 2F). Similar results 

249 for the 25% tibia site were found but not reported here.

250

251 Althought the  bone traits that comprise bone strength were significantly different between the 

252 SS and WS groups, there were minimal differences in the anthropometric and muscle function 

253 data between groups (Table 1). Both groups had similar heights, yet the SS group had body 

254 weights that were 8.5% greater in the females compared to the WS group.  However, percent 

255 body fat was not significantly different between groups but there was a large range within 

256 groups. The female individual with the lowest body fat percentage was in the WS group and the 

257 male individual with the lowest body fat percentage was in the SS group.  Tibia lengths were not 

258 significantly different between groups.  

259

260 Muscle areas measured at the 50% tibia site were not different between groups for both females 
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261 and males (Table 1). The three muscle strength measurements were also similar between groups. 

262 No differences were found in relative grip strength, leg extensor strength measured using the one 

263 repetition maximum (1 RM) on a leg-press machine or relative power from the vertical jump test.  

264 The WS group did not lack muscle strength suggesting that differences in bone strength were not 

265 due to differences in muscular loading on the tibia.  

266

267 Type of Sport for WS and SS groups

268

269 Table 2 indicates the percentage of individuals in the WS group in the following categories; 

270 Track/CC, Ball Sports, Swimming (females only), Reference. Similar numbers of female and 

271 male runners (Track/CC) were in the WS group, 44% and 43% respectively.  A lower percentage 

272 of athletes from ball sports were “weaker for size” (WS group); 30% and 33.3% respectively for 

273 females and males.  The ball sport category included volleyball and soccer for females and 

274 soccer and basketball for males. A large percentage of swimmers, 72% were in the WS group 

275 similar to the number of referent individuals in the WS group, 75% for females and 82% for 

276 males. 

277

278 Cortical Area in WS and SS groups

279

280 Adapting a bone to optimize bone strength may be limited by the cortical area of that bone.  To 

281 determine if any athletes or referent participants were “weaker for size” but fully adapted based 

282 on cortical area, a partial regression analysis of cortical area and robusticity accounting for 

283 BW*Le was done.  If an individual had an expected or greater than expected cortical area for 
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284 their body size (positive residual values for Ct.Ar vs body size) they may also have relatively 

285 weak bones for body size but the tibia reached the highest strength biologically possible based on 

286 their robusticity.  Cortical area (Ct.Ar) was larger for individuals with larger body size (BW*Le)  

287 (Females R2=0.34; Males R2=0.48) (Figure 3A).  Cortical area (Ct.Ar) was also larger as the 

288 robusticity of the bone increased (Females R2=0.58; Males R2=0.76) (Figure 3B).  Robusticity 

289 correlated significantly with Ct.Ar for both females and males after accounting for body size 

290 (Bw*Le), the slopes and intercepts of these partial regression lines were not different.  Slender 

291 bones (lower robusticity values) had less Ct.Ar than more robust tibias (Females R2=0.56; Males 

292 R2=0.63) (Figure 3C). Cortical area adjusted for body size and regressed against robusticity was 

293 similar to the relationship reported in previous studies (Jepsen, 2011; Jepsen et al., 2011). 

294

295 Six athletes in the “weaker for size” group were found to have positive residual values from the 

296 Ct.Ar vs BW*Le regression (Figure 3A).  These athletes are found in the top left quadrant of 

297 Figure 3C, indicating that they had negative residuals for robusticity but a positive residual value 

298 for Ct.Ar after accounting for BW*Le.  Slender bones had smaller cortical areas but some 

299 athletes adequately adapted their tibia but did not have the same functionality (bone 

300 strength/body size) as athletes with more robust bones. 

301

302 Discussion

303 The current results for Division II collegiate athletes and referents were consistent with other 

304 studies of young healthy adults (Jepsen, 2011; Jepsen et al., 2013) indicating that a range of bone 

305 strength values based on robusticity occurs in athletes.  Tibia robusticity varied ~2 fold for both 

306 females and males in the current study similar to the range found in healthy young populations 

PeerJ reviewing PDF | (2018:02:25123:1:1:NEW 6 Jul 2018)

Manuscript to be reviewed



307 (Jepsen et al., 2011).  Bone strength (SSIp) values ranged 83% (range/average) for females and 

308 133% in males.  The athletes did not all develop similar bone strength relative to body size and 

309 some athletes developed bones that were “weaker for size” (WS) and other athletes developed 

310 bones that were “stronger for size” (SS).  A significant difference in average SSIp of 

311 approximately 27% was found between the tibias that were slender relative to BW*Le (WS 

312 group) compared to robust tibias (SS group).  The “weaker for size” (WS) individuals also had 

313 significantly lower cortical area and polar moment of inertia (J) values compared to the SS group 

314 with no difference in cortical bone mineral density (cBMD).  There were no differences in height 

315 or body fat percentage between groups however the athletes in the female SS group were 

316 heavier.  In addition, no differences in muscle strength were found.  The between groups 

317 variation in strength values is normal in healthy populations (Jepsen et al., 2013).  However, 

318 athletes perform loading activities outside the norm and thus athletes with low robusticity in their 

319 tibia may have weaker bone strength and may be susceptible to repetitive loading injuries.  

320

321 Robusticity and Bone Strength

322 Athletes as a group typically have greater bone strength compared to control groups (Heinonen et 

323 al., 2002; Kontulainen et al., 2003; Greene et al., 2012; Korhonen et al., 2012; Warden & Roosa, 

324 2014).  Athletes presumably undergo bone functional adaptation to be able to withstand the 

325 loading demands of their sport without injury (Ruff, Holt & Trinkaus, 2006; Hughes et al., 

326 2016).  Bones functionally adapt to their loading as described by Wolff’s Law (Wolff, 1892).  

327 The stimulus for this adaptation is mechanical strain as described by the mechanostat theory 

328 introduced by Harold Frost (Frost, 2003).  However bone strength in the current study did vary 
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329 based on bone robusticity (Jepsen et al., 2011, 2013; Jepsen, Bigelow & Schlecht, 2015) and the 

330 robusticity range in the athletes in the current study was similar to healthy populations (1.1 fold 

331 for females and males).  The skeletal system is functional over a range of bone strengths in 

332 healthy populations and although slender bones tend to be less strong compared to robust bones 

333 (Jepsen et al., 2013) they are strong enough to withstand daily loads.  A previous study reported 

334 a 2-fold difference in bone stiffness was not pathological but a natural variant that is expected in 

335 populations (Jepsen et al., 2013).  However, slender bones have been associated with increased 

336 risk of stress fracture (Beck et al., 2000; Popp et al., 2009; Schnackenburg et al., 2011; Jepsen et 

337 al., 2013).  Male military recruits presenting with a stress fracture had 5.3% lower robusticity 

338 and 11% lower tibial stiffness (Jepsen et al., 2013) compared to non-fracture recruits. In the 

339 current study, the “weaker for size” group had 27-29% lower SSIp values and approximately 

340 17% lower robusticity values compared to the SS group.  Decreased strength for size may not be 

341 a problem for activities of daily living in healthy populations but may become a problem under 

342 extreme loading conditions such as those experienced by athletes during training and 

343 competition.  

344 Bone structure and architecture adapts as a response to mechanical loading with a goal to 

345 maintain optimum strain levels during the performance of activities.  Therefore if activity levels 

346 increase, the architecture of the bone may change to maintain the strain levels (Rubin & Lanyon, 

347 1984; Forwood, 2008; Hughes et al., 2016).  Bone architecture, in particular, the moment of 

348 inertia comprises 73-79% of whole bone bending stiffness(Schlecht & Jepsen, 2013).  However, 

349 if biological processes are unable to adapt bone traits such as cortical area, moment of inertia and 

350 tissue mineral density to establish the same level of functionality between robust and more 

351 slender bones then strength will be affected.  Athletes even after optimal training for their sport 
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352 may have weaker bones relative to body size based on robusticity.  Robusticity, is established 

353 early in life, by 2 years of age (Pandey et al., 2009).  The variation in robusticity in healthy 

354 populations is in part based on genetics and as well as the activity levels of individuals.  Skeletal 

355 robustity has been used as an outcome measure to study mobility of groups in anthropological 

356 studies, the greater amounts of terrestrial locomotion have been linked to greater lower limb 

357 robusticity (Carlson & Marchi, 2014).  Adolescence is a time period that elicits a bone adaptive 

358 response (Kannus et al., 1995; Forwood, 2008) athletes who start their sport during or prior to 

359 puberty have long term effects on bone structure (Warden & Roosa, 2014; Jackowski et al., 

360 2014).  Therefore, collegiate level athletes who are assumed to have started their athletic careers 

361 prior or during puberty would have the best chance to optimize their robusticity and bone 

362 strength.   However, the coefficient of variation for robusticity in the current study was 15% 

363 which was very similar to variations found in studies of healthy populations (Pandey et al., 

364 2009).  Even in trained athletes, robusticity may affect their ability to develop adequate bone 

365 strength for the demands of sport.  

366

367 Cortical Area and Bone Strength relative to Body Size

368 Injury occurs when the loading on a tissue exceeds the strength of that tissue. For bone, if the 

369 loading from daily activities and/or sport and exercise exceed the bone strength then stress 

370 fracture may result.  To avoid injury, athletes must either increase the strength of their bones or 

371 decrease the loading on their bones.  Athletes ideally want to maximize bone strength while 

372 minimizing bone mass.  Slender bones result in greater tissue strains potentially damaging the 

373 cortical matrix and increasing the probability of fracturing (Burr et al., 1998) and have been 
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374 associated with stress fracture in military recruits (Jepsen et al., 2013) .  However, slender 

375 phenotypes are not indicative of a bone that is “poorly adapted”.  An individual can have lower 

376 tibia strength per body size and have less robust (slender) tibias for body size and thus have 

377 reduced functionality BUT have a well-adapted structure IF their cortical area is expected or 

378 greater than expected for body size (Jepsen et al., 2013).  There may be a selective advantage in 

379 sport for a bone with minimal mass and maximal strength.  While robust bones tend to be 

380 stronger they are also larger.  Larger bones (increased mass) are metabolically expensive which 

381 may be a detriment for athletes in certain sports.  The regression of robusticity and Ct.Ar after 

382 adjusting for body size (BW  * Le) indicated that athletes and referents with less robust tibias 

383 had lower Ct.Ar in general (Figure 3B, Figure 3C).  However, analysis of the data found some 

384 athletes with less robust tibias and greater than expected cortical area, these athletes had tibias 

385 that had impaired functionality but were optimally adapted based on their robusticity.  These 

386 athletes had “weaker for size” bones but had adequate cortical area and therefore may have 

387 reached the limits in their ability to increase their bones’ strength.  These athletes may need to 

388 adjust their loading to reduce injury potential.  A large percentage of swimmers were in the WS 

389 group and due to the lack of gravity during their sport this may be an advantage.  Yet, the 

390 athletes in the “weaker for size” group that are involved in impact sports (soccer, volleyball and 

391 basketball) may have a greater risk for injury.

392

393 Tibia length, height, and percent body fat were all similar between the WS and SS groups for 

394 both females and males.  There was also no difference in muscle function between the athletes 

395 that were “weaker for size” and those that were “stronger for size”.  The relative grip strength 

396 measured by hand dynamometer which is an indicator of total body strength was similar between 
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397 groups. As well the relative leg extensor strength and lower body relative power were similar 

398 between groups.  In addition, the muscle area measured at the 50% tibial site by pQCT was 

399 similar between groups.  Athletes with similar anthropometry (body size) and body composition 

400 may have very different bone strength and adaptation capacities based on the robusticity of their 

401 bones. 

402

403 In-vivo Bone Strength Measures

404 Although a direct measurement of bone strength is ideal, it is not feasible in studies using human 

405 subjects.  Bone strength is determined by the size and shape (architecture) of a bone as well as 

406 the material properties of the bone, the elastic modulus (Turner & Burr, 1993; Van der Meulen, 

407 Jepsen & Mikić, 2001).  Bone strength analysis via pQCT allows an analysis of both structural 

408 and material properties of bone that contribute to strength.  The parameter strength- strain index 

409 (SSIp), was developed to approximate bone strength in-vivo (Ferretti et al., 2001) and has been 

410 shown to be a good estimate of mechanical strength ex-vivo (Augat et al., 1998).  Studies that 

411 measured strength via SSIp during development indicate a minimal change in cBMD but a large 

412 variation in structural variables of 300-400% (Schoenau et al., 2001).  Males grow stronger 

413 bones due to the exclusive addition of bone mass on the periosteal surface where the effect on 

414 mechanical strength is much greater than adding bone mass to the endocortical surface.  Women 

415 tend to add bone to the endocortical surface for future calcium needs during pregnancy and 

416 lactation (Kovacs & Kronenberg, 1997).  In the current study, we found no differences in cBMD 

417 between the “weaker for size” and “stronger for size” groups; the main differences in bone 

418 strength stem from differences in bone cortical area and polar moment of inertia.  Differences in 
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419 cortical area are dependent on the robusticity of the bone that is not apparent by looking at 

420 muscle strength or body size of an athlete. 

421

422 Strengths and Limitations

423 The limitations of our study include the cross-sectional nature of the data.  We also did not track 

424 injury in our population due to the small participant number and the activity level of our 

425 referencegroup was not directly measured.  There were also advantages in our sample including 

426 the diversity of the sample, most ethnicities were represented in both the athlete and reference 

427 populations, previous studies have utilized more homogenous groups (Jepsen et al., 2011, 2013).  

428 Most of the athletes and referents in the current study were non-white (68.5% - 90% dependent 

429 on group).  Furthermore, previous studies suggest that a portion of the variation in robusticity 

430 may be due to other aspects not represented by body size (BW*Le) including the type of activity, 

431 intensity, duration and age of onset of sport.  Our population of collegiate athletes probably 

432 started their sport during adolescence (Frisch et al., 1985) and as a result was able to optimize 

433 their robusticity and functional adaptation.  Yet the range of robusticity values of the athletes was 

434 similar to those found in healthy populations.  In addition, other factors not measured in the 

435 current study may affect bone strength values in addition to body size and robusticity including 

436 systemic factors, nutrition and specific training load modalities.  

437

438 Conclusions:

439
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440 Division II collegiate athletes had a variation in tibial robusticity and bone strength (measured by 

441 SSIp) similar to those previously reported in healthy populations (Jepsen et al., 2011, 2013; 

442 Jepsen, Bigelow & Schlecht, 2015).  Athletes may tend to have stronger bones when viewed as a 

443 group but when analyzed as individuals bone strength was found to be dependent on robusticity.  

444 The athletes with slender bones were from all sports including track and field and ball sports but 

445 the majority were swimmers.  Slender bones were constructed with less bone tissue and have less 

446 strength (SSIp) suggesting these bones were at a functional disadvantage compared to bones with 

447 higher robusticity (Jepsen et al., 2011).  Slender bones may therefore be at a higher risk for 

448 fracture under extreme loading events but also yield benefits to some athletes (swimmers) due to 

449 their lower bone mass.  Athletes with slender bones may have normal bone adaptation to loading 

450 based on their cortical area but still have bones that are functionally impaired. To avoid injury, 

451 robusticity of an athlete and the effect on bone strength and adaptation needs to be considered as 

452 training programs are designed.  Finally, the athletes with slender bones were not easily 

453 identified by anthropometric or muscle strength variables.  

454
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578  Figure Captions

579

580 Figure 1: (A) Tibial robusticity (Tt.Ar/Le) measured at the 50% site varied widely among 

581 females and males with a range for females of (.89-1.54) and for males (1.1-1.9).  (B) 

582 Robusticity increased modestly with BW*Le for Females R2=0.11 and Males R2=0.36.  (C) SSIp 

583 increased with BW*Le for Females: R2=0.47 and Males: R2=0.55.  (D) Robusticity correlated 

584 significantly with SSIp for both males and females after accounting for loading (BW*Le) 

585 (Females: R2=0.80; Males: R2=0.77). * indicates significant regression p<0.05

586 Figure 2: Comparison of the “weaker for size” (F-WS, M-WS) groups and “stronger for size” (F-

587 SS, M-SS) groups.  (A) Robusticity for the WS group was 17% less in females compared to the 

588 SS group and (B) 18% less in males.  (C) The WS groups for both females and males were 

589 significantly weaker than the SS groups (p = 0.0001). (D) The cortical area for both females and 

590 males in the WS groups were significantly smaller than the SS groups (p=0.0003). (E) The 

591 largest difference between WS and SS groups was in the polar moment of inertia (J); 

592 significantly smaller in the WS groups (p=0.0003). (F) No differences were found between 

593 groups for volumetric bone mineral density (cBMD). 

594 Figure 3: (A) Cortical area (Ct.Ar) increased as the magnitude of loading (BW*Le) increased for 

595 both Females and Males. (B) Cortical area (Ct.Ar) was greater as the robusticity of the bone 

596 increased for both Females and Males. (C) Robusticity correlated significantly with Ct.Ar for 

597 both females and males after accounting for loading (Bw*Le), the slopes and intercepts of these 

598 regression lines were not different.

599

600 Table 1: Comparison of anthropometric and muscle strength and function variables between the 

601 SS group (“stronger for size”) and the WS group (“weaker for size”) in both Females and Males. 

602

603 Table 2: Percentage of individuals in the WS “weaker for size” group in the following 

604 categories; Track/CC, Ball Sports, Swimming, Reference for both Females and Males.

605

PeerJ reviewing PDF | (2018:02:25123:1:1:NEW 6 Jul 2018)

Manuscript to be reviewed



Table 1(on next page)

Comparison of anthropometric and muscle strength and function variables between the

SS group (“stronger for size”) and the WS group (“weaker for size”) in both Females and

Males.

Table 1: Comparison of anthropometric and muscle strength and function variables between

the SS group (“stronger for size”) and the WS group (“weaker for size”) in both Females and

Males.
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1 Table 1: Comparison of anthropometric and muscle strength and function variables between the 

2 SS group (“stronger for size”) and the WS group (“weaker for size”) in both Females and Males. 

3

Females Males

Anthropometrics F-SS F-WS M-SS M-WS

Body Weight (kg) 65.0 (8.9) 59.4 (8.9)* 75.7 (9.0) 73.4 (10.8)

Height (m) 1.68 (0.08) 1.63 (0.09) 1.78 (0.10) 1.75 (0.05)
Body Fat % 20.4 (6.1) 21.0 (4.8) 9.5 (3.7) 13.5 (6.8)

Tibial Le (mm) 356.1 (27.6) 358.5 (32.1) 386.3 (29.5) 382.9 (31.0)

Muscle

Muscle Area (mm2) 4399 (649) 4492 (682) 5820 (710) 5191 (898)
Grip Strength (N/kg) 6.0 (1.0) 6.0 (1.1) 8.1 (1.2) 7.4 (1.5)
1 RM Leg Press/ BW 2.6 (0.7) 2.3 (0.5) 3.1 (1.0) 3.1 (0.9)
Relative Power (W/kg) 50.8 (8.4) 52.4 (7.4) 60.8 (9.6) 62.3 (10.8)

4 Values are presented as mean + SD., * indicates difference from SS group p<0.05, 

5
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Table 2(on next page)

Percentage of individuals in the WS “weaker for size” group in the following categories;

Track/CC, Ball Sports, Swimming, Reference for both Females and Males.

Table 2: Percentage of individuals in the WS “weaker for size” group in the following

categories; Track/CC, Ball Sports, Swimming, Referent for both Females and Males.
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1 Table 2: Percentage of individuals in the WS “weaker for size” group in the following categories; 

2 Track/CC, Ball Sports, Swimming, Referent for both Females and Males.

Females Males

Track- Cross Country 44 % 43 %

Ball Sports* 30 % 33.3 %

Swimming 72 % N/A

Referent 75 % 82 %

3 *Included volleyball and soccer for females and soccer and basketball for males

4
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Figure 1

(A) Tibial robusticity (Tt.Ar/Le) measured at the 50% site varied widely among females

and males with a range for females of (.89-1.54) and for males (1.1-1.9). (B) Robusticity

increased modestly with BW*Le for Females R2=0.11 and Males R[sup]2[

Figure 1: (A) Tibial robusticity (Tt.Ar/Le) measured at the 50% site varied widely among

females and males with a range for females of (.89-1.54) and for males (1.1-1.9). (B)

Robusticity increased modestly with BW*Le for Females R2=0.11 and Males R2=0.36. (C) SSIp

increased with BW*Le for Females: R2=0.47 and Males: R2=0.55. (D) Robusticity correlated

significantly with SSIp for both males and females after accounting for loading (BW*Le)

(Females: R2=0.80; Males: R2=0.77).
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Figure 2

Comparison of the “weaker for size” (F-WS, M-WS) groups and “stronger for size” (F-SS,

M-SS) groups. (A) Robusticity for the WS group was 17% less in females compared to

the SS group and (B) 18% less in males. (C) The WS groups for both females and males

Figure 2: Comparison of the “weaker for size” (F-WS, M-WS) groups and “stronger for size”

(F-SS, M-SS) groups. (A) Robusticity for the WS group was 17% less in females compared to

the SS group and (B) 18% less in males. (C) The WS groups for both females and males were

significantly weaker than the SS groups (p = 0.0001). (D) The cortical area for both females

and males in the WS groups were significantly smaller than the SS groups (p=0.0003). (E)

The largest difference between WS and SS groups was in the polar moment of inertia (J);

significantly smaller in the WS groups (p=0.0003). (F) No differences were found between

groups for volumetric bone mineral density (cBMD).
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Figure 3

(A) Cortical area (Ct.Ar) increased as the magnitude of loading (BW*Le) increased for

both Females and Males. (B) Cortical area (Ct.Ar) was greater as the robusticity of the

bone increased for both Females and Males. (C) Robusticity correlated significant

Figure 3: (A) Cortical area (Ct.Ar) increased as the magnitude of loading (BW*Le) increased

for both Females and Males. (B) Cortical area (Ct.Ar) was greater as the robusticity of the

bone increased for both Females and Males. (C) Robusticity correlated significantly with Ct.Ar

for both females and males after accounting for loading (Bw*Le), the slopes and intercepts of

these regression lines were not different.
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