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Abstract

Purpose—To assess association between lower body muscle power and bone strength, as well as 

the mediating effect of muscle cross-sectional area (MCSA) on that association.

Methods—Participants (N=141 males; 162 females) were approximately 17 years. Muscle power 

was predicted using vertical jump and the Sayers equation. Using peripheral quantitative 

computed tomography (pQCT), bone strength indices were obtained at two locations of the tibia, 

corresponding to primary stressors acting upon each site: bone strength index for compression 

(BSI) at the distal 4% site; density-weighted polar section modulus strength-strain index [SSIp] 

and cortical bone area (CoA) at the 66% mid-shaft site for torsion. Muscle cross-sectional area 

(MCSA) was measured at the 66% site. Pearson bivariate and partial correlation coefficients were 

estimated to quantify the strength of the associations among variables. Direct and indirect 

mediation model effects were estimated and 95% bootstrap confidence intervals were constructed 

to test the causal hypothesis. Height and maturity were examined as covariates.

Results—Pearson correlation coefficients among muscle power, MCSA, and bone strength were 

statistically significant (p<0.01) and ranged from r=0.54 to 0.78. After adjustment for covariates, 

associations were reduced (r=0.37 to 0.69) (p<0.01). Mediation models for males for BSI, SSIp, 

and CoA accounted for 38%, 66%, and 54% of the variance in bone strength, respectively. Models 

for females for BSI, SSIp, and CoA accounted for 46%, 77%, and 66% of the variance, 

respectively.

Conclusions—We found strong and consistent associations, as well as direct and indirect 

pathways, among muscle power, MCSA, and tibia strength. These results support the use of 
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muscle power as a component of health-related fitness in bone health interventions for older 

adolescents.
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INTRODUCTION

Physical activity is recommended as one of the most effective strategies for promoting a 

healthy, strong skeleton in children and adolescents. During activity, muscle forces account 

for the majority of bone strains leading to structural adaptation, resulting in increases in 

bone strength (24). This connection between muscle force and bone strength is summarized 

in Harold Frost’s Mechanostat Theory (6), indicating that the greater the force on the bone 

by muscles, the greater the bone adaptation.

To more directly understand how bone adapts to the loading characteristics of physical 

activity, measurement methods that provide accurate assessments of both bone strength and 

muscle function must be employed. Advances in bone imaging (peripheral quantitative 

computed tomography; pQCT) provide quantitative measures of whole bone strength indices 

along the length of the tibia, corresponding to primary stressors acting upon various sites, 

including bone strength index (BSI; primarily a measure of strength during compression), 

density-weighted polar section modulus (stress-strain index [SSIp]), a measure of torsional 

strength, and cortical bone area (CoA) which exponentially increases SSIp (1). However, 

assessment of direct muscle function is less common. Studies (15, 14, 26, 27) examining 

muscle-bone relationships often use muscle cross-sectional area (MCSA) as a surrogate of 

muscle function. These studies report MCSA as a strong and consistent predictor of bone 

strength (15, 14, 26, 27). However, the assessment of MCSA requires clinical imaging, 

which is expensive, and some imaging techniques include radiation exposure. In addition, 

MCSA is a measure of size, not function; it does not fully reflect muscle quality, e.g., 

contractile and neuromuscular integrity properties (24, 6). These properties are influenced 

by physical activity, suggesting that muscle function can serve as a proxy for the cumulative 

effects of bone-enhancing physical activity. This is similar to how aerobic fitness serves as a 

proxy for the cumulative effects of cardiovascular-enhancing physical activity. Muscle 

power can be measured non-invasively via force plates, isokinetic dynamometry, Wingate 

testing, or field tests such as the vertical and long jumps (3). If the associations between 

bone strength and an easy-to-measure test of muscle power are strong and consistent, muscle 

power could be used in health promotion programming, in health-related fitness 

assessments, and as an outcome in exercise interventions aimed at improving bone health.

Few studies examining the influence of physical activity on bone strength in older 

adolescents exist and, to the best of our knowledge, no studies have specifically assessed 

physical activities that increase muscle power in relation to bone strength during late 

adolescence. However, an observational, cross-sectional study of males and females ranging 

from 15 to 20 years of age conducted by McKay and colleagues (18) identified a significant, 

positive relationship between sports and physical activities designated as impact loading 

Janz et al. Page 2

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(e.g., all activities that involve running) and both minimal and maximal cross-sectional 

moments of inertia of the tibia in males (explaining 10% and 12% of the variance, 

respectively). No significant relationship was seen for females by McKay and colleagues 

(18). A study by Greene and colleagues reported that bone strength index (BSI) was higher 

in female middle distance running athletes (13 to 18 years) compared to female non-athletes, 

with physical activity being the greatest predictor of BSI (7). A recent systematic review and 

narrative synthesis conducted by Tan and colleagues (28) investigated the influence of 

physical activity on bone strength in children and adolescents (age 5 to 18 years). Tan et al. 

(28) report that physical activity-related changes in bone structure, rather than bone mass, 

most often accompanied significant changes in bone strength. The authors also noted that 

muscle mediated the relationship of physical activity to bone (28).

The purpose of this study was to assess the association between lower body muscle power 

and measures of bone strength of the distal and proximal tibia: BSI (strength during 

compression) and SSIp and CoA (strength during torsion), respectively. We sought to 

elucidate the mediation pathway of muscle power, MCSA, and bone strength. We also 

investigated the use of a field test of muscle power, the vertical jump, to predict bone 

strength in adolescents.

METHODS

Participants

The Iowa Bone Development Study (IBDS) is an ongoing longitudinal study of bone health 

during childhood, adolescence, and young adulthood. Information about the study design 

and demographic characteristics of participants is available in prior publications (10, 11, 12). 

However, in brief, participants were recruited from 1998 to 2001 from a larger group of 

Midwestern children (n = 890) already participating in the Iowa Fluoride Study. 

Approximately 95% of the IBDS participants are white and two-thirds of their parents have 

college degrees. The current analysis focused on data collected when participants were 

approximately 17 years of age (n = 141 males and 162 females). The study was approved by 

the University of Iowa Institutional Review Board (Human Subjects). Parents provided 

written informed consent and minors provided assent.

Sample design and data collection

Participants completed a clinical examination that included anthropometry, vertical jump, 

and pQCT of the lower leg at age 17. Research staff trained in anthropometry measured the 

participant’s weight (kg), standing height (cm), and using standardized protocols, sitting 

height (cm) at multiple longitudinal assessments. Weight was measured using a 

Healthometer physician’s scale (Continental, Bridgeview, IL) and height measures were 

taken using a Harpenden stadiometer (Holtain, Crymych, UK). Maturity offset (year from 

peak height velocity; PHV) prediction equations established by Mirwald and colleagues (20) 

were used to determine somatic maturity. These equations include age, sex, weight, height, 

sitting height, and leg length as predictors. PHV estimates were calculated for all 

participants using age 11 and 13 examination data for girls and age 13 and 15 data for boys, 

if available. The clinical examination (between age 11 and age 15) which provided an 

Janz et al. Page 3

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



estimate of PHV age that was closest to the actual clinical examination age was used as the 

best estimate (the Mirwald equation is most precise closest to actual PHV age). If only one 

PHV estimate was available, it was used.

Vertical jump

Participants completed a vertical jump test to estimate lower body power (Watts). Jump 

height was quantified using a Vertec (Questek Corp, Elgin, IL), which has been shown to be 

strongly (r = 0.91) associated with vertical jump height determined by a three camera motion 

analysis system (13). Participants were instructed to perform a squat jump by bending their 

knees and moving their arms behind them until their knuckles faced the floor, pausing in this 

squat position so as to not gain any momentum, and then jumping as high as possible while 

reaching up and hitting the Vertec with the dominant arm. After a warm-up, three jumps 

were measured and the highest jump height (cm) was recorded. The Sayers equation was 

used to predict muscle power (Watts) = (60.7) × (jump height [cm]) + 45.3 × (body mass 

[kg]) – 2055)). This equation has been validated against force platform measures of power in 

males (mean age = 21.3 yr, SD = 3.4) and females (mean age = 20.4 yr, SD = 2.2) athletes 

and non-athletes (R2 = 0.87, SEE = 328.4 Watts) (25).

Peripheral quantitative computed tomography (pQCT)

Tibial measures for a majority of the participants were acquired using pQCT, software 

version XCT 6.00 (XCT 2000, Stratec, Inc.; Pforzheim, Germany). However, the Stratec 

XCT 3000 was used to acquire measures for the 27 participants who had a calf 

circumference greater than 15.5 inches, which is too large to fit in the XCT 2000 gantry. An 

IBDS calibration study found good agreement between the two models. In that study, in 

vivo measurements were obtained at sites corresponding to 4 and 66% lengths of the tibia 

for 17 healthy adults (12 female; aged 21–58 years) on both machines within 6 weeks of 

each other. In this IBDS calibration study, cross-sectional bone area and bone mineral 

density for total and trabecular bone were determined for the 4% site. For paired 

measurements, the mean percentage differences in total bone area and bone density obtained 

with the XCT 3000 were within 1.5% of the values obtained with the XCT 2000 machine. In 

addition to these measures, SSIp was determined for cortical bone at the 66% site. The mean 

difference in SSIp values obtained with the XCT 3000 were less than 2.2% compared with 

results from the XCT 2000 machine (unpublished data).

In light of inadequate evidence supporting the use of the dominant versus non-dominant 

limb for the bone and muscle measures (31, 1), the left leg was scanned, unless there was a 

history of fracture (< 1% of participants). Prior to scanning, tibial length was measured from 

the center of the medial malleolus to the proximal tibial plateau with the participant resting 

the lateral side of one foot on the contralateral knee. This value was entered into the scanner 

to standardize the regions of interest as percentages of individual bone length. A coronal 

scout view was acquired at the distal end of the tibia and an anatomical reference line was 

placed to bisect the medial side of the distal growth plate. Moving in a proximal direction 

from the reference line, the scanner was programmed to acquire measures at 4 and 66% of 

the tibia length with a voxel size of 0.4 mm, tomographic slice thickness of 2.2 mm, and 
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scan speed of 20 mm/s. All pQCT scans were acquired by one of three International Society 

for Clinical Densitometry (ISCD) certified bone densitometry technologists.

Analyses of the metaphyseal cross-section at the 4% site found total bone using interactive 

contour search mode 3 with the threshold set just above soft tissue density of 169 mg/cm3. 

This effectively separates lower density soft tissue voxels from the higher density periosteal 

bone border and generates a volumetric total bone density outcome. Total bone 

compressional strength, or BSI, (mg2/mm4), was calculated with the following formula: BSI 

(mg2/mm4) = Total Area (mm2) × (Total Density (mg/mm3)2).

Analyses of the diaphyseal 66% cross-section were used to find SSIp, CoA, and MCSA. For 

SSIp, cort mode 2 with a threshold of 480 mg/cm3 was used, as this is the software default 

threshold for the strength-strain indices (SSI). SSI is section modulus using bone density as 

a material property. Each voxel is weighted based on a normal bone density of 1200 mg/cm3 

and applied to the equation by dividing each voxel density by 1200 mg/cm3. Bending 

strength results are reported in the X and Y plane, but are not used because they are 

dependent on the bone rotation. SSIp is not dependent on rotation and is the preferred result 

to report. CoA was measured using separation mode 2 and a threshold of 710 mg/cm3 

combined with analysis filtering. The 66% site was also chosen as an optimum location for 

MCSA (mm2) assessment. To assess muscle, independent of bone and lower density soft 

tissues, an initial threshold of −100 mg/mm3 was employed to separate air from skin and 

define the limb cross-section. A slightly higher threshold of 40 mg/mm3 was then applied to 

separate subcutaneous fat from muscle and bone. An image filter further improved 

separation of densities to better delineate muscle from fat. To subtract the bone left within 

the muscle field, a threshold of 710 mg/cm3 was used to define the contour of the bone, then 

marrow voxels below 40 mg/cm3 were removed to define MCSA.

Scans were carefully checked for possible movement artifacts and quality at the time of 

initial scan analysis by a trained technician. Then, complete review of all scans was 

performed by another technician to ensure quality data. All scans that were found to have 

inacceptable levels of movements at any site of interest, imprecise reference line placement, 

or possible failed muscle loop analysis were excluded (4% of total scans for age 17 

participants). Precision analysis has been performed for the 4% radius site on a small sample 

of participants in the same age group. Two technicians showed high inter-rater reliability 

with intra-class correlation coefficients (ICC) exceeding 0.98 for all measures tested (total 

and trabecular area; total and trabecular density) and high test-retest reliability, ICC 

exceeding 0.98 for one technician and 0.76 to 0.99 for the other. Manufacturer supplied 

hydroxyapatite phantoms for pQCT were scanned daily.

Statistical analysis

Sex-specific means and standard deviations were calculated to describe the distributional 

properties of the measures. Student’s t-test was used to compare male and female mean 

values. Normality probability plots showed no severe departure from normality for variables 

included in analyses (data not shown). Pearson bivariate and partial correlation coefficients 

were estimated to quantify the strength of linear associations among muscle power, MCSA, 

and bone strength outcomes (BSI at 4% site; SSIp and CoA at 66% site). Partial correlation 
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analysis removed the effect of height and somatic maturity (age from PHV) from the 

correlation estimates. Mediation analysis was used to characterize a causal sequence of 

muscle power, MCSA, and bone strength outcomes (16). Mediation assumes that a precursor 

variable (muscle power) has an effect on a mediating variable (MCSA), which in turn affects 

the outcome variable (bone strength) (16). Unstandardized and standardized regression 

parameter estimates were calculated. (In standardized regression all variables were 

standardized by sex to Z-scores with mean = 0 and SD = 1.) Height and somatic maturity 

(time in years from PHV) were tested as covariates and were retained in the models if 

statistically significant (p < 0.05). Note that weight is a variable in the prediction of Watts. 

In addition, bias-corrected bootstrapping (1,000 bootstrap samples) was used to construct 

95% confidence intervals to describe the indirect effects of muscle power on bone strength 

measures (through MCSA) (9). Statistical Analysis System (SAS), version 9.2, was used for 

the statistical analyses. Mediation analysis was performed using SAS macro %indirect (9, 

23). A p-value less than 0.05 was specified as representing statistical significance.

RESULTS

The 303 participants are described in Table 1. Males, when compared to females, were 

significantly heavier and taller. They also had greater muscle power and greater bone 

strength outcomes at both tibia sites than females. The mean time from PHV for females 

was significantly longer than for males (5.7 versus 3.9 years, respectively).

Pearson bivariate and partial correlation coefficients among muscle power, MCSA, and bone 

strength outcomes are presented in Table 2. All associations were statistically significant (p 

< 0.01). Pearson correlation coefficients with bone outcomes were higher for muscle power 

and SSIp (r = 0.74 males, 0.78 females) when compared to muscle power and BSI (r = 0.58 

males, 0.54 females) and muscle power and CoA (r = 0.69 males and females). After 

removing the effect of height and maturity (time from PHV), the magnitudes of the 

associations between muscle power and both BSI (r = 0.49 males, 0.37 females) and SSIp (r 

= 0.56 males, 0.62 females) were reduced, but remained highly significant (p < 0.01). The 

magnitudes of the associations between muscle power and CoA remained unchanged. The 

magnitudes of the associations between muscle power and bone strength outcomes were 

nearly identical to those for the associations between MCSA and bone strength outcomes.

The mediation analysis results are shown in Table 3. The direct effects of muscle power 

were statistically significant (p < 0.001) for all of the bone strength measures, with the 

exception of BSI for females (p > 0.05). The standardized β values indicated that the direct 

effect of muscle power was greater in males than females for BSI and CoA (β = 0.35 vs 

0.08, 0.15 vs 0.38 vs 0.15, respectively) but similar between males and females for SSIp at 

the 66% site (β = 0.33 vs 0.33). Each of the mediation models accounted for a higher 

percentage of the variance in strength outcomes in females than in males. For example, the 

mediation model for BSI accounted for 38% of the variance in males versus 46% in females; 

the model for SSIp at the 66% site accounted for 66% of the variance in males versus 77% 

in females; and the model for COA at the 66% site accounted for 54% of the variance in 

males versus 66% in females. The bootstrap-derived 95% confidence intervals for the 

indirect effects are also shown in Table 3. None of the confidence intervals included zero, 
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indicating that our finding that MCSA is a mediator between muscle power and bone 

strength is unlikely to be due to sampling error.

DISCUSSION

The main purpose of this study was to assess associations and pathways between lower body 

muscle power and bone strength in adolescents. We identified strong and consistent 

associations, as well as direct and indirect pathways, between these variables. As expected 

associations were stronger at the proximal (shaft) site than the distal site due to the 

disadvantageous positioning of muscle attachments on bony levers which creates greater 

physiologic loads than normally expected from gravity (29, 21, 5). Importantly, the 

magnitude of the association between muscle power and bone strength was nearly identical 

to the magnitude of the association between MCSA and bone strength. The direct effect of 

muscle power on bone strength suggests that muscle function is not synonymous with 

muscle size. Perhaps the non-mediated effect was due to the integration of high intensity, 

high frequency, and odd loading movement which is characteristic of physical activities 

where lower body muscle power is more important than lower body muscle size, e.g., 

playing basketball and volleyball. These movement characteristics have been shown in 

laboratory studies to predict whole bone adaptation (29, 21). On the other hand, the non-

mediated effect could be due to the impact loading (e.g., landing during a jump) that occurs 

during physical activities that require power movements. Future work should attempt to 

isolate the independent bone-strengthening effects of power movements from impact 

loading movements.

Our results support the significance of muscle power as a predictor of bone strength. 

Understanding the role of muscle function on bone strength is important, since it is possible 

to train for muscle size without increasing muscle power (e.g., isometric contractions) or to 

increase muscle size via the use of pharmaceuticals (e.g., anabolic steroids). Additionally, 

measures of muscle power (vertical jump) are less invasive to obtain than clinical measures 

of muscle size (MCSA). In contrast to our findings, in a study of 6 to 9 year old girls, Daly 

and colleagues found that lean tissue mass predicts bone strength better than muscle function 

(5). However, Malina and colleagues suggest that young children might lack the physical 

development to accurately perform a vertical jump (17). In partial support of our findings, 

MacDonald and colleagues (15) found a significant association (r = 0.18, p < 0.05) between 

vertical jump height and BSI in their sample of pre- and early-pubertal girls (9 to 11 years), 

but no significant relationship was seen in the boys (0.10, p > 0.05). This could be due to a 

higher percentage of girls in the MacDonald et al. study being more physically developed 

when compared to the boys or due to some other (unknown) factor (15).

Muscle power is considered a performance-related physical fitness attribute, i.e., important 

for success in sports (2). As such, it is not assessed in the most commonly-used health-

related fitness testing programs, such as the Cooper Institute FITNESSGRAM (19). 

However, our work and the work of others (4, 22, 8) suggest it is time to consider muscle 

power as a component of health-related fitness and bone-enhancing health. If our findings 

are supported in future research with younger and more diverse participants, the vertical 

jump could add important information to comprehensive assessments of health-related 
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physical fitness and be used to track the success of health promotion programming delivered 

to optimize bone health. In addition, physical activities that maintain and improve power 

could be measured in health surveillance systems and targeted in physical activity 

interventions. At this time, the U.S. Physical Activity Guidelines for Americans (30) 

explicitly recommend bone-enhancing (also called weight-bearing or weight-loading) 

physical activities for children and adolescents, but do not identify muscle power as a 

desirable fitness attribute to achieve healthy bone.

Like all studies, this study has limitations. Our cohort is not representative of the general 

U.S. population. In addition, muscle power and bone strength are both site-dependent 

factors; therefore, the associations we report for lower body muscle power and bone strength 

of the tibia might not be the same for other skeletal locations, e.g., the clinically important 

proximal femur. In addition, most vertical jump tests, including the one we used, do not 

include a timed component and, therefore, they are not criterion measures of muscle power. 

Finally, our study was cross-sectional; we had the ability to examine relationships but not 

cause and effect.

An important strength of our study was the use of a normal, healthy cohort of adolescents, 

which increased the clinical importance of our findings. In addition, we used an advanced 

imaging technique, pQCT, to measure bone strength indices and investigated the 

relationships among MCSA, muscle power, and bone strength. In summary, using a simple 

test (vertical jump) to measure muscle power, we report a strong and consistent relationship 

between muscle power and bone strength in adolescents.

Acknowledgments

The authors thank the staff of the Iowa Fluoride Study for their organizational efforts especially our exercise 
specialists, Ms. Kristen Metcalf and Dr. Joanna Morrissey. We gratefully acknowledge and thank the Iowa Fluoride 
Study and the Iowa Bone Development Study participants and their parents; without their contributions, this work 
would not have been possible.

This work was supported by the National Institute of Dental and Craniofacial Research (R01-DE12101 and R01-
DE09551) and the National Center for Research Resources (UL1 RR024979 and M01-RR00059). There are no 
potential conflicts of interest. The results of the study do not constitute endorsement by the American College of 
Sports Medicine.

References

1. Adams JE, Engelke K, Zemel BS, Ward KA. Quantitative computer tomography in children and 
adolescents: The 2013 ISCD pediatric official positions. Journal of Clinical Densitometry. 2014; 
17(2):258–74. [PubMed: 24792821] 

2. American College of Sports Medicine. , editor. ACSM’s Guidelines for Exercise Testing and 
Prescription. 9. Baltimore (MD): Lippincott, Williams, and Wilkins; 2014. 

3. Baechle, TR.; Earle, RW. Essentials of Strength Training and Conditioning: National Strength and 
Conditioning Association. 3. Champaign (IL): Human Kinetics; 2000. 

4. Corbin CB, Welk GJ, Richardson C, Vowell C, Lambdin D, Wikgren S. Youth physical fitness: Ten 
key concepts. Journal of Physical Education, Recreation & Dance. 2014; 85(2):24–31.

5. Daly RM, Stenevi-Lundgren S, Linden C, Karlsson MK. Muscle determinants of bone mass, 
geometry and strength in prepubertal girls. Med Sci Sports Exerc. 2008 Jun; 40(6):1135–41. 
[PubMed: 18460991] 

Janz et al. Page 8

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. Frost HM. The mechanostat: A proposed pathogenic mechanism of osteoporoses and the bone mass 
effects of mechanical and nonmechanical agents. Bone Miner. 1987; 2(2):73–85. [PubMed: 
3333019] 

7. Greene DA, Naughton GA, Briody JN, Kemp A, Woodhead H, Corrigan L. Bone strength index in 
adolescent girls: Does physical activity make a difference? Br J Sports Med. 2005 Sep.39(9):622,7. 
discussion 627. [PubMed: 16118299] 

8. Gunter KB, Almstedt HC, Janz KF. Physical activity in childhood may be the key to optimizing 
lifespan skeletal health. Exerc Sport Sci Rev. 2012 Jan; 40(1):13–21. [PubMed: 21918458] 

9. Hayes AF. Beyond Baron and Kenny: Statistical mediation analysis in the new millennium. 
Communication Monographs. 2009; 76(4):408–20.

10. Janz KF, Burns TL, Torner JC, Levy SM, Paulos R, Willing MC, Warren JJ. Physical activity and 
bone measures in young children: The Iowa Bone Development Study. Pediatrics. 2001; 107(6):
1387–93. [PubMed: 11389262] 

11. Janz KF, Gilmore JM, Levy SM, Letuchy EM, Burns TL, Beck TJ. Physical activity and femoral 
neck bone strength during childhood: The Iowa Bone Development Study. Bone. 2007; 41(2):216–
22. [PubMed: 17560839] 

12. Janz KF, Letuchy EM, Burns TL, Eichenberger Gilmore JM, Torner JC, Levy SM. Objectively 
measured physical activity trajectories predict adolescent bone strength: Iowa Bone Development 
Study. BJSM. 2014; 48:1032–6. [PubMed: 24837241] 

13. Leard JS, Cirillo MA, Katsnelson E, Kimiatek DA, Miller TW, Trebincevic K, Garbalosa JC. 
Validity of two alternative systems for measuring vertical jump height. J Strength Cond Res. 2007; 
21(4):1296–9. [PubMed: 18076265] 

14. Lorbergs AL, Farthing JP, Baxter-Jones AD, Kontulainen SA. Forearm muscle size, strength, 
force, and power in relation to pQCT-derived bone strength at the radius in adults. Applied 
Physiology, Nutrition, and Metabolism. 2011; 36(5):618–25.

15. MacDonald H, Kontulainen S, Petit M, Janssen P, McKay H. Bone strength and its determinants in 
pre-and early pubertal boys and girls. Bone. 2006; 39(3):598–608. [PubMed: 16600704] 

16. MacKinnon DP, Fairchild AJ, Fritz MS. Mediation analysis. Annu Rev Psychol. 2007; 58:593–
614. [PubMed: 16968208] 

17. Malina, RM.; Bouchard, C. Growth, Maturation, and Physical Activity. 2. Champaign (IL): Human 
Kinetics; 1991. 

18. McKay H, Liu D, Egeli D, Boyd S, Burrows M. Physical activity positively predicts bone 
architecture and bone strength in adolescent males and females. Acta Paediatrica. 2011; 100(1):
97–101. [PubMed: 20735362] 

19. Meredith, M.; Welk, G., editors. Fitnessgram & Activitygram Test Administration Manual. 4. 
Champaign (IL): Human Kinetics; 2010. 

20. Mirwald RL, Baxter-Jones AD, Bailey DA, Beunen GP. An assessment of maturity from 
anthropometric measurements. Med Sci Sports Exerc. 2002; 34(4):689–94. [PubMed: 11932580] 

21. Mosley J, March B, Lynch J, Lanyon L. Strain magnitude related changes in whole bone 
architecture in growing rats. Bone. 1997; 20(3):191–8. [PubMed: 9071468] 

22. National Research Council. Fitness Measures and Health Outcomes in Youth. Washington, D.C.: 
The National Academies Press; 2012. 

23. Preacher KJ, Hayes AF. Asymptotic and resampling strategies for assessing and comparing 
indirect effects in multiple mediator models. Behavior Research Methods. 2008; 40(3):879–91. 
[PubMed: 18697684] 

24. Robling AG. Is bone’s response to mechanical signals dominated by muscle forces? Med Sci 
Sports Exerc. 2009; 41(11):2044–9. [PubMed: 19812512] 

25. Sayers SP, Harackiewicz DV, Harman EA, Frykman PN, Rosenstein MT. Cross-validation of three 
jump power equations. Med Sci Sports Exerc. 1999; 31(4):572–7. [PubMed: 10211854] 

26. Schoenau E, Neu CM, Beck B, Manz F, Rauch F. Bone mineral content per muscle cross-sectional 
area as an index of the functional muscle-bone unit. J Bone Miner Res. 2002; 17(6):1095–101. 
[PubMed: 12054165] 

27. Sumnik Z, Land C, Coburger S, Neu C, Manz F, Hrach K, Schoenau E. The muscle-bone unit in 
adulthood: Influence of sex, height, age and gynecological history on the bone mineral content and 

Janz et al. Page 9

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



muscle cross-sectional area. Journal of Musculoskeletal and Neuronal Interactions. 2006; 6(2):195. 
[PubMed: 16849832] 

28. Tan VP, Macdonald HM, Kim S, Nettlefold L, Gabel L, Ashe MC, McKay HA. Influence of 
physical activity on bone strength in children and adolescents: A systematic review and narrative 
synthesis. J Bone Miner Res. 2014; 29(10):2161–81. [PubMed: 24737388] 

29. Turner C. Three rules for bone adaptation to mechanical stimuli. Bone. 1998; 23(5):399–407. 
[PubMed: 9823445] 

30. US Department of Health and Human Services. 2008 physical activity guidelines for Americans Be 
active, healthy, and happy. 2008

31. Zemel B, Bass S, Binkley T, Ducher G, Macdonald H, McKay H, Moyer-Mileur L, Shepherd J, 
Specker B, Ward K. Peripheral quantitative computed tomography in children and adolescents: 
The 2007 ISCD pediatric official positions. Journal of Clinical Densitometry. 2008; 11(1):59–74. 
[PubMed: 18442753] 

Janz et al. Page 10

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Janz et al. Page 11

Table 1

Participant characteristics (n = 141 males and 162 females)

Males
Mean (SD)

Females
Mean (SD)

Age at scan (yr) 17.6 (0.4)* 17.5 (0.4)

Time from peak height velocity (yr) 3.9 (0.9)** 5.7 (0.7)

Weight (kg) 78.6 (18.2)** 66.2 (16.5)

Height (cm) 178.6 (7.5)** 166.0 (6.9)

Muscle power (Watts) 4854 (947)** 3478 (824)

BSI 4% tibia (mg2/mm4) 134 (31)** 98 (23)

SSIp 66% tibia (mm3) 3034 (687)** 2225 (512)

CoA 66% tibia (mm2) 351.9 (53.3)** 282.0 (41.1)

MCSA 66% tibia (mm2) 8129 (1429)** 6663 (1063)

BSI, bone strength index; SSIp, density-weighted polar section modulus (strength-strain index); MCSA, muscle cross-sectional area; CoA, cortical 
bone area

*
p-value < 0.05,

**
p-value < 0.01 t-test comparing males and females
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Table 2

Bivariate and partial associations for muscle power with bone strength and muscle cross-sectional area

Pearson correlation coefficients (r)

Muscle power (Watts) MCSA 66% tibia (mm2)

Males Females Males Females

BSI (mg2/mm4) 0.58 0.54 0.56 0.66

SSIp 66% tibia (mm3) 0.74 0.78 0.68 0.68

CoA 66% tibia (mm2) 0.69 0.69 0.62 0.67

MCSA 66% tibia (mm2) 0.70 0.70

Partial correlations coefficients with the effect of height and maturity removed (r)

Muscle power (Watts) MCSA 66% tibia (mm2)

Males Females Males Females

BSI (mg2/mm4) 0.49 0.37 0.42 0.58

SSIp 66% tibia (mm3) 0.56 0.62 0.57 0.61

CoA 66% tibia (mm2) 0.69 0.63 0.64 0.66

BSI, bone strength index; SSIp, density-weighted polar section modulus (strength-strain index); MCSA, muscle cross-sectional area; CoA, cortical 
bone area.

All associations significant p < 0.01

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Janz et al. Page 13

T
ab

le
 3

M
ed

ia
tin

g 
ef

fe
ct

 o
f 

m
us

cl
e 

cr
os

s-
se

ct
io

na
l a

re
a 

on
 a

ss
oc

ia
tio

n 
of

 b
on

e 
st

re
ng

th
 m

ea
su

re
s 

w
ith

 m
us

cl
e 

po
w

er

M
al

es
F

em
al

es

β
SE

β S
T

D
β

SE
β S

T
D

M
od

el
 f

or
 B

SI
 4

%
 ti

bi
a 

si
te

a

E
ff

ec
t o

f 
m

us
cl

e 
po

w
er

 o
n 

M
C

SA
0.

84
**

0.
10

0.
54

0.
86

**
0.

08
0.

65

E
ff

ec
t o

f 
M

C
SA

 o
n 

B
SI

0.
05

*
0.

02
0.

25
0.

12
**

0.
02

0.
53

T
ot

al
 e

ff
ec

t o
f 

m
us

cl
e 

po
w

er
 o

n 
B

SI
0.

16
**

0.
03

0.
48

0.
12

**
0.

02
0.

43

D
ir

ec
t e

ff
ec

t o
f 

m
us

cl
e 

po
w

er
 o

n 
B

SI
0.

12
**

0.
03

0.
35

0.
02

0.
02

0.
08

In
di

re
ct

 e
ff

ec
t t

hr
ou

gh
 M

C
SA

0.
04

0.
02

0.
14

0.
10

0.
02

0.
35

 
B

ia
s-

co
rr

ec
te

d 
95

%
 C

I 
fr

om
 b

oo
ts

tr
ap

pi
ng

(0
.0

1,
 0

.0
8)

(0
.0

7,
 0

.1
4)

M
od

el
 R

2
0.

38
0.

46

M
od

el
 f

or
 S

SI
p 

66
%

 ti
bi

a 
si

te
b

E
ff

ec
t o

f 
m

us
cl

e 
po

w
er

 o
n 

M
C

SA
0.

96
**

0.
11

0.
61

0.
93

**
0.

09
0.

71

E
ff

ec
t o

f 
M

C
SA

 o
n 

SS
Ip

 (
66

%
)

1.
72

**
0.

37
0.

33
1.

25
**

0.
27

0.
26

T
ot

al
 e

ff
ec

t o
f 

m
us

cl
e 

po
w

er
 o

n 
SS

Ip
 (

66
%

)
3.

73
**

0.
49

0.
53

3.
23

**
0.

32
0.

51

D
ir

ec
t e

ff
ec

t o
f 

m
us

cl
e 

po
w

er
 o

n 
SS

Ip
 (

66
%

)
2.

08
**

0.
58

0.
33

2.
06

**
0.

39
0.

33

In
di

re
ct

 e
ff

ec
t t

ho
ug

h 
M

C
SA

1.
66

0.
43

0.
20

1.
16

0.
27

0.
18

 
B

ia
s-

co
rr

ec
te

d 
95

%
 C

I 
fr

om
 b

oo
ts

tr
ap

pi
ng

(0
.8

3,
 2

.5
4)

(0
.6

7,
 1

.6
9)

M
od

el
 R

2
0.

66
0.

77

M
od

el
 f

or
 C

oA
 6

6%
 ti

bi
a 

si
te

b

E
ff

ec
t o

f 
m

us
cl

e 
po

w
er

 o
n 

M
C

SA
0.

96
**

0.
11

0.
61

0.
93

**
0.

09
0.

71

E
ff

ec
t o

f 
M

C
SA

 o
n 

C
oA

 (
66

%
)

0.
12

*
0.

03
0.

29
0.

15
**

0.
03

0.
39

T
ot

al
 e

ff
ec

t o
f 

m
us

cl
e 

po
w

er
 o

n 
C

oA
 (

66
%

)
0.

31
**

0.
04

0.
55

0.
22

**
0.

03
0.

43

D
ir

ec
t e

ff
ec

t o
f 

m
us

cl
e 

po
w

er
 o

n 
C

oA
 (

66
%

)
0.

21
**

0.
05

0.
38

0.
08

*
0.

04
0.

15

In
di

re
ct

 e
ff

ec
t t

ho
ug

h 
M

C
SA

0.
10

0.
03

0.
18

0.
14

0.
03

0.
28

 
B

ia
s-

co
rr

ec
te

d 
95

%
 C

I 
fr

om
 b

oo
ts

tr
ap

pi
ng

(0
.0

4,
 0

.1
7)

(0
.0

9,
 0

.2
1)

M
od

el
 R

2
0.

54
0.

66

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Janz et al. Page 14
β,

 r
eg

re
ss

io
n 

pa
ra

m
et

er
 e

st
im

at
e;

 S
E

, s
ta

nd
ar

d 
er

ro
r;

 β
ST

D
, s

ta
nd

ar
di

ze
d 

re
gr

es
si

on
 p

ar
am

et
er

 e
st

im
at

e 
by

 s
ex

 to
 Z

-s
co

re
s 

(w
ith

 m
ea

n 
=

 0
 a

nd
 S

D
 =

 1
);

 B
SI

, b
on

e 
st

re
ng

th
 in

de
x;

 M
C

SA
, m

us
cl

e 
cr

os
s-

se
ct

io
na

l a
re

a;
 S

SI
p,

 d
en

si
ty

-w
ei

gh
te

d 
po

la
r 

se
ct

io
n 

m
od

ul
us

 (
st

re
ng

th
-s

tr
ai

n 
in

de
x)

; C
oA

, c
or

tic
al

 b
on

e 
ar

ea

M
od

el
 p

ar
am

et
er

s 
β 

ar
e 

re
po

rt
ed

 p
er

 in
cr

ea
se

 in
 M

C
SA

 =
 1

0 
m

m
2  

an
d 

in
cr

ea
se

 in
 m

us
cl

e 
po

w
er

 =
 1

0 
W

at
ts

* p-
va

lu
e 

<
 0

.0
5,

**
p-

va
lu

e 
<

 0
.0

01

a C
ov

ar
ia

te
 in

cl
ud

ed
 in

 a
na

ly
si

s:
 m

at
ur

ity
 (

ye
ar

s 
fr

om
 P

H
V

 a
ge

)

b C
ov

ar
ia

te
s 

in
cl

ud
ed

 in
 a

na
ly

si
s:

 m
at

ur
ity

 (
ye

ar
s 

fr
om

 P
H

V
 a

ge
) 

an
d 

he
ig

ht
 (

cm
)

Med Sci Sports Exerc. Author manuscript; available in PMC 2016 October 01.


