
Influences of Soft Tissue Composition and Physical
Activity on Bone Volumetric Density, Bone

Geometry, and Fracture Prevalence in Young Girls

Item Type Electronic Dissertation; text

Authors Farr, Joshua Nicholas

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 19/05/2023 15:46:52

Link to Item http://hdl.handle.net/10150/145283

http://hdl.handle.net/10150/145283


1 
 

 
 

 

INFLUENCES OF SOFT TISSUE COMPOSITION AND 

PHYSICAL ACTIVITY ON BONE VOLUMETRIC 

DENSITY, BONE GEOMETRY, AND FRACTURE 

PREVALENCE IN YOUNG GIRLS 

by 

Joshua Nicholas Farr 

 

 

Copyright © Joshua Nicholas Farr 2011  

 

A Dissertation Submitted to the Faculty of the  

GRADUATE INTERDISCIPLINARY PROGRAM IN 

PHYSIOLOGICAL SCIENCES 

 

In Partial Fulfillment of the Requirements for the Degree of  

DOCTOR OF PHILOSOPHY 

 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

 

2011 

 



2 
 

 
 

THE UNIVERSITY OF ARIZONA  

GRADUATE COLLEGE 
 
 

As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Joshua Nicholas Farr entitled, “Influences of soft tissue composition and 
physical activity on bone parameters and fracture prevalence in young girls” and 
recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 
Doctor of Philosophy.  
 
 
________________________________________________ Date: 03/28/2011 
Dr. Scott Going  
 
________________________________________________ Date: 03/28/2011  
Dr. Zhao Chen 
 
________________________________________________ Date: 03/28/2011 
Dr. Janet Funk 
 
________________________________________________ Date: 03/28/2011 
Dr. Patricia Hoyer  
 
________________________________________________ Date: 03/28/2011 
Dr. Lucinda Rankin  
 
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement.  
 
 
_________________________________________________ Date: 03/28/2011 
Dissertation Director: Dr. Scott Going  



3 
 

 
 

STATEMENT BY AUTHOR 
 
 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library.  
 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgement of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the copyright holder.  
 
 
 
 

 

 

             SIGNED: Joshua Nicholas Farr  

 



4 
 

 
 

ACKNOWLEDGEMENTS  

 

 This project was part of a randomized controlled trial designed to examine the 

effects of high-impact jumping exercises on bone parameters in young girls, the “Jump-

In: Building Better Bones” study.  I would like to acknowledge all of the Jump-In study 

staff for their contributions to this work and the members of my dissertation committee 

who gave generously of their time, knowledge, resources, and guidance.  In particular, I 

would like to thank Dr. Scott Going for affording me the opportunity to pursue a PhD in 

his laboratory, and for his incredible support, humor, and friendship.  I also would like to 

acknowledge the principals, teachers, parents, and participants from the schools in the 

Catalina Foothills and Marana school districts and thank them for their support.  The 

project was supported by Award Number HD-050775 (Principal Investigator: Dr. Scott 

Going) from the National Institute of Child Health and Human Development.  I would 

also like to acknowledge support from NIH NIGMS T32 GM-08400: Graduate Training 

in Systems and Integrative Physiology (Principal Investigator: Dr. Patricia Hoyer).  The 

content is solely the responsibility of the author and does not necessarily represent the 

official views of the National Institute of Child Health and Human Development or the 

National Institutes of Health. 



5 
 

 
 

DEDICATION 

 

To my family for their endless love and support 

 



6 
 

 
 

TABLE OF CONTENTS 
 
 
LIST OF FIGURES….......................................................................................... 10 
 
LIST OF TABLES …............................................................................................ 12 
 
GLOSSARY OF ACRONYMS…....................................................................... 14 
 
GLOSSARY OF DEFINITIONS ….................................................................... 15  
 
ABSTRACT…...................................................................................................... 17 
 
CHAPTER 1…..................................................................................................... 19 
    INTRODUCTION…......................................................................................... 19 
    SPECIFIC AIMS…........................................................................................... 22  
    BACKGROUND AND SIGNIFICANCE…..................................................... 24 
        Osteoporosis is a major public health concern…......................................... 24 
        Osteoporosis: A pediatric concern? …......................................................... 25 
        Determinants of bone strength….................................................................. 26 
        Measuring bone strength in youth…............................................................. 26 
        Aim 1: Association between prior fracture and weight-bearing bone  
        parameters in young girls….......................................................................... 28 
        Aim 2a: Relationship of total body fat mass to weight-bearing bone 
        parameters in young girls….......................................................................... 29 
        Aim 2b: Relationship of skeletal muscle fat content to bone parameters  
        in young girls…............................................................................................. 32 
        Aim 3a: Quantifying bone-relevant physical activity and its relation to  
        bone strength in girls…................................................................................. 35 
        Aim 3b: Associations of physical activity duration, frequency, and load  
        with bone in girls….......................................................................................  38 
        Aim 4: Prospective effects of high-impact exercise on bone density and  
        geometric parameters in peri-pubertal girls: a two-year randomized  
        controlled trial…...........................................................................................  39 
    PUBLIC HEALTH RELEVANCE…............................................................... 42 
    EXPLANATION OF THE DISSERTATION FORMAT….............................  43 
 
CHAPTER 2…..................................................................................................... 44 
    METHODS….................................................................................................... 44 
        Study design…............................................................................................... 44 
        Study participants…...................................................................................... 45 
        Exercise intervention…................................................................................. 48 
        Fracture history….........................................................................................  50         
 



7 
 

 
 

TABLE OF CONTENTS –  Continued 
 
 
        Anthropometry…...........................................................................................  50 
        Physical maturation…...................................................................................  51 
        Physical activity assessment…...................................................................... 52 
        Pedometer….................................................................................................. 52 
        3-Day Physical Activity Recall (3DPAR) questionnaire............................... 52 
        Bone-specific Physical Activity Questionnaire (BPAQ)................................ 53 
        Past Year Physical Activity Questionnaire (PYPAQ)…................................ 54 
        Dietary assessment….................................................................................... 55 
        Bone and body composition assessment........................................................ 55 
        Statistical analysis…..................................................................................... 59 
 
CHAPTER 3…..................................................................................................... 62 
    MAIN FINDINGS…......................................................................................... 62 
        Specific aim 1: Characterize optimal skeletal development by determining  
        the basis for fractures and test whether those sustaining fractures have  
        specific deficits in bone density and geometry….......................................... 62 
        Specific aim 2a: Determine the relationship of total body fat mass to  
        volumetric bone mineral density (vBMD), bone geometry, and bone  
        strength in girls….......................................................................................... 65 
        Specific aim 2b: Determine the relationships of subcutaneous adipose tissue  
        (SAT) and skeletal muscle fat content to bone strength in young girls.......... 73 
        Specific aim 3a: To quantify bone-relevant physical activity and its relation  
        to bone strength in young girls....................................................................... 81 
        Specific aim 3b: Evaluate the relationship of physical activity (and its 
        subcomponents – duration, frequency, and load) to vBMD, bone geometry,  
        and indices of bone strength in young girls................................................... 85 
        Specific aim 4: Assess the effects of two years of weight-bearing exercise on  
        vBMD, bone geometry, and indices of bone strength…................................. 93 
 
CHAPTER 4…..................................................................................................... 95 
    CONCLUSIONS…............................................................................................ 95 
    SUMMARY AND FUTURE RECOMMENDATIONS................................... 97 
    LIMITATIONS….............................................................................................. 101 
 
 
APPENDIX APPENDIX A. FARR JN, TOMÁS R, CHEN Z, LISSE, JR, LOHMAN 
TG, GOING SB.  LOWER TRABECULAR VOLUMETRIC BMD AT 
METAPHYSEAL REGIONS OF WEIGHT-BEARING BONES IS ASSOCIATED 
WITH PRIOR FRACTURE IN YOUNG GIRLS. J BONE MINER RES. 2011;26(2)  
380-387…............................................................................................................... 106 

 



8 
 

 
 

TABLE OF CONTENTS – Continued 
 
    ABSTRACT…................................................................................................... 107 
    INTRODUCTION….......................................................................................... 108 
    METHODS…..................................................................................................... 109 
    RESULTS…....................................................................................................... 115 
    DISCUSSION…................................................................................................. 117 
    TABLES….......................................................................................................... 124 
    FIGURES…......................................................................................................... 127 
    FIGURE LEGENDS…........................................................................................ 128 
 
APPENDIX B. FARR JN, CHEN Z, LISSE JR, LOHMAN TG, GOING SB. 
RELATIONSHIP OF TOTAL BODY FAT MASS TO WEIGHT-BEARING BONE 
GEOMETRY AND VOLUMETRIC DENSITY IN YOUNG GIRLS. BONE. 
2010;46(4) 977-984…............................................................................................ 129 
    ABSTRACT…................................................................................................... 130 
    INTRODUCTION….......................................................................................... 132 
    METHODS…..................................................................................................... 135 
    RESULTS…....................................................................................................... 141 
    DISCUSSION…................................................................................................. 143 
    TABLES….......................................................................................................... 150 
    FIGURES…........................................................................................................ 154 
    FIGURE LEGENDS…....................................................................................... 155 
 
APPENDIX C. FARR JN, FUNK JL, CHEN Z, LISSE JR, BLEW RM, LEE VR, 
LAUDERMILK M, LOHMAN TG, GOING SB. SKELETAL MUSCLE FAT 
CONTENT IS INVERSELY ASSOCIATED WITH BONE STRENGTH IN GIRL S. 
J BONE MINER RES. (under review)................................................................. 156 
    ABSTRACT….................................................................................................... 157 
    INTRODUCTION…........................................................................................... 158 
    METHODS…...................................................................................................... 160 
    RESULTS…........................................................................................................ 165 
    DISCUSSION….................................................................................................. 167 
    TABLES….......................................................................................................... 173 
    FIGURES…......................................................................................................... 176 
    FIGURE LEGENDS…....................................................................................... 178 
 
APPENDIX D. FARR JN, LEE VR, BLEW RM, LOHMAN TG, GOING SB. 
QAUNTIFYING BONE-RELAVENT ACTIVITY AND ITS RELATION TO 
BONE STRENGTH IN GIRLS. MSSE. 2011;43(3) 476-483…....................... 179 
    ABSTRACT…................................................................................................... 180 
    INTRODUCTION….......................................................................................... 182 
    METHODS…..................................................................................................... 185 
    RESULTS…....................................................................................................... 192 



9 
 

 
 

TABLE OF CONTENTS –  Continued 
   
    DISCUSSION…................................................................................................. 195 
    TABLES…......................................................................................................... 200 
    FIGURES…........................................................................................................ 203 
    FIGURE LEGENDS…....................................................................................... 204 

 
APPENDIX E. FARR JN, BLEW RM, LEE VR, LOHMAN TG, GOING SB. 
ASSOCIATIONS OF PHYSICAL ACTIVITY DURATION, FREQUENCY, AND  
LOAD WITH VOLUMETRIC BMD, GEOMETRY, AND BONE STRENGTH IN 
YOUNG GIRLS. OSTEO INT. 2011;22(5) 1419-1430….................................. 205 
    ABSTRACT…................................................................................................... 206 
    INTRODUCTION….......................................................................................... 207 
    METHODS…..................................................................................................... 209 
    RESULTS…....................................................................................................... 216 
    DISCUSSION…................................................................................................. 219 
    TABLES…......................................................................................................... 227 
    FIGURES…........................................................................................................ 230 
    FIGURE LEGENDS…....................................................................................... 231 
 
QUESTIONNAIRES…......................................................................................... 232 
    HEALTH HISTORY QUESTIONNAIRE......................................................... 232 
    TANNER QUESTIONNAIRE............................................................................ 234 
    TOBACCO QUESTIONNAIRE......................................................................... 235 
    3-DAY PHYSICAL ACTIVITY RECALL QUESTIONNAIRE....................... 238 
    PAST YEAR PHYSICAL ACTIVITY QUESTIONNAIRE.............................. 243 
 
REFERENCES…................................................................................................... 247 



10 
 

 
 

LIST OF FIGURES 

 
Figure 1. CONSORT flowchart describing the progress of participants through  
the “Jump-In: Building Better Bones” study…..................................................... 46 
 
Figure 2. Summary of Jump-In intervention compliance for (A) all intervention  
girls who completed baseline measurements (n = 292) and (B) intervention girls  
who completed two-year laboratory measurements (n = 120).............................. 50 
 
Figure 3. Representative pQCT images of distal metaphyseal and diaphyseal  
regions of the femur and tibia…............................................................................ 58 
 
Figure 4. Metaphyseal trabecular volumetric bone mineral density (vBMD) (A)  
and periosteal circumference (B) in girls with (n = 88) and without prior fracture 
 (n = 377)............................................................................................................... 65 
 
Figure 5. Femur (A) and tibia (B) pQCT bone parameters by thirds of total body  
fat mass (TBFM) normalized to the middle group…............................................ 68 
 
Figure 6. Adjusted means (±SE) are shown for longitudinal changes in bone  
parameters in High 20% (highest 20% two-year increase in TBFM) versus  
Cont (lowest 80% two-year change in TBFM) groups…...................................... 72 
 
Figure 7. Subcutaneous adipose tissue (A) (SAT, mm2) and muscle density (B)  
(mg/cm3) of the calf and thigh by thirds of total body fat mass in young girls….. 75 
 
Figure 8. Estimated marginal means ± SE for femur and tibia bone strength index  
(BSI, mg2/mm4) and strength-strain index (SSI, mm3) by thirds of subcutaneous  
adipose tissue (A) (SAT, mm2) and muscle density (B) (mg/cm3) of the calf and 
thigh…................................................................................................................... 77 
 
Figure 9. Adjusted means (±SE) are shown for longitudinal changes in bone  
parameters in High 20% (highest 20% two-year increase in skeletal muscle fat  
content) versus Cont (lowest 80% two-year change in skeletal muscle fat  
content) groups….................................................................................................. 80 
 
Figure 10. The additional variance (%) explained in BSI (4% femur and tibia)  
and SSI (20% femur and 66% tibia) when each physical activity quantifying  
tool was added separately to the base regression model (maturity, body mass,  
leg length, and ethnicity).….................................................................................. 84 
 
 
 



11 
 

 
 

LIST OF FIGURES – Continued 
 
Figure 11. Femur (A) and tibia (B) pQCT adjusted means (±SE) for the lowest,  
average of the middle 3, and the highest fifths of total past year physical activity 
questionnaire (PYPAQ) score normalized to the middle 3 fifths…..................... 88 
 
Figure 12. Adjusted means (±SE) are shown for longitudinal changes in bone  
parameters in High 20% (highest 20% PYPAQ_AVE score) versus Cont (lowest  
80% PYPAQ_AVE score) groups........................................................................ 92 
 
Figure 13. Adjusted means (±SE) are shown for bone parameters at each time  
point (0, 6, 12, 24 months) for girls from intervention (Int) and control (Cont)  
schools…............................................................................................................... 94 
 



12 
 

 
 

LIST OF TABLES 
 
 

Table 1. Descriptive characteristics of girls at the baseline, 6 month, 12 month,  
and 24 month assessments……………................................................................ 45 
 
Table 2. Tanner stage at baseline and the 24 month follow-up for all girls (n = 
221)………........................................................................................................... 48 
 
Table 3. Associations between DXA and pQCT parameters and prior fracture  
in girls with (n = 88) and without (n = 377) prior fracture…………................... 64 
 
Table 4. Multiple linear regression including total body fat mass and muscle  
cross-sectional area as independent predictors of bone parameters...................... 67 
 
Table 5a. Multiple regression models with 6 month change in total body fat  
mass as a predictor of 6 month change in pQCT bone parameters in girls  
(n = 278)................................................................................................................ 69 
 
Table 5b. Multiple regression models with 12 month change in total body fat  
mass as a predictor of 12 month change in pQCT bone parameters in girls  
(n = 344)…………................................................................................................ 70 
 
Table 5c. Multiple regression models with 24 month change in total body fat  
mass as a predictor of 24 month change in pQCT bone parameters in girls  
(n = 221)…………................................................................................................ 70 
 
Table 6. Bivariate correlations between anthropometric characteristics, maturity, 
ethnicity and pQCT measures of fat, muscle, and indices of bone strength (BSI,  
SSI) in young girls…............................................................................................. 74 
 
Table 7. Multiple linear regression models with indices of femur and tibia bone  
strength (BSI, SSI) as dependent variables in young girls……............................ 76 
 
Table 8a. Multiple regression models with 6 month change in muscle density as  
a predictor of 6 month change in pQCT bone parameters in girls (n = 278)......... 78 
 
Table 8b. Multiple regression models with 12 month change in muscle density  
as a predictor of 12 month change in pQCT bone parameters in girls (n = 344).... 79 
 
Table 8c. Multiple regression models with 24 month change in muscle density  
as a predictor of 24 month change in pQCT bone parameters in girls (n = 221).... 79 
 
 



13 
 

 
 

LIST OF TABLES –  Continued 
 
 
Table 9. Adjusted R2 value for the base regression model at each skeletal site,  
the standardized (β) regression coefficient for each physical activity quantifying  
tool within its respective full model, and the change (∆) in adjusted R2 value  
when each physical activity variable was added separately to the base mode....... 82 
 
Table 10. Significant associations between duration, frequency, load, past year  
physical activity questionnaire (PYPAQ) score and pQCT bone parameters in  
young girls (n = 465)….......................................................................................... 87 
 
Table 11a. Multiple regression models with physical activity as a predictor of  
6 month change in pQCT bone parameters in girls (n = 278)……….................... 90 
 
Table 11b. Multiple regression models with physical activity as a predictor of  
12 month change in pQCT bone parameters in girls (n = 344)……….................. 90 
 
Table 11c. Multiple regression models with physical activity as a predictor of  
24 month change in pQCT bone parameters in girls (n = 221)……….................. 91 



14 
 

 
 

GLOSSARY OF ACRONYMS 

ACRONYM DEFINITION
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pQCT peripheral quantitative computed tomography
PYPAQ past year physical activity questionnaire
RANKL receptor activator of nuclear factor kappa-B ligand
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TBFM total body fat mass
TBLM total body lean mass
TNFα tumor necrosis factor alpha
TRAPb tartrate-resistant acid phosphatase
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GLOSSARY OF DEFINITIONS 
 
 

Adiponectin – a hormone secreted exclusively from adipose tissue into the bloodstream that 
modulates a number of metabolic processes, including glucose regulation and fatty acid catabolism.

Bone strength index (BSI, mg2/cm4) – is calculated as the product of the metaphyseal total area 

and total vBMD squared: Bone strength index = Total area x Total vBMD
2
. BSI estimates the bone’s 

ability to withstand compression at metaphyseal regions. 
Carboxyterminal cross-linking telopeptide of bone collagen (CTX) – an indicator of type I 
collagen resorption and a marker of bone resorption.

Contour mode – is used by the Stratec pQCT software to detect the outer edge of the bone.  The 
operator selects a threshold value which will be used to separate the soft tissue from the outer edge 
of bone.  Starting from the outside, the software will eliminate any voxel with a threshold below the 
entered value. In this manner, the soft tissue is removed from around the outer edges of the bone.

Cort mode – is an algorithm used by the Stratec pQCT software to calculate cortical density and 
area. The algorithm removes all voxels within the ROI that have an attenuation coefficient below the 
default threshold of 710 mg/cm³.  The remaining bone is analyzed and is considered to be purely 
cortical bone.
Cortical bone – is one of two types of bone tissue that provides strength, stiffness, and resistance 
to bending forces.  Cortical bone covers the surfaces of all bones and is predominantly found at 
diaphyseal regions of long bones.
Cortical thickness (Crt Thk, mm) – is the distance between the outer (periosteal) and inner 
(endosteal) bone surfaces of a long bone. 

Endosteal circumference (EC, mm) – is the inner bone surface that forms the medullary cavity of 
long bones.

Interleukin-1 beta (IL-1 β) – a cytokine involved in systemic inflammation.

Interleukin-6 (IL-6)  – a cytokine involved in systemic inflammation.

Maturity offset  – years from peak height velocity predicted using gender-specific equations 
developed for cross-sectional data.

Osteocalcin (OCN) – a marker of bone formation that is secreted from osteoblasts.   
Osteoporosis – is characterized by microarchitectural deterioration and loss of bone tissue that 
consequently increases susceptibility to fracture. More specifically, osteoporsis is defined as a bone 
mineral density T-score below -2.5.
Osteopenia – is characterized by bone mineral density is lower than normal and is considered a 
precursor to osteoporosis.  More specifically, osteopenia is defined as a bone mineral density T-
score between -1.0 and -2.5.
Osteoprotegerin (OPG) – a decoy receptor for the receptor activator of nuclear factor kappa B 
ligand (RANKL).  Binding of OPG to RANKL inhibits osteoclastogenesis in bone.  
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GLOSSARY OF DEFINITIONS – Continued  
 
 

Peak height velocity (PHV) – is the age at which height is increasing at the greatest rate and is the 
most commonly used indicator of maturity in longitudinal studies of adolescence.  It provides an 
accurate benchmark of the maximum growth during adolescence and provides a common landmark 
to reflect the occurrence of other body dimension velocities within and between individuals. 

Peel mode – is an algorithm used by the Stratec pQCT software to concentrically peel away a 
defined percentage of the outside area of bone at metaphyseal regions.  The remaining inner region 
is analyzed and is considered to be purely trabecular bone. 
Periosteal circumference (PC, mm) – is the outer bone surface of all long bones.
Procollagen type I N-terminal propeptide (PINP) – an indicator of type I collagen formation and 
marker of bone formation.
Receptor activator of nuclear factor kappa-B ligand (RANKL)  – a ligand for osteoprotegerin 
and functions as a key factor for osteoclast differentiation and activation.
Sclerostin – the protein product of the SOST gene that binds to LRP5/6 receptors and is 
antagonistic to bone formation via inhibition of the Wnt signalling pathway.

Strenth-strain index (SSI, mm3) – is used to estimate the bone’s ability to resist torsion and 
bending forces at diaphyseal regions.  Stratec software (version 6.0 ) offers the calculation of 
diaphyseal SSI, which is based on the integrated product of the geometric properties (i.e., section 

modulus) with the material properties of bone: Strength-strain index (SSI, mm
3
) = ∑i = 1; n [((r i

2
 x 

a)/rmax) x (cortical vBMD/ND)].  
Tanner stage – is a scale of physical development in children and adolescents.  The scale defines 
physical measurements of development based on external primary and secondary sex 
characteristics, such as the size of the breasts and development of pubic hair.
Tartrate-resistant acid phosphatase (TRAPb) – a marker of bone resorption secreted from 
osteoclasts.
Trabecular bone – is one of two types of bone tissue that has a higher surface area than cortical 
bone but is less dense and stiff.  Trabecular bone is predominantly found at the ends of long bones 
and within vertebrae.
Tumor necrosis factor alpha (TNFα) – a cytokine involved in systemic inflammation.  
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ABSTRACT 

 

 Fractures are a major public health concern and there is an urgent need to identify 

high-risk individuals.  This study used novel approaches in bone imaging to characterize 

optimal skeletal development in girls and enhance our understanding of the structural and 

functional deficits that contribute to skeletal fragility and fracture risk during growth.  

The findings indicate that fracture in girls is associated with lower trabecular bone 

density, but not bone macro-architecture at metaphyseal regions of weight-bearing bones, 

which is consistent with findings reported in children at the distal radius.  These findings 

suggest that lower trabecular density at metaphyseal regions of long bones track 

throughout the appendicular skeleton and may be an early marker of skeletal fragility.  

 Obese children are overrepresented in childhood fracture cases.  Nevertheless, the 

effects of fat on bone during growth remain unclear.  This study showed that skeletal 

muscle was a stronger determinant of bone parameters in girls than total body adiposity, 

although fat mass had a persistent, albeit weak association with bone parameters.  

Furthermore, fatty infiltration of skeletal muscle, which is associated with type 2 diabetes 

mellitus, was inversely associated with bone strength in girls.  These findings are 

consistent with the proposed functional model of bone development which posits that 

forces from muscle contractions are the main mechanical challenges to which bones 

adapt.  

 Physical activity during growth is critical for optimal bone development.  The 

findings from this study support this premise and suggest that regular physical activity 
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enhances bone strength in girls.  Nevertheless, for exercise to be accepted as an important 

public health osteoporosis prevention strategy, lasting adaptations must be shown.  

Plausible biological explanations have been offered in support of the peri-pubertal years 

as a “window of opportunity” for maximizing the response to exercise.  Findings from 

this study suggest that a two year school-based high-impact jumping intervention was not 

an effective means to enhance bone parameters in girls.  Controlled dose-response trials 

will be necessary to test questions regarding the types, bouts, and durations of exercise 

required to define the “dose” of exercise needed to elicit meaningful skeletal adaptations 

during growth.  
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CHAPTER 1 

INTRODUCTION  

 This dissertation is based on the following assertions: 1) osteoporosis is a major 

public health concern; 2) osteoporosis is, in part, a pediatric disorder manifested later in 

life; 3) achieving optimal peak bone strength early in life predicts higher bone strength 

and greater fracture protection later in life; 4) growth is the most opportune time to 

modify bone density and geometry, the primary determinants of bone strength; 5) the 

incidence of fractures during growth peaks during the adolescent growth spurt, but the 

underlying skeletal phenotypic basis for this is unclear; 6) fracture during development 

may be an early marker of persistent skeletal fragility; 7) soft tissue composition (i.e., fat 

and skeletal muscle) may influence bone density and geometry, which tend to track 

throughout life; 8) the mechanical loading environment (i.e., physical activity) is a major 

determinant of postnatal skeletal adaptations; 9) few standardized methods exist to 

quantify bone-relevant physical activity; 10) the optimal type and amount of physical 

activity needed to augment bone parameters during growth is unknown; and 11) the peri-

pubertal years may present a unique “window of opportunity” for skeletal adaptations to 

exercise that are maintained into adulthood.  As described in detail in the background and 

significance, there are data to support each of these points.  Thus far, conflicting evidence 

has been published on the influences of soft tissue composition and physical activity on 

the growing skeleton, presumably because studies have used dual-energy X-ray 

absorptiometry (DXA) to assess bone parameters.  DXA has inherent limitations in youth 

because bone mineral content (BMC, g) and areal bone mineral density (aBMD, g/cm2) 
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measured by DXA are influenced by size (changes in tissue depth) and the rapid changes 

that occur during growth confound interpretation.1  Furthermore, DXA cannot provide 

definitive measures of bone geometry or accurately differentiate between cortical and 

trabecular bone compartments.  The relatively recent development of low radiation dose, 

3-dimensional imaging techniques, such as peripheral quantitative computed tomography 

(pQCT), has made it possible to safely estimate volumetric BMD (vBMD, mg/cm3) and 

geometric bone parameters in youth.  Application of these techniques should help to 

clarify the influences of soft tissue composition and physical activity on bone parameters 

and fracture during growth.  

 Childhood and adolescence are periods of tremendous skeletal change when 

>90% of bone mineral is accrued.2  While heritable factors are thought to determine 60–

80% of the variability in skeletal development,3 modifiable factors can also influence the 

skeletal development and have the potential to optimize bone density, geometry, and 

strength.  Concern for optimizing skeletal development has grown and there is now 

almost universal agreement that osteoporosis can be considered a pediatric disorder 

manifested later in life.2  Sadly, about 30–50% of women will suffer the consequences of 

fractures related to osteoporosis.4  Moreover, the incidence of osteoporosis is projected to 

triple by the year 2040, reflecting expected population growth, prolonged life expectancy, 

and unhealthy lifestyles.5  To address this problem, we need to understand how factors 

such as soft tissue composition and physical activity are related to skeletal development 

and fractures during growth and how modifying these factors can produce worthwhile 

changes in the bending, compressive, and torsional strength of bone.  A shift in the 
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population distribution of bone strength during growth of 3–5%, if maintained, would be 

clinically significant, because changes of this magnitude may decrease fracture risk by 

20–40%.6, 7  Of all the modifiable lifestyle factors that influence skeletal development, 

physical activity, through its ability to subject bones to strains induced by gravitational 

loading and muscle contractions, may have the greatest potential to optimize bone 

strength during growth.  Furthermore, physical activity also has the ability to modify soft 

tissue composition (i.e., fat and skeletal muscle), which mounting evidence strongly 

suggests has direct and indirect effects on bone development.8, 9  Physical activity may 

also help to counter skeletal fragility during development, which may be associated with 

fracture.10  Plausible biological explanations have been offered in support of the peri-

pubertal years as a “window of opportunity” for maximizing the response to exercise.11  

With this rationale, the objective of the dissertation was to use both cross-sectional and 

longitudinal data from the “Jump-In: Building Better Bones” study to examine the 

influences of soft tissue composition and physical activity on bone density, bone 

geometry, and fracture prevalence in young girls. 
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SPECIFIC AIMS  

 

The primary aims were to:  

 

1.  Aim: Characterize optimal skeletal development by determining the basis for fractures 

and test whether those sustaining fractures have specific deficits in bone density and 

geometry. (APPENDIX A)  

Hypothesis: Fracture during development is related to underlying skeletal fragility (i.e., 

lower vBMD) independent of bone macro-architecture.  

 

2.  Aim: Determine the relationship of adiposity (i.e., total body fat mass and skeletal 

muscle fat content) and lean soft tissue (i.e., skeletal muscle) to volumetric bone mineral 

density (vBMD), bone geometry, and indices of bone strength in young girls. 

(APPENDICES B & C) 

Hypothesis: Skeletal muscle is a stronger predictor of bone than total body adiposity and 

skeletal muscle fat content of the calf and thigh.  

 

3.  Aim: Quantify bone-relevant physical activity and evaluate the relationship of 

physical activity (and its subcomponents – duration, frequency, and load) to vBMD, bone 

geometry, and indices of bone strength in young girls. (APPENDICES D & E)  

Hypothesis: Physical activity assessment tools that account for bone loading will predict 

bone parameters better than common physical activity measures that give more global 
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estimates of physical activity.  Furthermore, physical activity load and frequency will be 

more strongly associated with bone parameters than increased duration of physical 

activity.  

 

4.  Aim: Assess the effects of two years of high-impact jumping exercises on vBMD, 

bone geometry, and indices of bone strength in young girls.  

Hypothesis: High-impact exercise is osteotrophic and will elicit significant increases in 

bone parameters in young girls.  
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BACKGROUND AND SIGNIFICANCE  

Osteoporosis is a major public health concern 

 Osteoporosis is characterized by microarchitectural deterioration and loss of bone 

tissue that consequently increases susceptibility to fracture.12  According to the most 

recent U.S. Surgeon General report from 2004,13 an estimated 10 million Americans over 

the age of 50 have osteoporosis, while another 34 million have osteopenia (low bone 

mass) and are at risk for osteoporosis.  Furthermore, ~1.5 million Americans suffer an 

osteoporosis-related fracture each year.13  The problem is much more prevalent in women 

than men.  For example, in their remaining lifetime, one in two women over the age of 50 

will suffer an osteoporotic fracture, while the prevalence is one in five for men.13  In the 

U.S., the estimated lifetime risk for fracture in 50-year-old white women is 17.5% at the 

hip, 15.6% at the vertebrae, and 16.0% at the distal forearm.14  Furthermore, hip fracture 

rates are rising in a number of other ethnic and racial groups.13  The mortality rate at 3-

months follow-up relative to those of like age and gender is 2.8–4.0 times greater among 

hip fracture patients.13  For those who survive, many individuals live in fear of falls and 

most fail to regain their pre-fracture level of function, suffering chronic pain, disability, 

and depression.15  Sadly, nearly one in five hip fracture patients will be confined to a 

nursing home, a situation resulting in loss of independence and quality of life that a 

majority of patients in one study compared unfavorably to death.15  In 2002, the estimated 

direct care expenditure cost of osteoporotic fractures in the U.S. was approximately $17.9 

billion/year, with hip fractures accounting for more than a third of the total cost.13  If left 
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unchecked, the costs of osteoporotic fractures will likely increase dramatically given 

expected population growth, prolonged life expectancy, and unhealthy lifestyles.  

 

Osteoporosis: A pediatric concern?  

 Historically, osteoporosis has been considered a disease of the elderly although, 

over 30 years ago, it was characterized by Charles Dent as, “a pediatric concern waiting 

to manifest itself later in life”.16  Just as lowering blood pressure can decrease the 

incidence of cardiovascular disease, optimizing bone strength during growth is likely to 

decrease the incidence of fractures.17  Bone is a dynamic tissue that continually adapts its 

structure to meet its functional needs.  The processes of bone modeling and remodeling 

work together in the growing skeleton to define the appropriate skeletal shape.  Bone 

modeling is the process that works in concert with growth and involves changes in the 

size, shape, and material properties of bone, which ultimately determines peak bone 

strength.18  Peak bone strength is widely recognized as a major determinant of adult bone 

status.2  In addition to hormonal changes, evidence suggests that altered loading 

environments during development resulting from increasing body mass, increasingly 

powerful muscles, and rapid increases in height are critical factors that influence peak 

bone strength.19  The importance of the growing years in terms of bone mineral accrual is 

emphasized by the observation that over 25% of bone mineral is accrued in the two years 

surrounding peak linear growth.20  This is as much bone mineral mass as a female will 

typically lose from 50 to 80 years of age.21  Moreover, modeling adaptations leading to 

structural changes during growth contribute to bone strength independent of bone mass.19  
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With the development of techniques such as pQCT for safely estimating bone structural 

parameters in vivo,22, 23 it is now possible to assess the contributions of changes in bone 

mass, density, and geometry to changes in indices of bone strength, although this 

technique has been rarely applied in prospective intervention studies in youth.  Clearly, 

efforts to maximize bone accrual and promote beneficial structural adaptations during 

childhood and adolescence are warranted.  

 

Determinants of bone strength  

 The strength of a bone is ultimately determined by its material composition and 

the arrangement of bone tissue in space (i.e., geometry).24  A long bone of the 

appendicular skeleton, for example, needs to be light to facilitate movement, yet stiff and 

flexible to resist deformation, absorb energy, and keep strains imparted by mechanical 

stimuli within a safe range.25  If bone is too stiff or too flexible, it will crack under 

conditions of loading resulting in fracture.  The unique material composition and 

structural design of bone serves these contradictory needs of stiffness yet flexibility and 

lightness yet strength.24   

 

Measuring bone strength in youth  

 Since the fundamental question in many studies is whether bone strength is 

improving in response to an intervention or treatment, ideally, imaging techniques would 

be able to measure both the material and structural properties of bone to accurately 

estimate bone strength.  Unfortunately, many of the tools available for evaluation of bone 
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development in youth produce ambiguous results that can be difficult to interpret or even 

be misleading.26  For example, DXA is a safe, noninvasive, quantitative method that is 

broadly available, but its two-dimensional nature limits its measures to bone mineral 

content (BMC, g) and areal bone mineral density (aBMD, g/cm2) within the projected 

area of bone measured.  Since the aBMD cast by the attenuation of photons by mineral 

during their passage though the bone is not adjusted for bone depth, the resulting mean 

values are affected by size and are falsely elevated in larger as compared to smaller 

individuals.1  This is a critical limitation given the large variability in skeletal size of 

growing children.  Consequently, our understanding of how soft tissue composition and 

physical activity influence developing bones has been hampered by DXA because this 

technique tells us little about bone strength; its material composition and its structural 

design.  Alternatively, pQCT provides measures of BMC, bone size (total cross-sectional 

area (CSA, mm2), endosteal circumference (EC, mm) periosteal circumference (PC, 

mm)), volumetric BMD (vBMD, mg/cm3), and bone geometry – spatial distribution of 

mass (i.e., cortical thickness (Crt Thk, mm)).23  Such information is valuable because 

underlying measures of the material and structural properties of bone can be used to 

calculate indices of bone strength (i.e., bone strength index (BSI, mg/cm4), strength-strain 

index (SSI, mm3)).23  BSI and SSI have been shown to predict up to 85% of variance in 

bone failure properties in human cadaveric tibiae.23  Despite its advantages, pQCT has 

rarely been used to follow changes in bone parameters with soft tissue composition, 

fracture, and physical activity in children and adolescents.  Thus, the primary aims of this 

study were addressed with pQCT.  
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Aim 1: Association between prior fracture and weight-bearing bone parameters in 

young girls  

 Fractures are common during growth occurring in approximately one in three 

children who are otherwise healthy.27-30  Moreover, children who sustain a fracture are 2- 

to 3-fold more likely to fracture again compared to those who are fracture-free.31  In 

children and adolescents, fractures are the leading cause of hospital admission following 

injury.32  Fracture incidence in youth has accelerated over the past 30 years33 and it has 

become increasingly important to understand the etiology of bone fragility so that 

prevention strategies can be developed.  

 Fractures during growth may be associated with skeletal fragility.  For example, 

BMC and aBMD have been shown to be lower in children with prior fracture compared 

to age-matched controls.34-38  Furthermore, prospective studies have shown that 

childhood fractures are associated with less gain of BMC and vBMD during puberty.10, 39-

41  Since BMD and bone geometry tend to track throughout life in the percentile of origin 

during growth,42 lower BMD and unfavorable bone geometry may be predictors of 

fracture during growth and later in life.  

 Although fractures can occur at any time during growth, peak incidence coincides 

with age of peak height velocity.30, 43  Metaphyseal regions of long bones may be 

particularly prone to fracture during puberty.27-30  Some experts have hypothesized that 

enhanced bone turnover during peak longitudinal growth leads to increased intracortical 

porosity, transiently causing a lag in bone strength, leaving the already thin metaphyseal 



29 
 

 
 

cortex susceptible to fracture.44  Others have hypothesized that endocortical apposition 

lags during peak linear growth, leading to decreased cortical thickness and increased 

susceptibility to fracture.45, 46  The forearm has received much attention because it is the 

most common site of fracture in children.27-30  For example, Cheng and colleagues41 

studied pubertal girls and reported that lower vBMD, but not cross-sectional area (CSA), 

of the distal radius was associated with prior forearm fracture and that the lower vBMD 

deficit persisted 7 years later.  However, whether vBMD, geometry, or both are 

compromised in children at metaphyseal regions of other long bones remains unclear.  In 

young adult males (aged ~19 years) with prior fracture, Darelid and colleagues43 recently 

reported lower trabecular vBMD at metaphyseal sites, but no difference in bone geometry 

at diaphyseal sites of the radius and tibia.  Thus, the purpose of specific aim 1 was to 

ascertain whether this relationship is also evident at metaphyseal and diaphyseal sites of 

the distal femur and tibia in young girls who had suffered at least one fracture as 

compared to girls who were fracture-free.  

 

Aim 2a: Relationship of total body fat mass to weight-bearing bone parameters in 

young girls 

Recent studies have shown fracture incidence increases from 16% in normal 

weight children to 33% in overweight and obese children.47  Given that obesity 

prevalence in children and adolescents has more than doubled over the past three 

decades,48 it is more important than ever to understand the influence of total body fat 

mass (TBFM) on the growing skeleton.  To date, studies of adiposity and BMC and 



30 
 

 
 

aBMD in youth have given conflicting results;49-63 studies have suggested that TBFM is 

positively,49-55 negatively,56-60 or not related61-63 with bone outcomes.  Much of the 

confusion may be due to reliance on DXA, which has inherent limitations in youth, 

because BMC and aBMD measured by DXA are influenced by size1 and the rapid 

changes that occur during growth confound its interpretation.  The relatively recent 

development of low radiation dose, 3-dimensional imaging techniques, such as pQCT, 

has made it possible to safely estimate vBMD and geometric parameters in children 

without the confounding of growth.  

Thus far, only four studies have used 3-dimensional imaging techniques to 

examine the effect of TBFM on bone parameters in children, adolescents, and young 

adults.  Using computed tomography (CT), Janicka and colleagues64 found that TBFM 

was not associated with cross-sectional and cortical bone areas at the lumbar spine and 

femoral midshaft of young adults, while Pollock and colleagues,65 using pQCT, found 

that young adult females with high-percent fat (≥ 32%) compared with normal-percent fat 

(< 32%) had significantly lower cortical bone area, cross-sectional area (CSA), and 

strength–strain index (SSI) at the 20% radius and lower cortical bone area and SSI at the 

20% distal tibia.  In contrast, in a cohort of 1068 men ~19 years of age, Lorentzon and 

colleagues66 reported that TBFM was an independent positive predictor of diaphyseal 

bone size of the tibia, suggesting that increased TBFM may act to enhance weight-

bearing bone geometry.  The conflicting results may be due to differences among studies 

in the adjustment for covariates.  For example, studies that have adjusted for skeletal size 

(i.e. height) have been criticized because adiposity may directly stimulate skeletal 
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growth.8  Thus, adjusting for skeletal size is not necessarily appropriate.  Also, adipose 

tissue may have both negative and positive effects on bone mediated via endocrine 

pathways.8 

The relationship between TBFM and the growing skeleton is not well understood 

and to our knowledge, only one study in children has used 3-dimensional imaging 

techniques.  In that study, Wetzsteon and colleagues67 used pQCT and found that an 

overweight group (BMI ≥85th percentile) of girls and boys (aged 9–11 years) had greater 

absolute indices of tibial strength compared to a normal weight group (BMI ≤75th 

percentile) and that bone strength was adapted to greater muscle size.  BMI is limited 

because it is not a direct measure of adiposity, and thus, it may confound the 

interpretation of the relationship between adiposity and bone.  Therefore, studies of the 

relationship between adiposity and bone should use direct measures of fat.  Furthermore, 

since obese children and adolescents have greater muscle mass for height,53 it is possible 

that the relationship between adiposity and bone is by association with increased muscle.  

Studies demonstrating that dynamic loads resulting from muscle forces play a dominant 

role in stimulating bone formation support this view.68  In children and adolescents, 

maximum force production is strongly related with muscle cross-sectional area 

(MCSA),69 an important predictor of bone strength.68  Thus, after adjustment for MCSA, 

TBFM may not be an important predictor of weight-bearing bone strength.  Conversely, 

some investigators have hypothesized that TBFM may stimulate weight-bearing bone 

formation through its direct action of increased mechanical load on the skeleton,70 

whereas others have suggested that higher TBFM may be more problematic than 
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beneficial during growth because children with higher adiposity do not commensurately 

increase bone mineral accrual and enlarge their bones appropriately.57  Furthermore, 

greater body mass increases the skeletal load engendered by a fall.8  Contrary to findings 

in adults, fracture incidence has been shown to be higher in overweight children and 

adolescents31, 35, 46, 47, 71 and children with higher adiposity have lower BMC and aBMD 

for a given body mass.56, 57  The extent of the relationship between TBFM and bone after 

adjustment for muscle and whether girls with higher TBFM have reduced vBMD and 

geometric parameters for a given body mass remains unclear.  Thus, the purpose of 

specific aim 2a was to determine the relationship of TBFM to vBMD, bone geometry, 

and strength of the femur and tibia at diaphyseal and metaphyseal sites in young girls 

after adjustment for MCSA using a 3-dimensional imaging method (pQCT) that is 

appropriate for growing children.  Furthermore, since increased body mass resulting from 

greater adiposity increases the force of impact during a fall, how bone parameters vary in 

proportion to total body mass was examined across tertiles of TBFM.  

 

Aim 2b: Relationship of skeletal muscle fat content to bone parameters in young girls 

Childhood obesity is associated with metabolic complications such as impaired 

glucose regulation, hypertension, dyslipidemia, fatty liver disease, and systemic low-

grade inflammation.72, 73  Whether obesity positively or negatively impacts skeletal 

development remains unclear.  While some studies in children and adolescents have 

reported a positive relationship between fat and bone,53, 54, 74 recent studies have shown 

that the bones of obese children are adapted to lean mass, and that excess body mass in 
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the form of fat either had no additional effect or was inversely related to bone 

parameters.63-65, 75  Obese children have been shown to have lower vBMD and geometric 

parameters relative to their body mass,75 which suggests a mismatch between gains in 

body mass and appropriate skeletal adaptations during growth.  Thus, obesity may 

contribute to suboptimal bone development and put obese children, who are already 

overrepresented in childhood fracture cases,31, 47 at greater risk for factures later in life.  

Given the conflicting findings surrounding the fat-bone link and an expected increase in 

the prevalence of obesity and osteoporosis,76 it is imperative to better understand the 

relationship between fat and bone.  

Strong evidence in children and adults suggests a link between the pattern of 

regional adiposity, particularly visceral abdominal adipose tissue and fat within skeletal 

muscle, and impaired glucose tolerance, insulin resistance, and type 2 diabetes mellitus 

(T2DM).77-80  The relationship between these so-called “pathogenic” fat depots and bone, 

however, is unclear.  Studies in adolescent girls and young women have shown that 

visceral abdominal adipose tissue is inversely associated with bone structure and 

strength.81, 82  Furthermore, studies in older adults have shown that greater fat content 

within skeletal muscle predicts hip fracture83, 84 and is inversely associated with vBMD of 

the tibia.85  In a recent study of the relationship between regional fat deposition and bone 

in young children, Pollock and colleagues86 showed that visceral abdominal adipose 

tissue was inversely associated with total body BMC in prepubertal boys and girls.  

Moreover, overweight prepubertal children with prediabetes had lower total body BMC 

than children without prediabetes.86  Thus, a negative relationship between bone and 
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pathogenic fat depots such as visceral abdominal adipose tissue and fat within skeletal 

muscle may exist in children as it does in adults.  Few studies have tested this 

proposition, and thus far, no studies have investigated the relationship of skeletal muscle 

fat content with weight-bearing bone status in youth.  

The purpose of specific aim 2b was to examine the associations between 

subcutaneous adipose tissue (SAT) and skeletal muscle fat content of the calf and thigh 

with bone strength at metaphyseal and diaphyseal regions of the femur and tibia in girls.  

A unique feature was the use of pQCT to differentiate tissues based on attenuation 

characteristics, which are directly related to tissue composition and density.87, 88  

Controlled studies using chemical phantoms (surrogate “limbs” of known lipid 

concentration) and tissue biochemical studies using muscle biopsy samples have 

demonstrated that lower muscle density (mg/cm3), which can be assessed using pQCT, is 

a valid measure of greater fat content in skeletal muscle.87, 88  pQCT can also assess 

vBMD and bone geometry, the major determinants of bone strength.24  Yerges-

Armstrong and colleagues85 used pQCT to assess soft tissue composition of the calf and 

vBMD of the tibia in older Afro-Caribbean men and reported that SAT was not 

associated with vBMD, whereas an index of skeletal muscle fat content was inversely 

associated with vBMD.  Based on these observations, it was hypothesized that calf and 

thigh SAT would not be associated with bone strength, whereas skeletal muscle fat 

content would be inversely associated with weight-bearing bone strength in young girls.  
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Aim 3a: Quantifying bone-relevant physical activity and its relation to bone strength in 

girls 

 Activity type and dose are critical factors underlying the osteogenic effect of 

physical activity.  As emphasized in the most recent American College of Sports 

Medicine position stand on physical activity and bone health,89 activities that involve 

high strain magnitudes90 and greater loading frequencies91 are most effective for 

optimizing the osteogenic response during growth, which is the most opportune time to 

modify bone mass and geometry.92  However, despite the well known favorable effects of 

certain types of physical activity on bone, few studies have tested the ability of existing 

physical activity measurement tools to predict bone strength in youth.  Moreover, 

whether standardized methods that quantify the loading component of physical activity 

predict bone strength better than other methods remains unclear.  

 Recently, the bone-specific physical activity questionnaire (BPAQ) was 

developed by Weeks and Beck93 to record both current and historical physical activity.  

Load values based on ground reaction forces associated with common sports and 

activities were incorporated into BPAQ algorithms to increase the contribution of high-

impact activities to the overall score.  The algorithms also weighed factors such as age 

and weekly frequency of physical activity participation.  The current (past 12 months) 

component of the BPAQ was shown to predict femoral neck, lumbar spine, and whole 

body aBMD measured by DXA in men, but not in women, while the historical 

component predicted calcaneal broadband ultrasound attenuation in women.93  In 
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contrast, other measures of physical activity such as the bone loading history 

questionnaire,94 the Bouchard 3-day physical activity record,95 the modifiable activity 

questionnaire,96 and pedometer steps were not predictive of aBMD and broadband 

ultrasound attenuation.93  One limitation of the BPAQ algorithms is that they were 

developed and tested in a small sample (n = 40) of adults, and therefore, may not predict 

bone parameters in other populations (e.g., children and adolescents).  Another limitation 

of the BPAQ algorithms is that they were developed using DXA and broadband 

ultrasound attenuation, which do not assess bone geometry.  Measures of bone geometry 

are crucial because small changes in the shape of bone (e.g. an increase in the outer 

circumference) can dramatically increase its strength.24  Lastly, although the historical 

component of the BPAQ accounts for the duration of years of training, the current 

component (past 12 months) does not account for the average duration of minutes per 

training session.  While increasing the years of training history is known to be 

osteogenic,97, 98 only one study has addressed the osteogenic effect of increasing the 

duration of a typical training session.99  One reason this question has received insufficient 

attention may be because studies in animals have shown that the osteogenic response to 

loading saturates relatively quickly.100, 101  Based on these studies, prolonging the 

duration of a single training session is less likely to be osteogenic.  However, animal 

studies have also shown that increased duration (e.g., increased number of loading 

cycles) can continue to stimulate bone formation as long as the distribution of strain is 

altered throughout the loading session,102 which is predominately the case during most 
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activities in free-living humans.  Thus, increasing the duration of the average training 

session may be an important osteogenic stimulus that has been overlooked.  

 The past year physical activity questionnaire (PYPAQ) is a validated 

questionnaire103 which can be used to survey sport and leisure-time physical activity.  

Shedd and colleagues104 used a modified version of the PYPAQ to assess physical 

activity in postmenopausal women and developed a bone-relevant PYPAQ algorithm that 

incorporates physical activity duration (defined as average minutes/session), frequency 

(sessions/week), and load (peak strain score105).  The PYPAQ algorithm predicted vBMD 

and geometry assessed by pQCT in postmenopausal women.104  However, the ability of 

the PYPAQ algorithm to predict bone parameters of children and adolescents has not 

been studied.  

 Given the need to quantify physical activity type and dose in studies of the effects 

of physical activity on bone, specific aim 3a focused on comparing the ability of the 

BPAQ and the modified PYPAQ along with other common measures of physical activity 

in youth (3-day physical activity recall (3DPAR) and pedometer) to predict bone strength 

in girls after controlling for important covariates known to influence bone parameters 

during growth.  It was hypothesized that physical activity assessment tools that account 

for bone loading (i.e. BPAQ and PYPAQ) would predict bone strength better than 

common physical activity measures (i.e. 3DPAR and pedometer) that give more global 

estimates of physical activity.  Furthermore, it was hypothesized that of the two physical 

activity measures that account for bone loading, the modified PYPAQ would be a better 
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predictor of bone strength than the BPAQ because it accounts for duration in addition to 

the frequency and load of each activity reported.  

 

Aim 3b: Associations of physical activity duration, frequency, and load with bone in 

girls 

 Since >90% of adult skeletal mass is acquired during childhood and adolescence,2 

one strategy aimed to reduce the risk of fracture is to optimize bone parameters that 

determine bone strength.  This could be achieved via exercise-induced adaptations in 

vBMD or bone geometry during growth.  The optimal type and amount of physical 

activity needed to induce bone adaptations during growth remain unclear.  Such 

information would be useful in the development of bone health recommendations for 

youth and should underlie the design of exercise interventions aimed to optimize bone 

strength.  

 Controlled loading studies in animals have identified key features of osteogenic 

stimuli such as increased strain magnitude106, 107 and frequency108 within a safe range.  

Increased duration (e.g., increased number of loading cycles) may also be an important 

osteogenic stimulus as long as the distribution of strain is altered throughout the loading 

session.102  Unfortunately, highly controlled studies in children and adults, in which 

components of activity dose are manipulated, are few and difficult to conduct.  While 

observational studies might also address this issue, studies of the association of physical 

activity with bone typically only examine the influence of total activity and not its 
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components (e.g., duration, frequency, load), in part, because standardized methods for 

capturing the bone-relevant components of physical activity in humans are lacking.   

 The purpose of specific aim 3b was to use the PYPAQ to determine whether any 

individual component of physical activity (duration, frequency, load) or their interaction 

(duration × frequency × load) was associated with vBMD, geometry, and indices of bone 

strength in young girls.  A unique feature was the use of pQCT for assessment of bone 

geometry and vBMD.  The mechanical strength of bone is determined both by its 

material properties (e.g., vBMD) and its structural properties (e.g., geometry).24  In 

addition to increased mineralization, small changes in the shape of bone (e.g. an increase 

in the outer circumference) can dramatically increase bone strength and fracture 

resistance.92  Past reliance on DXA and so-called aBMD, which does not adjust for the 

depth of bone or provide direct measures of bone geometry, has confounded our 

understanding of the relationship between physical activity and bone parameters.  

Considering the findings from animal studies,106-108 it was hypothesized that physical 

activity load (peak strain score) and frequency (days/week) would be more strongly 

associated with bone parameters than increased duration (minutes/session) of physical 

activity.  

 

Aim 4: Prospective effects of high-impact exercise on bone density and geometric 

parameters in peri-pubertal girls: a two-year randomized controlled trial  

 Physical activity is crucial for bone development.  Cross-sectional studies have 

shown a strong association between physical activity and aBMD, especially when 
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comparisons are made between youth engaged in activities that elicit significant ground 

reaction forces versus inactive youth and youth engaging in activities with low ground 

reaction forces.109, 110  Far fewer longitudinal trials have been completed; while the results 

also support the importance of physical activity for bone development, increases in 

aBMD are less than would be predicted from cross-sectional studies.90  Retrospective 

analyses of aBMD and other bone parameters in females in racquet sports and gymnastics 

suggest a “window of opportunity” for maximal skeletal adaptations in girls who begin 

regular training early in life.11  This proposition has not been adequately tested in 

longitudinal trials with strong design and methodology.  Reliance on DXA has been a 

problem.  Structural adaptations, such as increases in bone size, may confer lasting 

increases in bone strength.  While there are plausible reasons to believe this may be true, 

longitudinal trials in children and adolescents in different stages of maturation using 

appropriate imaging methods are lacking.  

 Thus far, only four randomized controlled trails of exercise in children and 

adolescents have used pQCT to assess bone geometry and vBMD.111-114  Heinonen and 

colleagues111 reported no between-group differences in bone parameters (cortical vBMD, 

cortical cross-sectional area (CSA), bone strength index (BSI)) of the 50% tibia, while 

Johannsen and colleagues112 found no between-group differences in bone parameters of 

the 4% distal tibia (total vBMD, CSA) and 20% distal tibia (endosteal circumference 

(EC), periosteal circumference (PC), and cortical CSA).  However, both studies reported 

higher BMC measured by DXA for exercisers as compared to controls.  Specker and 

Binkley,113 reported that children (aged 3–5 years) who participated in gross motor 
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activities had greater PC at the 20% distal tibia after 12 months.  Furthermore, periosteal 

expansion persisted 12 months post-intervention,115 however, these findings should be 

interpreted with caution because baseline pQCT scan quality was poor on 51% of the 

sample.113  More recently, Macdonald and colleagues114 reported increased BSI at the 

distal tibia of pre-pubertal boys in response to 16 months of a daily jumping program 

(Bounce at the Bell) plus 15 minutes/day of classroom physical activity.  However, no 

difference in BSI was found in early pubertal boys and pre- and early-pubertal girls.  

Furthermore, the intervention did not result in differences in strength-strain index (SSI) at 

the midshaft tibia or in any other bone parameters (i.e., vBMD, CSA, EC, PC, and 

cortical thickness).114  Thus far, the paucity of data and conflicting findings make it 

impossible to draw conclusions as to whether high-impact exercise elicits meaningful 

effects on bone parameters during development.  Clearly, further research is needed.  

 A shift in the population distribution of the material and structural determinants of 

bone strength just a few percentage points using an intervention applied to the whole 

population would likely have profound benefit on the population burden of fractures.116  

In order to achieve impact on a population level, exercise interventions must be 

efficacious, feasible, safe, accessible to all, and inexpensive; thus, schools may provide 

the best avenue to reach large numbers of children and adolescents from diverse ethnic 

and socioeconomic backgrounds.117  The intervention implemented in the “Jump-In: 

Building Better Bones” study was designed to fulfill these criteria.  Moreover, the study 

was designed to improve upon past investigations by extending the intervention period in 

a large sample of girls and by delivering a standardized (type and amount) exercise 
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program to both pre- and early-pubertal girls.  With this design, the final aim of the 

dissertation was to assess the effects of a two year school-based high-impact jumping 

intervention on vBMD, geometry, and bone strength in young girls.  It was hypothesized 

that high-impact exercise is osteotrophic and would elicit significant increases in vBMD, 

geometry, and bone strength in girls that would be greater than occur with usual growth.  

The findings of this dissertation are expected to contribute significantly to our 

understanding of the influences of soft tissue composition and physical activity on bone 

parameters and fractures prevalence in young girls.  

 

PUBLIC HEALTH RELEVANCE  

 Osteoporosis and related fractures are a major public health concern and there is 

an urgent need to better identify high-risk individuals for treatment.  This dissertation 

focuses on better defining the key structural and functional deficits that determine bone 

strength and fracture risk during growth and refines our knowledge of how body 

composition and lifestyle factors influence these parameters and determine peak bone 

strength in females.  A better understanding of the structural basis and risk factors for 

suboptimal bone development and fractures should help identify the individuals who 

might benefit most from interventions so that resources can be targeted toward 

modification of factors likely to realize the greatest skeletal benefit. 
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EXPLANATION OF DISSERTATION FORMAT  

 This dissertation was prepared in manuscript format.  The “Present Study” 

(Chapters 2–4) summarizes methods, main findings, an integrated summary and 

recommendations, conclusions, and limitations relevant to specific aims 1–4.  Specific 

aims 1–3 are cross-sectional analyses addressed in four published manuscripts118-121 and 

one manuscript that is currently under review.122  These five manuscripts are included in 

this document (Appendices A–E).  In addition, preliminary two-year longitudinal results 

are presented in the main findings section relevant to specific aims 2–4 for the sample 

shown in Figure 1.  The longitudinal findings have yet to be submitted for publication 

because longitudinal measurements are still ongoing at this time and are not expected to 

be completed until Spring of 2012.  
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CHAPTER 2 

METHODS  

Study design  

 The University of Arizona human body composition team is a multidisciplinary 

group of investigators, experienced in multi-site, collaborative investigations, with 

significant expertise in the areas relevant for successful conduct of studies that require 

expertise in bone, body composition, physical activity, and dietary assessment methods 

and extensive experience in the design and delivery of school-based interventions.  The 

parent study of this dissertation, the “Jump-In: Building Better Bones” study, was a 

school-based, group-randomized, controlled trial of the effects of two years of high-

impact jumping exercises on vBMD, bone geometry, and strength in prepubertal and 

early pubertal girls.  Fourteen elementary and four middle schools within the Catalina 

Foothills and Marana school districts, matched on school demographics (socioeconomic 

status, enrollment, mobility rate, and ethnicity), were randomized to intervention (9 

schools) or control (9 schools) within matched pairs.  The study protocol was approved 

by the University of Arizona Human Subjects Protection Committee and was conducted 

in accordance with the Helsinki Declaration.  All guardians and participating girls 

provided written informed consent.   
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Age (years) 10.7± 1.1 11.2 ± 1.1 11.6 ± 1.1 12.8 ± 1.1

Maturity offset (years) -1.1± 1.0 -0.7 ± 1.1 -0.2 ± 1.1 0.8 ± 1.0

Body mass (kg) 39.2± 10.5 41.3 ± 10.6 44.3 ± 11.3 49.9 ± 11.9

Height (cm) 144.5± 9.7 147.8 ± 9.6 151.1 ± 9.9 157.1 ± 9.3

BMI (kg/m
2
) 18.5± 3.3 18.7 ± 3.5 19.2 ± 3.4 20.0 ± 3.6

Femur length (cm) 34.0± 3.0 34.7 ± 3.0 35.2 ± 2.8 36.8 ± 2.6

Tibia length (cm) 33.2± 2.8 34.1 ± 2.7 34.9 ± 2.7 36.3 ± 2.6

Total body fat mass (kg) 11.3± 6.3 11.9 ± 6.5 13.0 ± 6.8 15.2 ± 7.4

Total body lean mass (kg) 25.7± 5.0 27.1 ± 5.3 28.9 ± 5.6 32.1 ± 5.6

Total body percent fat (%) 27.8± 8.5 27.8 ± 8.7 28.5 ± 8.3 29.5 ± 8.2

Baseline                     
(P = 509; C = 503)

12 Month                    
(P = 346; C = 344)

24 Month                   
(P = 228; C = 221)

Table 1. Descriptive characteristics of girls at the baseline, 6 month, 12 month, and 24 month 
assessments

Values are presented as mean ± SD. P = participated in lab measurements; C = completed all lab measurements. 

6 Month                    
(P = 288; C = 278)

 

Study participants  

 The baseline sample size for this dissertation included 509 healthy girls, aged 8–

13 years, who were participants in the “Jump-In: Building Better Bones” study.  

Inclusion criteria were any female in school grade 4 or 6.  Exclusion criteria included 

learning disabilities (identified by schools) that made it impossible to complete 

questionnaires or otherwise unable to comply with assessment protocols; medications, 

medical conditions, or a disability that limited participation in physical exercise;123 and 

the inability to read and understand English.  Girls were asked to participate in laboratory 

measurements at baseline, 6 months, 12 months, and 24 months.  Descriptive 

characteristics of girls who completed baseline (n = 503), 6 month (n = 278), 12 month (n 

= 344), and 24 month (n = 221) measurements are shown in Table 1.  A total of 3 cohorts 

were recruited and enrolled in the study between Fall of 2007 and Fall of 2009.  A 

CONSORT flowchart showing the progress of participants through the two year study is 

presented in Figure 1.   
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Control : 
C1 (n = 149) 
C2 (n = 99) 
C3 (n = 61) 

Intervention : 
C1 (n = 251) 
C2 (n = 130) 
C3 (n = 49) 

Assessed for eligibility 
(18 schools) 
(n = 1,086) Schools Excluded: (n = 0)  

 
Participants Excluded: (n = 0) 
 
      Not meeting inclusion criteria: 

(n = 0) 
      Refused to participate: 

(n = 347) 
      Other reasons:  

(n = 0) 

Consented/Enrolled 
(18 schools) 

(n = 739) 

Randomized  
(18 schools)  

(n = 739) 
(C1 = 400) 
(C2 = 229) 
(C3 = 110) 

Schools randomized to 
Intervention (n = 9) 

(n = 430) 

Schools randomized to 
Control (n = 9) 

(n = 309) 

230 participants 
dropped or did not 
commit to baseline 

measurements 

Unsatisfactory pQCT 
scans (n = 5) 
Missing DXA 

measurements (n = 1) 

Participated in 
Baseline 

Measurements  
(n = 509) 

 

Control : 
(n = 217) 

C1 (n = 101) 
C2 (n = 80) 
C3 (n = 36) 

Intervention : 
(n = 292) 

C1 (n = 167) 
C2 (n = 90) 
C3 (n = 35) 

Completed Baseline 
Measurements  

(n = 503) 
 

Control : 
(n = 215)  

C1 (n = 99) 
C2 (n = 80) 
C3 (n = 36) 

Intervention : 
(n = 288) 

C1 (n = 165) 
C2 (n = 88) 
C3 (n = 35) 

Completed 12M 
Measurements  

(n = 344) 
 

Control : 
(n = 152)  

C1 (n = 74) 
C2 (n = 55) 
C3 (n = 23) 

Intervention : 
(n = 192) 

C1 (n = 109) 
C2 (n = 65) 
C3 (n = 18) 

Completed 24M 
Measurements  

(n = 221) 
 

Control : 
(n = 101)  

C1 (n = 64) 
C2 (n = 37) 
C3 (n = 0) 

Intervention : 
(n = 120) 

C1 (n = 73) 
C2 (n = 47) 
C3 (n = 0) 

Completed 6M 
Measurements  

(n = 278) 
 

Control : 
(n = 129)  

C1 (n = 62) 
C2 (n = 45) 
C3 (n = 22) 

Intervention : 
(n = 149) 

C1 (n = 76) 
C2 (n = 55) 
C3 (n = 18) 

 

Figure 1. CONSORT flowchart describing the progress of participants through the 
“Jump-In: Building Better Bones” study.  C1 = cohort 1; C2 = cohort 2; C3 = cohort 3.  
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 After informed consent, guardians completed a health history questionnaire with 

questions on participant ethnicity and race.  Sample ethnicity was 23% Hispanic and 77% 

non-Hispanic.  Sample race was 89% white, 6% Asian, 3% black or African American, 

0.5% Native American or Alaska Native, 1% Native Hawaiian or other Pacific Islander, 

and 0.5% others.  Based on U.S. National Center for Health Statistics/Centers for Disease 

Control and Prevention percentiles for body mass index (BMI, kg/m2),124 3% of the 

baseline sample was underweight (BMI <5th percentile), 74% of the baseline sample was 

healthy weight (BMI 5th–85th percentile), 15% of the baseline sample was overweight 

(BMI 85th–95th percentile), and 8% of the baseline sample was obese (BMI >95th 

percentile).  Baseline maturity offset values indicated that girls were on average 1.1 years 

prior to peak height velocity, with a range from 3.2 years prior to peak height velocity to 

1.4 years post peak height velocity.  Baseline Tanner stage distributions were 32% 

prepubertal (stage I, n = 165) and 68% early pubertal (stages II–III, n = 344).  Changes in 

Tanner stage from baseline to 24 months are shown in Table 2.  
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Baseline to 24M 
Tanner stage

Prepubertal 1-1 8 (3.6)

1-2 19 (8.6)

1-3 35 (15.8)

1-4 8 (3.6)

Total 70 (31.6)

Early Pubertal 2-2 10 (4.5)

2-3 38 (17.2)

2-4 26 (11.8)

2-5 1 (0.5)

3-3 13 (5.9)

3-4 44 (19.9)

3-5 19 (8.6)

Total 151 (68.4)

Table 2. Tanner stage at baseline and the 24 
month follow-up for all girls (n = 221)

No. Girls (%)

 

 

Exercise intervention  

 A standard exercise intervention, lasting 5–10 minutes/session, was delivered 3 

times per week in physical education class and/or recess, depending on school schedules.  

Based on work in animal models and earlier school-based studies,125, 126 the intervention 

employed boxes, from which the girls jumped and landed on the ground 40 times per 

session, eliciting ground reaction forces of ~3-8 times body weight.127  Box height 

increased progressively from 6” to 12” to 18” and ultimately to 24” each school semester.  

The intervention was delivered in 9 schools in the Catalina Foothills and Marana school 

districts, beginning in January of 2008 and is ongoing.  In order to recruit the large 

sample size (n = 509) included in this study, 3 cohorts of girls were recruited in Fall of 
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2007, Spring of 2008, and Spring of 2009, respectively, and soon thereafter underwent 

laboratory assessments (pQCT, DXA, anthropometry, maturation, diet, and physical 

activity) at the Body Composition Research Laboratory the University of Arizona.  A 

total of 292 girls from intervention schools participated in baseline laboratory 

measurements (Figure 1).  Cohort 1 began the intervention in January of 2008 and 

completed the intervention in May of 2010.  Cohort 2 began the intervention in 

September of 2008 and completed the intervention in December of 2010.  Cohort 3 began 

the intervention in September of 2009 and is expected to complete the intervention in 

May of 2011.  Program content, duration, and progression was standardized and 

documented for all sessions.  Girls were asked to continue the exercise intervention 

during the summer on their own time.  Based on the design of the exercise intervention 

and the maximum number of opportunities to participate in the school-based intervention 

over the course of two years, 100% compliance would have resulted in a total height 

jumped of ~12,000 feet.  Average height jumped (ft) for the 292 intervention girls who 

participated in baseline measurements was 4,996 ± 2,490, whereas average height jumped 

(ft) for the 120 intervention girls who completed two-year laboratory measurements was 

5,580 ± 2,234.  The proportion of intervention girls who completed baseline laboratory 

measurements (n = 292) and achieved >50% compliance was 16%, whereas the 

proportion of intervention girls who completed two-year laboratory measurements (n = 

120) and achieved >50% compliance was 40%.  Compliance for the 292 intervention 

girls who participated in baseline laboratory measurements is shown in Figure 2A.  
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Similarly, compliance for the 120 intervention girls who completed two-year laboratory 

measurements is shown in Figure 2B.   

 
 
 
 
 
 
 
 
 
 
 
Figure 2. Summary of Jump-In intervention compliance for (A) all intervention girls who 
completed baseline measurements (n = 292) and (B) intervention girls who completed 
two-year laboratory measurements (n = 120).  
 
 
Fracture history 

 A parent/guardian of each girl completed a health history questionnaire that 

inquired about all injuries suffered by their child that required medical attention.  The 

questionnaire also inquired about any injuries that resulted in fracture and the number of 

fractures suffered.  Then, for each individual fracture, detailed information was obtained 

on the bone(s) afflicted, the date of the incident, and whether surgery was needed.  

 

Anthropometry 

 Anthropometric measures were obtained following standardized protocols.128  

Body mass was measured to the nearest 0.1 kg using a calibrated scale (Seca, Model 881, 

Hamburg, Germany) and height and sitting height were measured at full inhalation to the 

nearest mm using a stadiometer (Shorr Height Measuring Board, Olney, MD).  Non-
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dominant femur length (nearest mm) was measured from the base of the patella to the 

inguinal crease.  Non-dominant tibia length (nearest mm) was measured from the 

proximal end of the medial border of the tibial plateau to the distal edge of the medial 

malleolus.  Coefficients of variation (CVs) for femur and tibia lengths were 0.44% and 

0.23%, respectively (n = 509).  For each anthropometric variable, the mean of two 

measurements was taken.  The two measurements were repeated if the first two differed 

by more than 4 mm for height, sitting height and bone lengths, and 0.3 kg for body mass.  

If repeat measures were required, the mean of the second set of measures was used.  

Physical maturation 

 Maturity was assessed from self-report (with assistance available) of breast 

development based on Tanner stages.129  The questionnaire presents illustrations of stages 

of development and has been validated130 and shown to agree with physician exam and 

grading.  Although Tanner staging is common in developmental studies, its ability to 

accurately assess maturation is limited.131  Consequently, we also used an alternate index 

of maturation (maturity offset), based on estimated years from peak height velocity using 

Mirwald’s equation132 which was derived from data from a six-year longitudinal study in 

boys and girls.20  These algorithms incorporate interactions between height, weight, 

sitting height, leg length, and chronological age to derive a maturity offset value.  The 

following equation from Mirwald and colleagues132 was used to estimate maturity offset 

in our sample of females: Maturity Offset = -9.376 + 0.0001882 x Leg Length and Sitting 

Height interaction + 0.0022 x Age and Leg Length interaction + 0.005841 x Age and 

Sitting Height interaction – 0.002658 x Age and Weight interaction + 0.07693 x Weight 
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by Height ratio.  In Mirwald’s sample, the maturity offset equation for girls explained 

89% of the variance in years from peak height velocity.132  

 

Physical activity assessment  

Pedometer  

 After laboratory testing, subjects were instructed to wear an Omron HJ-720ITC 

(Bannockburn, IL) pedometer during all waking hours, except when in water, for the 

following 7 contiguous days.  The validity and reliability of this pedometer has been 

tested under prescribed and self-paced walking conditions.133  The pedometer features a 

dual piezoelectric sensor that detects vertical and horizontal movements.  The pedometer 

also offers PC downloading capabilities, 41-day storable memory, automatically resets at 

midnight, and displays and stores total daily steps and aerobic (higher intensity) steps.  

Aerobic steps are defined as times during which a subject walks more than 60 steps per 

minute for more than 10 minutes continuously.  Subjects were instructed to wear the 

pedometer on their waistband at the right hip because this site was recommended by the 

manufacturer, it does not interfere with daily activities, and is the most frequently used 

site in epidemiological studies. 

 

3-Day Physical Activity Recall (3DPAR) questionnaire 

 The 3-day physical activity recall (3DPAR) questionnaire has been validated in 

girls134 and has been used previously to quantify physical activity in youth.135  For every 

30-minute time block (34 blocks/day, 17 hours/day) for the previous 3 days, participants 
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reported the predominant physical activity and the intensity level (light, moderate, hard, 

or very hard) at which they performed the activity.  To assist the respondent, the 

questionnaire includes a script and graphics to explain the intensity of common activities.  

Metabolic equivalents (MET, where 1 MET = 3.5 mL × kg–1 × min–1) were obtained from 

the Compendium of Energy Expenditures for youth.136  Average daily MET adjusted 

minutes of PA were computed over each of the 3 previous days using the following 

algorithm: 3DPAR average daily MET adjusted minutes = (∑n =1–3 (∑k =1–34 (30 minute 

block × MET value)))/n, where n = the number of days and k = the number of 30 minute 

blocks per day.  Pate and colleagues134 reported that the 3DPAR was significantly, and 

moderately correlated with MTI (Manufacturing Technologies, Inc., Shalimar, FL) 

Actigraph counts (r = 0.28–0.46).  

 

Bone-specific Physical Activity Questionnaire (BPAQ)  

 The bone-specific physical activity questionnaire (BPAQ) has been described in 

detail previously.93  In brief, the BPAQ is a self-administered account of current (past 12 

months) and historical (years) PA for which respondents record the type and weekly 

frequency of usual PA and sport participation.  The current BPAQ score was calculated 

for each girl using an algorithm developed to weigh weekly frequency of activity 

participation and load intensity based on ground reaction forces in adult men (n = 20) and 

women (n = 20).  The following algorithm was used to calculate current BPAQ score: 

Current BPAQ (cBPAQ) score = [(R + 0.2 × R × (n–1)) × a], where R = effective load 
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stimulus (derived from GRF testing), n = frequency of participation (per week), and a = 

age weighting factor (<10 yrs = 1.2; 10–15 yrs = 1.5; 15–35 yrs = 1.1; >35 yrs = 1.0).93  

 

Past Year Physical Activity Questionnaire (PYPAQ)  

 The past year physical activity questionnaire (PYPAQ) has been validated in 

adolescents.103  We modified the questionnaire to include a more comprehensive list of 

41 activities common to youth,118, 120 and used the modified PYPAQ to survey all sport 

and leisure-time physical activity in which subjects had engaged at least 10 times in the 

past year outside of physical education class.  The questionnaire was administered in an 

interview with the subject and guardian(s).  Participants were asked to record average 

duration, weekly frequency, and the number of months of participation for each activity.  

Total PYPAQ score was computed using a modified equation from Shedd and 

colleagues104: PYPAQ score = ∑1–n (duration (average minutes/session) × frequency 

([months/12] × days/week) × load (peak strain score)), where n was the number of 

activities a subject reported during the past year.  Individual scores for physical activity 

duration, frequency, and load were calculated using the following equations: Duration = 

∑1–n (average minutes/session); Frequency = ∑1–n ([months/12] × days/week); Load = ∑1–

n (peak strain score), where n was the number of activities a subject reported during the 

past year.  Physical activity intensity, commonly reported as the metabolic equivalent 

(MET, where 1 MET = 3.5 mL × kg–1 × min–1) value of an activity,136 was not included 

in the PYPAQ equation to protect against colinearity because intensity and load were 

highly correlated (r = 0.94), and because peak strain is more relevant to bone than METs.  
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Peak strain scores reported by Groothausen and colleagues105 were used to increase the 

contribution of bone-relevant loading activities to the overall score.  Jumping activities 

(e.g., basketball, gymnastics, volleyball) were assigned a peak strain score of 3; activities 

that involve changing directions quickly and sprinting (e.g., soccer, tennis) were assigned 

a peak strain score of 2; all other weight-bearing activities were assigned a peak strain 

score of 1 (e.g., golf, hiking, walking).  Low-impact activities that fell between categories 

were given a peak strain score of 1.5 (e.g., aerobics, dance).  Non-weight-bearing 

physical activities (e.g. swimming, cycling) were assigned a peak strain score of 0.5.  

Sports and leisure-time activities that did not have a peak strain score previously reported 

in the literature were assigned the same value as the most similar activity.  

 

Dietary assessment 

 The Harvard youth/adolescent questionnaire (YAQ) is a self-administered (with 

assistance available) food-frequency questionnaire that has been validated in children and 

adolescents.137  The YAQ was used to assess energy (kcal/day) and nutrient intakes (i.e. 

vitamin D (IU), Ca2+ (mg/day), and Mg2+ (mg/day)) over the past year.  

 

Bone and body composition assessment 

 Bone geometry and vBMD were assessed at the 4% and 20% femur and 4% and 

66% tibia sites relative to the respective distal growth plates of the non-dominant limb 

using pQCT (XCT 3000; STRATEC Medizintechnik GmbH, Pforzheim, Germany, 

Division of Orthometrix; White Plains, NY).  Scout scans were performed to locate the 
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distal growth plates, with the scanner programmed to subsequently find the sites of 

interest.  Operators were trained for pQCT data acquisition and analyses following 

guidelines provided by Bone Diagnostics, Inc. (Fort Atkinson, WI).  A single operator 

performed all pQCT scans and a second investigator performed all scan analyses using 

Stratec software, Version 6.0.  At the distal metaphyseal regions of the femur and tibia, 

Contour mode 3 (169 mg/cm3) was used to measure total bone and Peel mode 4 (650 

mg/cm3 with a 10% peel) was used to ensure that only trabecular bone remained.  

Because of the difficulties in interpreting metaphyseal bone density measurements from a 

single slice,138 three pQCT slices were averaged at the distal 4% femur and tibia regions.  

At the diaphyseal 20% femur and 66% tibia sites, Contour mode 1 (710 mg/cm3) and 

Cort mode 2 (710 mg/cm3) were used.  Further details on image processing, calculations, 

and analysis, including descriptions of Contour, Peel, and Cort modes are published 

elsewhere.139  Slice thicknesses were 2.3 mm and voxel sizes were set at 0.4 mm.  

Scanner speed was set at 25 mm/second.  The metaphyseal regions were chosen to 

represent skeletal sites predominantly comprised of trabecular bone, whereas the 

diaphyseal regions were chosen to represent skeletal sites predominantly comprised of 

cortical bone.  The 66% distal tibia was chosen because this site is associated with the 

largest calf girth, whereas the 20% distal femur was chosen because it represents a 

diaphyseal site that allowed sufficient distance between the body of the subject and the 

gantry of the pQCT.  Cortical parameters were not assessed at metaphyseal regions 

because the spatial resolution of the pQCT device used in this study is not sufficient to 

analyze cortical shells less than 2 mm.22  pQCT bone parameters measured at distal 
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metaphyseal regions of the femur and tibia were trabecular vBMD (Trab vBMD, 

mg/cm3), trabecular area (Trab area, mm2), and bone strength index (BSI, mg2/mm4), 

while bone parameters measured at diaphyseal regions of the femur and tibia were 

cortical vBMD (Cort vBMD, mg/cm3), cortical area (Cort area, mm2), endosteal 

circumference (EC, mm), periosteal circumference (PC, mm), cortical thickness (Crt Thk, 

mm), and strength-strain index (SSI, mm3).  BSI is calculated as the product of the 

metaphyseal total area and total vBMD squared: Bone strength index (BSI, mg2/mm4) = 

Total area x Total vBMD2.23  Stratec software (version 6.0 ) offers the calculation of 

diaphyseal SSI, which is based on the integrated product of the geometric properties (i.e., 

section modulus) with the material properties of bone: Strength-strain index (SSI, mm3) = 

∑i = 1; n [((ri
2 x a)/rmax) x (cortical vBMD/ND)].139  Section modulus is calculated as (ri

2 x 

a)/rmax where a is the area of a voxel (mm2), r is the distance of a voxel from the center of 

gravity (mm), and rmax is the maximum distance of a voxel from the center of gravity 

(mm).  The material properties of bone are calculated as the quotient of measured cortical 

density (cortical vBMD, mg/cm3) and normal physiological cortical density (ND, 1200 

mg/cm³).  BSI estimates the bone’s ability to withstand compression at metaphyseal 

regions, while SSI is used to estimate the bone’s ability to resist torsion and bending 

forces at diaphyseal regions.  Kontulainen and colleagues23 conducted axial compression 

tests on the 4% distal tibia and 4-point bending tests on the 66% distal tibia of human 

cadaveric tibiae and reported that BSI and SSI explained 85% and 76% of the variance in 

failure properties, respectively.  To our knowledge, no mechanical testing data exist on 
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the distal 4% and 20% femur sites.  CVs previously reported in our laboratory118-121 were 

<1.1% for vBMD, bone geometry, and indices of bone strength (BSI, SSI).  

Femur

20% 

4% 

Tibia

66% 

4% 

 

Figure 3. Representative pQCT images of distal metaphyseal and diaphyseal regions of 
the femur and tibia.  
  

 Regional soft tissue composition was assessed at the 20% femur (thigh) and 66% 

tibia (calf) sites relative to the respective distal growth plates of the non-dominant limb 

using pQCT.  Edge detection and threshold techniques were used to separate tissues (i.e., 

adipose, muscle, and bone) based on attenuation characteristics, which are directly related 

to tissue composition and density.87, 88  Images were filtered prior to being analyzed using 

Contour mode 3 (-101 mg/cm3) and Peel mode 2 (40 mg/cm3) to separate adipose (<40 

mg/cm3) and muscle/bone (≥40 mg/cm3), respectively.  Images were subsequently 

filtered with a 7 x 7 image filter that clearly defined the edge of the muscle and 

eliminated all bone above 120 mg/cm3, ensuring that muscle density was a direct result of 

the soft tissue within the edge of the muscle.  Although this technique does not 
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distinguish between intra- and extra-myocellular fat compartments, controlled studies 

have clearly established that a lower muscle density is an indicator of a higher skeletal 

muscle fat content.87, 88  Thus, muscle density was used as a composite index of fat 

content within the intra- and extra-myocellular stores.  Soft tissue parameters obtained at 

the calf and thigh regions included muscle cross-sectional area (MCSA, mm2), muscle 

density (mg/cm3), and SAT (mm2).  CVs for MCSA, muscle density, and SAT at the calf 

region were 1.4%, 0.9%, and 3.4%, respectively, while CVs for the same parameters at 

the thigh region were 1.2%, 0.4%, 4.2%, respectively. 

 Areal BMD (g/cm2) of the whole body, L2–L4 vertebrae (lumbar spine, LS) in the 

antero-posterior plane, femoral neck (FN), Ward’s triangle, trochanter, and total femur 

and tibia of the non-dominant leg was assessed with DXA using GE Lunar Prodigy 

(software version 5.60.003) fan-beam densitometer (GE Lunar Corp, Madison, WI, 

USA).  Subjects were positioned using standard GE/Lunar protocols.  Total body mass, 

fat mass, and lean soft tissue mass were obtained from DXA whole body scans.  Percent 

body fat was calculated as the ratio of fat mass to whole body mass.  DXA CVs and 

precision in our laboratory have been reported.140  

 

Statistical analysis 

 Data were checked for outliers and normality using histograms and all variables 

were tested for skewness and kurtosis.  BSI and SSI were moderately skewed.  Both log 

transformed and untransformed analyses were performed and all results were similar; 

thus, the untransformed data are reported for clarity.  To identify relationships between 
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bone parameters and potential covariates, bivariate correlations were computed using 

Pearson's r for continuous and Spearman's rho for categorical variables.  Multiple linear 

regression was used to regress bone parameters on each independent variable of interest 

after adjusting for covariates chosen based on known biological and biomechanical 

relations to bone parameters.119  Prior to multiple linear regression analyses, all variables 

were checked for normality, linearity, and homoscedasticity using residual plots.  Also, 

possible interactions between independent and predictor variables were explored in all 

models.  R2 values presented are the adjusted R2 and represent the proportion of 

variability in the dependent variable explained by the statistical model.  Tertiles or 

quintiles were subsequently used to divide the sample into groups (thirds or fifths) based 

on the independent variables of interest and differences in bone parameters among groups 

were tested using analysis of covariance (ANCOVA), after adjusting for the same 

covariates used in regression analyses.  Outcome values were normalized to the middle 

group by setting the middle group values to 1.0 and lower and higher values to <1.0 and 

>1.0, respectively.  Normalization of values was necessary due to the differences in units 

among pQCT variables.  Bonferroni post hoc tests were used to adjust for multiple 

comparisons.  Multiple linear regression and linear mixed-effects models were used to 

compare the longitudinal change in bone parameters between groups of TBFM (aim 2a), 

skeletal muscle fat content (aim 2b), and physical activity (aim 3), after adjusting for 

randomization group (intervention/control) and covariates used in cross-sectional 

analyses.118-120, 122  Finally, linear mixed-effects models were used to compare bone 

parameters over time (0M, 6M, 12M and 24M) between intervention and control groups 
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(aim 4), after adjusting for MCSA change, bone length change, maturity offset change, 

physical activity, and ethnicity.  The specific effect of interest in this analysis was the 

group (intervention vs. control) x time interaction.  A significant group x time interaction 

would indicate that the degree in change in bone parameters over time was different for 

the two groups (i.e., intervention vs. control).  All analyses were repeated after 

substituting maturity offset with Tanner stage and analyses were also conducted within 

maturity offset and Tanner stage categories [maturity offset < 0 years from peak height 

velocity and ≥ 0 years from peak height velocity; Tanner stage I (pre-pubertal), Tanner 

stage II–III (early pubertal)].  Results were similar, thus, only analyses that included 

maturity offset are presented based on its greater association with bone parameters in this 

sample.119  A significance level of p < 0.05 (two-tailed) was used in all tests.  All 

analyses were performed using The Statistical Package for the Social Sciences for 

Windows, Version 18.0 (SPSS, Chicago, IL, USA).  



62 
 

 
 

CHAPTER 3 

MAIN FINDINGS  

 The primary goal of the “Jump-In: Building Better Bones” study was to assess the 

effects of two years of high-impact jumping exercises on vBMD, bone geometry, and  

bone strength in young girls (aim 4), although the design allowed for examination of a 

number of additional questions.  Indeed, the relatively large sample size, use of a novel 

bone imaging technique (pQCT) appropriate for youth, and the prospective design, 

provided a unique opportunity to examine the influences of soft tissue composition and 

physical activity on bone density, bone geometry, and fracture prevalence in young girls 

(aims 1–3).  This chapter summarizes the main findings relevant to all four aims.  Aims 

1–3 are cross-sectional analyses addressed in four published manuscripts118-121 and one 

manuscript that is currently under review.122  Additional results and specific details 

pertaining to each of these five manuscripts can be found in the appendices (Appendices 

I–V).  Preliminary two-year longitudinal results relevant to aims 2–4 are presented in this 

chapter for the sample shown in Figure 1.  

 

Specific aim 1: Characterize optimal skeletal development by determining the basis for 

fractures and test whether those sustaining fractures have specific deficits in bone 

density and geometry. 

 The association between prior fracture and bone parameters was assessed using 

DXA and pQCT in young girls.  It was hypothesized that fracture during development 

would be related to underlying skeletal fragility (i.e., lower vBMD) independent of bone 
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macro-architecture and that differences in bone parameters would be found in girls with 

fractures versus girls without fractures. 

 To evaluate the association between prior fracture and DXA and pQCT bone 

outcomes, adjusted odds ratios (95% CI) were computed using binary logistic regression 

(Table 3).  Regression models adjusted for maturity offset alone (Table 3, model†) and all 

covariates (Table 3, model‡) resulted in non-significant associations between BMC 

(adjusted for bone area, body mass, and height) assessed by DXA and prior fracture at all 

sites.  In contrast, lower trabecular vBMD at metaphyseal regions of the distal femur and 

tibia remained significantly associated with fracture (Table 3).  After adjustment for all 

covariates (Table 3, model‡), every standard deviation decrease in trabecular vBMD at 

metaphyseal sites of the femur and tibia was associated with 1.4 (1.1–1.9) and 1.3 (1.0–

1.7) times higher fracture prevalence, respectively.  Metaphyseal PC of the distal femur 

and tibia was not associated with fracture (Table 3).  At diaphyseal sites of the femur and 

tibia, EC, PC, and cortical thickness were not associated with facture. 
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Model† Model‡

Adjusted Odds Ratio (95% CI) Adjusted Odds Ratio (95% CI)

DXA

     Total Body Less Head BMC (g) / SD decrease                1.19 (0.75−1.87)                1.15 (0.73−1.82)

     Lumbar Spine (L2−L4) BMC (g) / SD decrease                1.18 (0.76−1.83)                1.18 (0.76−1.83)

     Femur Neck BMC (g) / SD decrease                1.00 (0.61−1.62)                1.03 (0.63−1.68)

     Total Femur BMC (g) / SD decrease                0.87 (0.52−1.46)                0.87 (0.52−1.47)

     Total Tibia BMC (g) / SD decrease                0.95 (0.59−1.53)                0.94 (0.58−1.52)

pQCT Femur 

     4% Trab vBMD (mg/cm
3
) / SD decrease                1.46 (1.13−1.89)

a
               1.43 (1.10−1.87)

a

     4% PC (mm) / SD decrease                0.96 (0.66−1.39)                1.03 (0.69−1.54)

     20% Cort vBMD (mg/cm
3
) / SD decrease                0.90 (0.71−1.15)                0.85 (0.65−1.09)

     20% EC (mm) / SD decrease                0.90 (0.66−1.24)                0.95 (0.67−1.34)

     20% PC (mm) / SD decrease                0.90 (0.61−1.33)                0.96 (0.61−1.50)

     20% Cort Thk (mm) / SD decrease                1.09 (0.84−1.42)                0.85 (0.65−1.09)

pQCT Tibia 

     4% Trab vBMD (mg/cm
3
) / SD decrease                1.32 (1.03−1.70)

a
               1.33 (1.03−1.72)

a

     4% PC (mm) / SD decrease                0.92 (0.64−1.32)                0.98 (0.65−1.48)

     66% Cort vBMD (mg/cm
3
) / SD decrease                0.80 (0.61−1.05)                0.72 (0.54−0.97)

a

     66% EC (mm) / SD decrease                1.07 (0.82−1.40)                1.13 (0.85−1.50)

     66% PC (mm) / SD decrease                1.07 (0.77−1.49)                1.18 (0.81−1.74)

     66% Cort Thk (mm) / SD decrease                0.95 (0.71−1.25)                0.94 (0.70−1.25)

† Model = maturity offset.  

Table 3. Associations between DXA and pQCT parameters and prior fracture in girls with (n = 88) and 
without (n = 377) prior fracture

Bone measure

Values are presented as adjusted odds ratios (95% CI).  
a
 p  < 0.05. 

‡ Model = maturity offset, body mass, leg length, ethnicity, and physical activity.  Binary logistic regression models that 
included DXA adjusted BMC variables did not have body mass and leg length as covariates.   

BMC = bone mineral content; Trab vBMD = trabecular volumetric bone mineral density; PC = periosteal circumference; Cort 
vBMD = cortical volumetric bone mineral density; EC = endosteal circumference; Cort Thk = cortical thickness.  
 

ANCOVA, with maturity offset, ethnicity, and physical activity as covariates, was 

used to investigate possible differences in bone parameters assessed by DXA between 

girls with and without fracture.  Girls with prior fracture had 0.9–1.8% lower adjusted 

BMC of the total body less head (TBLH), lumbar spine (LS), and femoral neck (FN) 

regions than girls without prior fracture, although the difference in adjusted BMC was not 

statistically significance at any region.  ANCOVA, with maturity offset, body mass, leg 

length, ethnicity, and physical activity as covariates, was also used to investigate possible 

differences in bone parameters assessed by pQCT between girls with and without 
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fracture.  At distal metaphyseal sites, trabecular vBMD of the femur and tibia was 

significantly lower (femur = –4.5%, tibia = –3.1%) in girls with prior fracture (Figure 4).  

At diaphyseal sites of the femur and tibia, cortical vBMD, EC, PC, and cortical thickness 

were not significantly different between girls with and without fracture.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Metaphyseal trabecular volumetric bone mineral density (vBMD) (A) and 
periosteal circumference (B) in girls with (n = 88) and without prior fracture (n = 377).  
Differences in bone variables were evaluated by ANCOVA using maturity offset, body 
mass, leg length, ethnicity, and physical activity as covariates.  Bars represent adjusted 
means ± SE.  * p < 0.05. 
 

Specific aim 2a: Determine the relationship of total body fat mass to volumetric bone 

mineral density (vBMD), bone geometry, and bone strength in girls. 

 Specific aim 2a was undertaken to evaluate the independent associations of total 

body fat mass (TBFM) and muscle cross-sectional area (MCSA) with vBMD, bone 

geometry, and bone strength at diaphyseal and metaphyseal regions of the femur and tibia 
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in girls.  It was hypothesized that skeletal muscle would be a stronger predictor of bone 

parameters than total body adiposity.   

 Table 4 shows standardized regression coefficients (β) and p values for TBFM 

and MCSA, along with adjusted R2 values for regression models.  In models with TBFM 

and MCSA (Table 4, Model 1), associations between TBFM and bone parameters at all 

sites were not significant.  TBFM explained very little variance in bone parameters (0.2–

2.3%).  In contrast, MCSA was strongly related (p < 0.001) to all bone parameters, except 

cortical vBMD (Table 4).  The addition of maturity offset, bone length, physical activity, 

and ethnicity (Table 4, Model 2) increased the overall adjusted R2 values of all bone 

parameters (∆ adjusted R2 = 0.01–0.19), but did not alter the relationship between TBFM 

and bone parameters which remained non-significant (all p values > 0.05).  
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Model
a

Model
b

pQCT β p β p R
2 β p β p R

2

4% Femur

     TrabBMD 0.01 0.98 0.21  <0.001 0.11    -0.01     0.92    0.36   <0.001 0.12

     Pcir 0.06 0.18 0.46  <0.001 0.47     0.01     0.74     0.24   <0.001 0.63

     BSI 0.01 0.91 0.42  <0.001 0.44    -0.03     0.60     0.47   <0.001 0.47

20% Femur   

     CortBMD   -0.02 0.76 0.02    0.64 0.01    -0.09     0.16    -0.09     0.16 0.06

     Pcir 0.04 0.11 0.52  <0.001 0.56     0.06     0.12     0.32   <0.001 0.70

     SSI 0.04 0.32 0.52  <0.001 0.65    -0.01     0.92     0.37   <0.001 0.81

4% Tibia  

     TrabBMD 0.06 0.29 0.26  <0.001 0.12     0.08     0.18    0.43   <0.001 0.14

     Pcir   -0.01 0.77 0.48  <0.001 0.59    -0.02     0.66    0.45   <0.001 0.67

     BSI 0.05 0.25 0.48  <0.001 0.51     0.06     0.18     0.55   <0.001 0.53

66% Tibia   

     CortBMD 0.01 0.98 0.15    0.01 0.05    -0.04     0.45   -0.23     0.01 0.25

     Pcir 0.03 0.44 0.50  <0.001 0.58     0.05     0.16     0.53   <0.001 0.68

     SSI 0.05 0.17 0.55  <0.001 0.68     0.05     0.11     0.45   <0.001 0.76

Model 1
a 

Model 2
b

b 
Model Covariates: Total body fat mass, muscle cross-sectional area, maturity, bone length, physical activity, ethnicity. 

Table 4.  Multiple linear regression including total body fat mass and muscle cross-sectional area as 
independent predictors of bone parameters

TBFM TBFM MCSA

TBFM = total body fat mass (kg); MCSA = muscle cross-sectional area (mm
2
); TrabBMD = trabecular volumetric 

bone mineral density (mg/cm
3
);  Pcir = periosteal circumference (mm); BSI = bone strength index (mg

2
/mm

4
); 

CortBMD = cortical volumetric bone mineral density (mg/cm
3
); SSI = strength-strain index (mm

3
).

a 
Model Covariates: Total body fat mass, muscle cross-sectional area. 

MCSA

Standarized β coefficients and p  values are presented for total body fat mass and muscle cross-sectional area.  

Adjusted R
2
 values are presented for both full models.  

 

  
 Figure 5 shows adjusted means (±SE) for femur (A) and tibia (B) vBMD, bone 

geometry, and bone strength for thirds of TBFM.  PC was significantly greater in the 

highest as compared to the lowest group of TBFM at diaphyseal sites (20% femur, 66% 

tibia) and SSI at the 66% tibia was significantly greater in the highest compared to the 

middle group of TBFM.  No other differences (all p values > 0.05) in bone parameters of 

femur and tibia were observed among groups of TBFM.  
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Figure 5. Femur (A) and tibia (B) pQCT bone parameters by thirds of total body fat mass 
(TBFM) normalized to the middle group.  Differences in outcome values among TBFM 
groups were evaluated by ANCOVA using MCSA, maturity offset, bone length, physical 
activity, and ethnicity as covariates. Trab vBMD = trabecular volumetric bone mineral 
density (mg/cm3); PC = periosteal circumference (mm); BSI = bone strength index 
(mg2/mm4); Cort vBMD = cortical volumetric bone mineral density (mg/cm3); SSI = 
strength-strain index (mm3).  a Significantly (p < 0.05) different from lowest group. b 
Significantly (p < 0.01) different from lowest group. 
 
 
 Multiple linear regression with change in each bone parameter as the dependent 

variable was used to determine the independent associations between change in TBFM 

and changes in bone parameters from baseline to the 6, 12, and 24 month time points, 

respectively (Tables 5 a–c).  Covariates included in regression models included MCSA 

change, bone length change, baseline maturity offset, ethnicity, and randomization.  Two-

year change in TBFM was positively associated (p < 0.05) with change in cortical vBMD 

of the femur, but not the tibia (p > 0.05).  Furthermore, two-year change in TBFM was 

inversely associated (all p values < 0.05) with changes in cortical area and thickness of 
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the femur and tibia (Table 5 (a–c)).  Taken together, increased BMD and suppressed bone 

geometry resulted in significantly (all p values < 0.05) reduced SSI at diaphyseal regions 

of the femur and tibia in girls with greater two-year increases in TBFM (Table 5 (a–c)).  

Change in TBFM was not consistently associated with any other changes in bone 

parameters (Table 5 (a–c)).  

 

β p  value β P value

4% Femur 4% Tibia

  ∆ Trab vBMD     0.014 0.830 0.057   ∆ Trab vBMD    -0.083 0.176 0.105

  ∆ Trab area     0.185 0.005 0.046   ∆ Trab area     0.021 0.741 0.045

  ∆ BSI     0.013 0.835 0.042   ∆ BSI    -0.108 0.064 0.197

20% Femur 66% Tibia

  ∆ Crt vBMD     0.068 0.293 0.050   ∆ Crt vBMD     0.017 0.755 0.306

  ∆ Crt area    -0.074 0.202 0.237   ∆ Crt area    -0.001 0.985 0.118

  ∆ EC     0.154 0.012 0.160   ∆ EC     0.037 0.383 0.569

  ∆ PC     0.093 0.150 0.050   ∆ PC     0.029 0.532 0.496

  ∆ Crt Thk    -0.146 0.008 0.310   ∆ Crt Thk    -0.032 0.550 0.305

  ∆ SSI     0.037 0.512 0.290   ∆ SSI     0.012 0.831 0.191

Standarized β coefficients and p  values are presented for change in TBFM.  Adjusted R
2
 values are presented for each full model.  

Model covariates: ∆ TBFM, ∆ muscle CSA, ∆ bone length, baseline maturity offset, ethnicity, randomization.  TBFM = total body fat 

mass (kg); Trab vBMD = trabecular volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength 

index (mg
2
/mm

4
); Crt vBMD = cortical volumetric bone mineral density (mg/cm

3
); Crt area = cortical area (mm

2
); EC = endosteal 

circumference (mm); PC = periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 5a. Multiple regression models with 6 month change in total body fat mass as a predictor of 6 month change in 
pQCT bone parameters in girls (n = 278)

Dependent variable
6 month Δ in TBFM Model                      

adjusted R
2 Dependent variable

6 month Δ in TBFM Model                      

adjusted R
2
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β p  value β P value

4% Femur 4% Tibia

  ∆ Trab vBMD    -0.046 0.416 0.201   ∆ Trab vBMD    -0.004 0.949 0.219

  ∆ Trab area     0.040 0.523 0.030   ∆ Trab area    -0.184 0.001 0.259

  ∆ BSI    -0.052 0.325 0.305   ∆ BSI     0.097 0.037 0.451

20% Femur 66% Tibia

  ∆ Crt vBMD     0.166 0.004 0.191   ∆ Crt vBMD     0.027 0.574 0.401

  ∆ Crt area    -0.145 0.003 0.424   ∆ Crt area    -0.190   <0.001 0.287

  ∆ EC    -0.042 0.472 0.142   ∆ EC     0.144 0.001 0.498

  ∆ PC    -0.107 0.068 0.162   ∆ PC     0.049 0.256 0.535

  ∆ Crt Thk    -0.137 0.007 0.379   ∆ Crt Thk    -0.223   <0.001 0.296

  ∆ SSI    -0.086 0.070 0.452   ∆ SSI    -0.078 0.123 0.360

Standarized β coefficients and p  values are presented for change in TBFM.  Adjusted R
2
 values are presented for each full model.  

Model covariates: ∆ TBFM, ∆ muscle CSA, ∆ bone length, baseline maturity offset, ethnicity, randomization.  TBFM = total body fat 

mass (kg); Trab vBMD = trabecular volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength 

index (mg
2
/mm

4
); Crt vBMD = cortical volumetric bone mineral density (mg/cm

3
); Crt area = cortical area (mm

2
); EC = endosteal 

circumference (mm); PC = periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 5b. Multiple regression models with 12 month change in total body fat mass as a predictor of 12 month change 
in pQCT bone parameters in girls (n = 344)

Dependent variable
12 month Δ in TBFM Model                      

adjusted R2
Dependent variable

12 month Δ in TBFM Model                      

adjusted R2

 
 
 

β p  value β P value

4% Femur 4% Tibia

  ∆ Trab vBMD    -0.018 0.817 0.198   ∆ Trab vBMD     0.041 0.575 0.240

  ∆ Trab area    -0.105 0.145 0.317   ∆ Trab area    -0.134 0.034 0.430

  ∆ BSI    -0.072 0.323 0.297   ∆ BSI     0.063 0.297 0.475

20% Femur 66% Tibia

  ∆ Crt vBMD     0.253   <0.001 0.340   ∆ Crt vBMD     0.010 0.876 0.415

  ∆ Crt area    -0.141 0.039 0.419   ∆ Crt area    -0.182 0.006 0.319

  ∆ EC    -0.149 0.055 0.211   ∆ EC     0.172 0.008 0.416

  ∆ PC    -0.169 0.018 0.331   ∆ PC     0.071 0.241 0.483

  ∆ Crt Thk    -0.150 0.028 0.287   ∆ Crt Thk    -0.229 0.001 0.322

  ∆ SSI    -0.187 0.019 0.456   ∆ SSI    -0.166 0.007 0.404

Standarized β coefficients and p  values are presented for change in TBFM.  Adjusted R
2
 values are presented for each full model.  

Model covariates: ∆ TBFM, ∆ muscle CSA, ∆ bone length, baseline maturity offset, ethnicity, randomization.  TBFM = total body fat 

mass (kg); Trab vBMD = trabecular volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength 

index (mg
2
/mm

4
); Crt vBMD = cortical volumetric bone mineral density (mg/cm

3
); Crt area = cortical area (mm

2
); EC = endosteal 

circumference (mm); PC = periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 5c. Multiple regression models with 24 month change in total body fat mass as a predictor of 24 month change 
in pQCT bone parameters in girls (n = 221)

Dependent variable
24 month Δ in TBFM Model                      

adjusted R
2 Dependent variable

24 month Δ in TBFM Model                      

adjusted R
2
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 Linear mixed-effects models were used to confirm these finding comparing 

changes in bone parameters in High 20% (highest 20% two-year increase in TBFM) 

versus Cont (lowest 80% two-year change in TBFM) groups, after adjusting for the same 

covariates used in regression analyses.  Results from linear mixed-effects models for 

cortical vBMD, area, thickness, and SSI at diaphyseal regions of the femur and tibia were 

similar to those observed using regression and are shown in Figure 6 (A–H).  
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Figure 6. Adjusted means (±SE) are shown for longitudinal changes in bone parameters 
in High 20% (highest 20% two-year increase in TBFM) versus Cont (lowest 80% two-
year change in TBFM) groups. Differences in bone parameters were evaluated using 
linear mixed-effects models with MCSA change, bone length change, baseline maturity 
offset, ethnicity, and randomization as covariates. Cort vBMD = cortical volumetric bone 
mineral density (mg/cm3); Cort area = cortical area (mm2); Crt Thk = cortical thickness 
(mm). SSI = strength-strain index (mm3).  * p < 0.05.  
 

 

Specific aim 2b: Determine the relationships of subcutaneous adipose tissue (SAT) and 

skeletal muscle fat content to bone strength in young girls. 

For aim 2b, analyses were conducted to evaluate the independent associations of 

subcutaneous adipose tissue (SAT) and muscle density (i.e., skeletal muscle fat content) 

with indices of bone strength at metaphyseal and diaphyseal regions of the femur and 

tibia in young girls, after adjusting for muscle cross-sectional area (MCSA), bone length, 

maturity offset, and ethnicity.  Based on observations in older adults,85 it was 

hypothesized that higher skeletal muscle fat content of the calf and thigh would be 

inversely associated with bone strength, whereas the association between SAT and bone 

strength would be positive, although weak.  

At both the calf and thigh regions, SAT was positively correlated with total body 

fat mass (r = 0.87–0.89, p < 0.001), while muscle density was inversely correlated with 

total body fat mass (r = –0.24 to –0.28, p < 0.001).  There were moderate to strong 

correlations between maturity and anthropometric characteristics and pQCT measures of 

SAT, MCSA, and indices of bone strength (BSI, SSI) (Table 6).  Lower correlations were 

found between maturity and anthropometric characteristics and muscle density.  
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Height
Body   
mass BMI

Femur 
length

Tibia 
length Maturity Ethnicity

Thigh SAT     0.23
a

    0.72
a

    0.85
a

    0.22
a

    0.22
a

    0.34
a     0.03

Thigh muscle density     0.15
a    -0.07    -0.21

a
    0.20

a
    0.11

a
    0.14

a    -0.06

Thigh MCSA     0.61
a

    0.78
a

    0.65
a

    0.56
a

    0.52
a

    0.67
a    -0.01

4% Femur BSI     0.53
a

    0.62
a

    0.47
a

    0.45
a

    0.46
a

    0.59
a     0.01

20% Femur SSI     0.82
a

    0.78
a

    0.49
a

    0.76
a

    0.73
a

    0.82
a     0.06

Calf SAT     0.20
a

    0.70
a

    0.83
a

    0.17
a

    0.21
a

    0.29
a     0.01

Calf muscle density     0.10
a    -0.09    -0.20

a
    0.10

a     0.05     0.10
a    -0.09

Calf MCSA     0.69
a

    0.85
a

    0.69
a

    0.58
a

    0.59
a

    0.76
a    -0.03

4% Tibia BSI     0.53
a

    0.65
a

    0.51
a

    0.46
a

    0.45
a

    0.57
a    -0.01

66% Tibia SSI     0.77
a

    0.78
a

    0.53
a

    0.71
a

    0.69
a

    0.77
a     0.03

Table 6.  Bivariate correlations between anthropometric characteristics, maturity, ethnicity 
and pQCT measures of fat, muscle, and indices of bone strength (BSI, SSI) in young girls 

SAT = subcutaneous adipose tissue (mm
2
); MCSA = muscle cross-sectional area (mm

2
); BSI = bone 

strength index (mg
2
/mm

4
); SSI = strength-strain index (mm

3
).

a
 Significant, p  < 0.05; Pearson's r for continous and Spearman's rho for categorical variables.  

 
 

Unadjusted values of calf and thigh SAT and muscle density are shown in Figure 

7 by thirds of DXA total body fat mass.  Calf and thigh SAT increased (all p values < 

0.001) across levels of total body fat mass.  Calf and thigh muscle density decreased 

across levels of total body fat mass, indicating that higher skeletal muscle fat content was 

associated with higher total body fat mass.  At both the calf and thigh regions, significant 

differences in muscle density were found between the highest and middle thirds of total 

body fat mass (all p values < 0.01) and between the highest and lowest thirds of total 

body fat mass (all p values < 0.001).  
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Figure 7. Subcutaneous adipose tissue (A) (SAT, mm2) and muscle density (B) (mg/cm3) 
of the calf and thigh by thirds of total body fat mass in young girls.  Values are 
unadjusted means ± SE.  Tertiles were defined as ≤ 7.2, 7.3 to 11.6, and ≥ 11.7 kg, 
respectively.  Group differences were analyzed using ANOVA.  Bonferroni post hoc tests 
were used to adjust for multiple comparisons.  a Significantly (p < 0.001) different from 
middle group. b Significantly (p < 0.001) different from highest group. c Significantly (p < 
0.001) different from lowest group. d Significantly (p < 0.01) different from highest 
group.  
  
 
 Multiple linear regression with SAT, muscle density, MCSA, bone length, 

maturity offset, and ethnicity as independent variables showed independent associations 

between muscle density and BSI at distal metaphyseal regions of the femur (β = 0.13, p < 

0.001) and tibia (β = 0.19, p < 0.001) and SSI at diaphyseal regions of the femur (β = 

0.06, p < 0.05) and tibia (β = 0.09, p < 0.01) (Table 7).  Lower associations were 

observed between SAT and BSI at distal metaphyseal regions of the femur (β = 0.05, p > 

0.05) and tibia (β = 0.09, p = 0.03) and SSI at diaphyseal regions of the femur (β = 0.04, 

p > 0.05) and tibia (β = 0.03, p > 0.05).  
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β p β p β p β p

Muscle density    0.134  <0.001    0.064    0.009    0.193  <0.001    0.086    0.002

SAT    0.047    0.237    0.037    0.152    0.085    0.029   0.025    0.396

MCSA    0.439  <0.001    0.341  <0.001    0.566  <0.001    0.468  <0.001

Bone length   -0.138    0.019    0.257  <0.001    0.049    0.383    0.242  <0.001

Maturity offset    0.375  <0.001    0.365  <0.001    0.057    0.410    0.209  <0.001

Ethnicity    0.008    0.809    0.061    0.007    0.046    0.169    0.056    0.028

Standardized β coefficient and p  values are presented for independent predictors of indices of bone strength.  

BSI = bone strength index (mg
2
/mm

4
); SSI = strength-strain index (mm

3
); SAT = subcutaneous adipose 

tissue (mm
2
); MCSA = muscle cross-sectional area (mm

2
).

Independent 
variables

Table 7.  Multiple linear regression models with indices of femur and tibia bone strength (BSI, 
SSI) as dependent variables in young girls

Tibia 4% BSI Tibia 66% SSIFemur 4% BSI Femur 20% SSI

 
 
  

 Comparisons of indices of bone strength across thirds of muscle density and SAT 

of the calf and thigh were performed using ANCOVA, after adjusting for MCSA, bone 

length, maturity offset, and ethnicity (Figure 8).  BSI at distal metaphyseal sites of the 

femur and tibia was 5.8% (p < 0.01) and 9.0% (p < 0.001) lower, respectively, in the 

lowest compared with the highest third of muscle density.  Similarly, SSI at the 

diaphyseal sites of the femur and tibia was 3.5% (p < 0.05) and 4.7% (p < 0.01) lower, 

respectively, in the lowest compared with the highest third of muscle density.  No 

significant differences in indices of bone strength were found across any levels of SAT 

(all p values > 0.05).  
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Figure 8. Estimated marginal means ± SE for femur and tibia bone strength index (BSI, 
mg2/mm4) and strength-strain index (SSI, mm3) by thirds of subcutaneous adipose tissue 
(A) (SAT, mm2) and muscle density (B) (mg/cm3) of the calf and thigh.  Outcome values 
were normalized to the middle group by setting the middle group values to 1.0 and lower 
and higher values to <1.0 and >1.0, respectively.  Normalization of values was necessary 
due to the differences in units among pQCT outcome variables.  Group differences were 
evaluated by ANCOVA using MCSA, bone length, maturity offset, and ethnicity as 
covariates. a Significantly (p < 0.001) different from highest group. b Significantly (p < 
0.01) different from highest group. c Significantly (p < 0.05) different from lowest group.  
 
 
 Multiple linear regression with change in each bone parameter as the dependent 

variable was used to determine the independent associations between change in muscle 

density (i.e., skeletal muscle fat content) and change in bone parameters from baseline to 

the 6, 12, and 24 month time points, respectively (Table 8 (a–c)).  Covariates included in 

regression models included MCSA change, bone length change, baseline maturity offset, 

ethnicity, and randomization.  Regression analyses were subsequently repeated after 

replacing muscle density with SAT (data not shown).  Two-year increases in muscle 

density (i.e., reduced skeletal muscle fat content) were positively associated (all p values 

< 0.05) with changes in trabecular vBMD and BSI at metaphyseal regions of the distal 
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femur and tibia.  Change in muscle density was not consistently associated with any other 

changes in bone parameters (Table 8 (a–c)).  Furthermore, change in SAT was not 

associated (all p values > 0.05) with changes in bone parameters.  

 

β p  value β p  value

4% Femur 4% Tibia

  ∆ Trab vBMD     0.110 0.176 0.058   ∆ Trab vBMD     0.273   <0.001 0.223

  ∆ Trab area    -0.146 0.081 0.014   ∆ Trab area    -0.122 0.119 0.067

  ∆ BSI     0.116 0.151 0.076   ∆ BSI     0.258   <0.001 0.292

20% Femur 66% Tibia

  ∆ Crt vBMD     0.016 0.846 0.036   ∆ Crt vBMD     0.157 0.016 0.361

  ∆ Crt area    -0.217 0.003 0.262   ∆ Crt area    -0.067 0.384 0.090

  ∆ EC    -0.342   <0.001 0.280   ∆ EC    -0.122 0.023 0.565

  ∆ PC    -0.396   <0.001 0.214   ∆ PC    -0.167 0.005 0.479

  ∆ Crt Thk    -0.041 0.565 0.282   ∆ Crt Thk     0.003 0.968 0.277

  ∆ SSI    -0.272   <0.001 0.388   ∆ SSI    -0.079 0.287 0.146

Standarized β coefficients and p  values are presented for change in MD.  Adjusted R
2
 values are presented for each full model.  Model 

covariates: ∆ MD, ∆ muscle CSA, ∆ bone length, baseline maturity offset, ethnicity, randomization.  MD = muscle density (mg/cm
3
); 

Trab vBMD = trabecular volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength index 

(mg
2
/mm

4
); Crt vBMD = cortical volumetric bone mineral density (mg/cm

3
); Crt area = cortical area (mm

2
); EC = endosteal 

circumference (mm); PC = periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 8a. Multiple regression models with 6 month change in muscle density as a predictor of 6 month change in 
pQCT bone parameters in girls (n = 278)

Dependent variable
6 month Δ in MD Model                      

adjusted R
2

Dependent variable
6 month Δ in MD Model                      

adjusted R
2
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β p  value β p  value

4% Femur 4% Tibia

  ∆ Trab vBMD     0.105 0.128 0.083   ∆ Trab vBMD     0.226   <0.001 0.231

  ∆ Trab area    -0.127 0.073 0.034   ∆ Trab area     0.121 0.058 0.179

  ∆ BSI     0.047 0.479 0.139   ∆ BSI     0.104 0.059 0.392

20% Femur 66% Tibia

  ∆ Crt vBMD    -0.005 0.942 0.153   ∆ Crt vBMD     0.188   <0.001 0.437

  ∆ Crt area    -0.112 0.065 0.290   ∆ Crt area     0.032 0.623 0.160

  ∆ EC    -0.220 0.001 0.115   ∆ EC    -0.273   <0.001 0.597

  ∆ PC    -0.239 0.001 0.082   ∆ PC    -0.250   <0.001 0.612

  ∆ Crt Thk    -0.023 0.708 0.291   ∆ Crt Thk     0.178 0.004 0.256

  ∆ SSI    -0.165 0.003 0.405   ∆ SSI    -0.032 0.597 0.248

Standarized β coefficients and p  values are presented for change in MD.  Adjusted R
2
 values are presented for each full model.  Model 

covariates: ∆ MD, ∆ muscle CSA, ∆ bone length, baseline maturity offset, ethnicity, randomization.  MD = muscle density (mg/cm
3
); 

Trab vBMD = trabecular volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength index 

(mg
2
/mm

4
); Crt vBMD = cortical volumetric bone mineral density (mg/cm

3
); Crt area = cortical area (mm

2
); EC = endosteal 

circumference (mm); PC = periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 8b. Multiple regression models with 12 month change in muscle density as a predictor of 12 month change in 
pQCT bone parameters in girls (n = 344)

Dependent variable
12 month Δ in MD Model                      

adjusted R
2

Dependent variable
12 month Δ in MD Model                      

adjusted R
2

 

 

β p  value β p  value

4% Femur 4% Tibia

  ∆ Trab vBMD     0.184 0.005 0.148   ∆ Trab vBMD     0.290   <0.001 0.318

  ∆ Trab area    -0.030 0.605 0.297   ∆ Trab area     0.025 0.617 0.445

  ∆ BSI     0.179 0.004 0.236   ∆ BSI     0.244   <0.001 0.505

20% Femur 66% Tibia

  ∆ Crt vBMD     0.106 0.068 0.310   ∆ Crt vBMD     0.174 0.001 0.440

  ∆ Crt area    -0.001 0.968 0.364   ∆ Crt area     0.135 0.012 0.385

  ∆ EC    -0.127 0.052 0.138   ∆ EC    -0.133 0.009 0.445

  ∆ PC    -0.102 0.098 0.224   ∆ PC    -0.043 0.373 0.486

  ∆ Crt Thk     0.060 0.302 0.299   ∆ Crt Thk     0.197   <0.001 0.348

  ∆ SSI    -0.003 0.951 0.367   ∆ SSI     0.097 0.068 0.392

Standarized β coefficients and p  values are presented for change in MD.  Adjusted R
2
 values are presented for each full model.  Model 

covariates: ∆ MD, ∆ muscle CSA, ∆ bone length, baseline maturity offset, ethnicity, randomization.  MD = muscle density (mg/cm
3
); 

Trab vBMD = trabecular volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength index 

(mg
2
/mm

4
); Crt vBMD = cortical volumetric bone mineral density (mg/cm

3
); Crt area = cortical area (mm

2
); EC = endosteal 

circumference (mm); PC = periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 8c. Multiple regression models with 24 month change in muscle density as a predictor of 24 month change in 
pQCT bone parameters in girls (n = 221)

Dependent variable
24 month Δ in MD Model                      

adjusted R
2

Dependent variable
24 month Δ in MD Model                      

adjusted R
2
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 Linear mixed-effects models were used to confirm these finding comparing 

changes in bone parameters in High 20% (highest 20% two-year increase in skeletal 

muscle fat content) versus Cont (lowest 80% two-year change in skeletal muscle fat 

content) groups, after adjusting for the same covariates used in regression analyses.  

Results from these models for trabecular vBMD and BSI were similar to those observed 

using regression and are shown in Figure 9 (A–D).  

 

 

 
  
 
 

 

 

 

 

 
 
 
 
 
 
 
Figure 9. Adjusted means (±SE) are shown for longitudinal changes in bone parameters 
in High 20% (highest 20% two-year increase in skeletal muscle fat content) versus Cont 
(lowest 80% two-year change in skeletal muscle fat content) groups.  Differences in bone 
parameters were evaluated using linear mixed-effects models with MCSA change, bone 
length change, baseline maturity offset, ethnicity, and randomization as covariates. Trab 
vBMD = trabecular volumetric bone mineral density (mg/cm3); BSI = bone strength 
index (mg2/mm4).  * p < 0.05.  
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Specific aim 3a: To quantify bone-relevant physical activity and its relation to bone 

strength in young girls. 

 Specific aim 3a was focused on a comparison of the ability of the bone-specific 

physical activity questionnaire (BPAQ) and the modified past year physical activity 

questionnaire (PYPAQ) along with other common measures of PA in youth (3-day 

physical activity recall (3DPAR134) and pedometer) to predict bone strength in girls after 

controlling for important covariates known to influence bone parameters during growth.  

It was hypothesized that physical activity assessment tools that account for bone loading 

(i.e., BPAQ and modified PYPAQ) would predict bone strength better than common 

physical activity measures (i.e., 3DPAR and pedometer) that give more global estimates 

of physical activity.  Furthermore, it was hypothesized that of the two physical activity 

measures that account for bone loading, the modified PYPAQ would be a better predictor 

of bone strength than the BPAQ, because it accounts for duration in addition to the 

frequency and load of each activity reported.  

 Results from hierarchical regression analyses are presented in Table 9.  3DPAR 

score was significantly (p < 0.05) associated with metaphyseal femur BSI, but was not 

associated (p > 0.05) with any other bone strength outcome.  Average daily total steps 

were significantly (p < 0.01) associated with femur and tibia BSI at metaphyseal sites, but 

were not associated (p > 0.05) with SSI at diaphyseal sites of the femur and tibia.  

Average daily aerobic steps were significantly (p < 0.05) associated with diaphyseal 

femur SSI and metaphyseal tibia BSI.  BPAQ score was not significantly (p > 0.05) 
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associated with any indices of bone strength.  In contrast to the 3DPAR, average steps, 

and the BPAQ, PYPAQ score was significantly (p < 0.05) associated with bone strength 

across all sites.  Adjusted R2 values for the base regression models (covariates: maturity 

offset, body mass, leg length, and ethnicity) ranged from 0.418–0.474 for BSI at 

metaphyseal sites and 0.731–0.781 for SSI at diaphyseal sites of the femur and tibia 

(Table 9).  Comparisons of adjusted R2 change values showed that the average increase in 

the adjusted R2 across all skeletal sites was 0.014 for the PYPAQ, 0.007 for total steps, 

0.005 for aerobic steps, 0.005 for the 3DPAR, and 0.002 for the BPAQ (Table 9).  

Standardized (β) regression coefficients were, on average, greater for the PYPAQ than 

the other PA quantifying tools (Table 9).  Taken together, the changes in adjusted R2 and 

the standardized β’s demonstrate that PYPAQ score was a stronger predictor of indices of 

bone strength than the other physical activity quantifying tools.  

 

Base model

R
2

β ∆ R
2

β ∆ R
2

β ∆ R
2

β ∆ R
2

β ∆ R
2

Femur 4% BSI     0.418   0.094*   0.009   0.117†   0.013   0.081   0.006   0.018   0.000   0.093*   0.008

Femur 20% SSI     0.781   0.040   0.002   0.039   0.001   0.055*   0.003   0.019   0.000   0.084†   0.007

Tibia 4% BSI     0.474   0.077   0.006   0.113†   0.012   0.090*   0.008   0.066   0.004   0.163‡   0.026

Tibia 66% SSI     0.731   0.053   0.003   0.024   0.001   0.042   0.002   0.042   0.002   0.118‡   0.014

BPAQ PYPAQ

Table 9.  Adjusted R2 value for the base regression model at each skeletal site, the standardized (β) regression 

coefficient for each physical activity quantifying tool within its respective full model, and the change (Δ) in adjusted R2 

value when each physical activity variable was added separately to the base model

3DPAR = 3-day physical activity recall questionnaire; BPAQ = bone-specific physical activity questionnaire; PYPAQ = past year physical 

activity questionnaire. BSI = bone strength index (mg
2
/cm

4
); SSI = strength-strain index (mm

3
). 

*P  < 0.05; † P  < 0.01; ‡ P  < 0.001. 

Base regression model = maturity offset, body mass, leg length, and ethnicity.

3DPAR Total steps Aerobic steps
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 The additional variance (%) explained in indices of bone strength (BSI, SSI) after 

each physical activity quantifying tool was added separately to the base regression model 

(maturity, body mass, leg length, and ethnicity), is shown in Figure 10 for each skeletal 

site.  The ranges in additional explained variance (%) in indices of bone strength when 

the physical activity variables were added to the base model were 0.3–2.1% for the 

3DPAR, 0.1–3.0% for total steps, 0.3–1.6% for aerobic steps, 0.0–0.8% for the BPAQ, 

and 0.9–5.4% for the PYPAQ across all skeletal sites.  The PYPAQ explained more 

additional variance in all indices of bone strength as compared to the other physical 

activity quantifying tools, with the single exception of total pedometer steps which 

explained an additional 3.0% of the variance in metaphyseal femur BSI while the 

PYPAQ explained an additional 1.9% of the variance in the same parameter.  In contrast, 

the BPAQ explained the least additional variance in all bone strength outcomes as 

compared to the other physical activity quantifying tools.  
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Figure 10. The additional variance (%) explained in BSI (4% femur and tibia) and SSI 
(20% femur and 66% tibia) when each physical activity quantifying tool was added 
separately to the base regression model (maturity, body mass, leg length, and ethnicity).  
BSI = bone-strength index (mg2/cm4); SSI = strength strain index (mm3); 3DPAR = 3-day 
physical activity recall questionnaire; BPAQ = bone-specific physical activity 
questionnaire; PYPAQ = past year physical activity questionnaire.  
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Specific aim 3b: Evaluate the relationship of physical activity (and its subcomponents – 

duration, frequency, and load) to vBMD, bone geometry, and indices of bone strength 

in young girls.  

 Specific aim 3b was undertaken to examine whether any individual component of 

physical activity (duration, frequency, load) or their interaction (duration × frequency × 

load) was associated with vBMD, geometry, and indices of bone strength in young girls.  

Considering the findings from animal studies,106-108 it was hypothesized that physical 

activity load (peak strain score) and frequency (days/week) would be more strongly 

associated with bone parameters than increased duration (minutes/session) of physical 

activity.   

 Stepwise multiple linear regression was used to determine independent 

associations of physical activity duration, frequency, load, and total PYPAQ score with 

bone parameters when all physical activity variables were included together in regression 

models, with covariates, maturity offset, body mass, leg length, and ethnicity (Table 10).  

In this analysis, duration (minutes/session) was significantly and independently 

associated with 20% femur cortical area, PC, and SSI, 4% tibia BSI, and 66% tibia EC, 

PC, and SSI, while frequency (sessions/week) was significantly and independently 

associated with 20% femur cortical area and SSI and 4% tibia PC (Table 10).  Load (peak 

strain score) was significantly and independently associated with 4% femur PC, 20% 

femur SSI, 4% tibia BSI, and 66% tibia PC (Table 10). Total PYPAQ score was 

significantly associated with all parameters reflecting bone geometry (cortical area, EC, 
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PC) and strength (BSI, SSI), except diaphyseal cortical thickness and 4% femur PC, and 

explained 0.3–1.4% more variance in almost all bone parameters as compared to any 

individual PA component (Table 10).  The single exception was that duration explained 

5.9% of the variance in 66% tibia EC, while total PYPAQ score explained 4.1% of the 

variance in the same parameter (Table 10).  Physical activity duration, frequency, and 

load also explained between 0.4% and 2.3% of the variance in some, but not all bone 

parameters reflecting bone geometry (cortical area, EC, PC) and strength (BSI, SSI) at 

various sites (Table 10).  
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β p R
2
 (%) β p R

2
 (%) β p R

2
 (%) β p R

2
 (%)

pQCT Femur

   4% PC      −      −      −      −      −      −    0.06   0.030    0.6%      −      −      −

   4% BSI      −      −      −      −      −      −      −      −      −    0.08   0.028    1.4%

   20% Crt Area    0.05   0.047    0.4%    0.05   0.032   0.4%      −      −      −    0.07   0.003    0.7%

   20% EC      −      −      −      −      −      −      −      −      −    0.07   0.050    1.0%

   20% PC    0.05   0.047    0.4%      −      −      −      −      −      −    0.08   0.004    0.7%

   20% Crt Thk      −      −      −      −      −      −      −      −      −      −      −      −

   20% SSI    0.06   0.006    0.5%    0.06   0.013    0.4%    0.05   0.033    0.4%    0.08 <0.001    0.8%

pQCT Tibia

   4% PC      −      −     −    0.05   0.048    0.5%     −      −      −    0.07   0.012    0.8%

   4% BSI    0.11   0.002    2.3%     −      −      −    0.09   0.006    1.9%    0.13 <0.001    3.3%

   66% Crt Area      −      −      −      −      −      −      −      −      −    0.08   0.002    0.9%

   66% EC    0.14 <0.001    5.9%     −      −      −      −      −      −    0.12   0.003    4.1%

   66% PC    0.11 <0.001    1.8%     −      −      −    0.06   0.047    0.5%    0.12 <0.001    2.1%

   66% Crt Thk      −      −      −      −      −      −      −      −      −      −      −      −

   66% SSI    0.06   0.010    0.5%     −      −      −      −      −      −    0.11 <0.001    1.5%

Table 10.  Significant associations between duration, frequency, load, past year physical activity 
questionnaire (PYPAQ) score and pQCT bone parameters in young girls (n = 465)

Duration† Frequency‡ Load§ PYPAQ score*

Standized regression coefficients (β), p  values, and variances (R
2
) in bone parameters explained by significant (p  < 

0.05) physical activity components from stepwise multiple linear regression models.  Variances (R
2
) shown are for each 

seperate physical activity component when all physical activity components (duration, frequency, load, and PYPAQ 
score) and covariates (maturity offset, body mass, leg length, and ethnicity) were included in regression models.

PC = periosteal circumference (mm); BSI = bone strength index (mg
2
/cm

4
); Crt Area = cortical area (mm

2
); EC = 

endosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

§ Load = ∑n-1 (peak strain score) 

− nonsignificant contribution to the regression model (p  > 0.05) 

‡ Frequency = ∑n-1 ([months/12] x (days/week)) 

* PYPAQ score = ∑n-1 (Duration (minutes/session) x Frequency ([months/12] x (days/week)) x Load (peak strain score))

† Duration = ∑n-1 (minutes/session) 

 

 Bone parameters were similar among the middle 3 fifths of total PYPAQ score; 

thus, we collapsed these fifths into a single group and used ANCOVA (adjusted for 

maturity, body mass, leg length, and ethnicity) to determine whether there were 

differences between the average of the middle 3 fifths and the lowest and highest fifths of 

total PYPAQ score (Figure 11).  A 2.7–3.8% greater PC and a 3.6–5.9% greater EC was 
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observed in the highest as compared to the lowest fifth of total PYPAQ score (Figure 11).  

Also, the highest fifth of total PYPAQ score had greater BSI (6.5–8.7%) and SSI (7.5–

8.1%) as compared to the lowest fifth (Figure 11).  No significant differences in cortical 

or trabecular vBMD were observed among fifths of total PYPAQ score (data not shown).  
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Figure 11. Femur (A) and tibia (B) pQCT adjusted means (±SE) for the lowest, average 
of the middle 3, and the highest fifths of total past year physical activity questionnaire 
(PYPAQ) score normalized to the middle 3 fifths.  Outcome values were normalized to 
the middle group; thus, setting the middle group values to 1.0 and lower and higher 
values to <1.0 and >1.0, respectively.  Normalization of values was necessary due to the 
differences in units among pQCT outcome variables.  Differences in outcome values 
were evaluated by ANCOVA using maturity offset, body mass, leg length, and ethnicity 
as covariates.  PC = periosteal circumference (mm); BSI = bone strength index 
(mg2/cm4); EC = endosteal circumference (mm); SSI = strength-strain index (mm3). a p < 
0.05 (lowest vs. middle); b p < 0.01 (lowest vs. middle); c p < 0.05 (lowest vs. highest); d 

p < 0.01 (lowest vs. highest); e p < 0.001 (lowest vs. highest); f p < 0.05 (middle vs. 
highest). 
 
 Multiple linear regression with change in each bone parameter as the dependent 

variable was used to determine the independent associations between physical activity 

and change in bone parameters from baseline to the 6, 12, and 24 month time points, 

respectively (Table 11 (a–c)).  The physical activity score used for these analyses was the 

average of the baseline, 1 year, and 2 year PYPAQ scores (PYPAQ_AVE).  The rationale 

for using this score was based on cross-sectional findings120 indicating that baseline 

PYPAQ score was a stronger predictor of indices of bone strength (BSI and SSI) then 

global measures of physical activity commonly used in youth (3DPAR and pedometer) 

and the BPAQ.  Moreover, it was hypothesized that the average of three PYPAQ scores 

(PYPAQ_AVE) would be a better representation of physical activity over the course of 

the two year study than any individual PYPAQ score.  Covariates included in regression 

models included MCSA change, body mass change, height change, maturity offset 

change, ethnicity, and randomization.  PYPAQ_AVE score was positively associated 

with two-year changes in femur (p = 0.015) and tibia (p = 0.068) BSI and femur (p = 

0.006) and tibia (p = 0.016) SSI, but was not consistently associated with any other bone 

parameters (Table 11 (a–c)).  
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β p  value β p  value

4% Femur 4% Tibia

  ∆ Trab vBMD     0.059 0.319 0.039   ∆ Trab vBMD    -0.092 0.111 0.113

  ∆ Trab area     0.005 0.928 0.118   ∆ Trab area    -0.127 0.080 0.102

  ∆ BSI     0.027 0.655 0.035   ∆ BSI    -0.042 0.448 0.181

20% Femur 66% Tibia

  ∆ Crt vBMD     0.039 0.493 0.111   ∆ Crt vBMD     0.026 0.637 0.176

  ∆ Crt area    -0.010 0.850 0.171   ∆ Crt area     0.018 0.743 0.160

  ∆ EC     0.042 0.455 0.161   ∆ EC    -0.061 0.289 0.127

  ∆ PC     0.025 0.655 0.169   ∆ PC    -0.055 0.315 0.196

  ∆ Crt Thk    -0.041 0.471 0.144   ∆ Crt Thk     0.042 0.472 0.101

  ∆ SSI     0.035 0.533 0.167   ∆ SSI     0.021 0.699 0.199

Standarized β coefficients and p  values are presented for PYPAQ_AVE.  Adjusted R
2
 values are presented for each full model.  Model 

covariates: PYPAQ_AVE, ∆ muscle CSA, ∆ body mass, ∆ height, ∆ maturity offset, ethnicity, randomization.  Trab vBMD = trabecular 

volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength index (mg

2
/mm

4
); Crt vBMD = 

cortical volumetric bone mineral density (mg/cm
3
); Crt area = cortical area (mm

2
); EC = endosteal circumference (mm); PC = 

periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 11a. Multiple regression models with physical activity as a predictor of 6 month change in pQCT bone 
parameters in girls (n = 278)

Dependent variable
PYPAQ_AVE Model                      

adjusted R
2

Dependent variable
PYPAQ_AVE Model                      

adjusted R
2

 

 
 

β p  value β p  value

4% Femur 4% Tibia

  ∆ Trab vBMD     0.123 0.010 0.231   ∆ Trab vBMD     0.008 0.876 0.218

  ∆ Trab area     0.031 0.522 0.235   ∆ Trab area    -0.078 0.103 0.240

  ∆ BSI     0.170 <0.001 0.309   ∆ BSI     0.109 0.016 0.321

20% Femur 66% Tibia

  ∆ Crt vBMD     0.141 0.003 0.242   ∆ Crt vBMD     0.110 0.030 0.132

  ∆ Crt area     0.053 0.220 0.381   ∆ Crt area     0.079 0.066 0.380

  ∆ EC     0.032 0.441 0.405   ∆ EC    -0.053 0.310 0.095

  ∆ PC     0.038 0.302 0.537   ∆ PC    -0.026 0.597 0.197

  ∆ Crt Thk     0.009 0.849 0.216   ∆ Crt Thk     0.069 0.155 0.218

  ∆ SSI     0.131 0.004 0.309   ∆ SSI     0.137 0.003 0.315

Standarized β coefficients and p  values are presented for PYPAQ_AVE.  Adjusted R
2
 values are presented for each full model.  Model 

covariates: PYPAQ_AVE, ∆ muscle CSA, ∆ body mass, ∆ height, ∆ maturity offset, ethnicity, randomization.  Trab vBMD = trabecular 

volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength index (mg

2
/mm

4
); Crt vBMD = 

cortical volumetric bone mineral density (mg/cm
3
); Crt area = cortical area (mm

2
); EC = endosteal circumference (mm); PC = 

periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 11b. Multiple regression models with physical activity as a predictor of 12 month change in pQCT bone 
parameters in girls (n = 344)

Dependent variable
PYPAQ_AVE Model                      

adjusted R
2

Dependent variable
PYPAQ_AVE Model                      

adjusted R
2
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β p  value β p  value

4% Femur 4% Tibia

  ∆ Trab vBMD     0.119 0.046 0.244   ∆ Trab vBMD    -0.011 0.855 0.198

  ∆ Trab area    -0.011 0.836 0.417   ∆ Trab area    -0.060 0.260 0.387

  ∆ BSI     0.126 0.015 0.285   ∆ BSI     0.095 0.068 0.351

20% Femur 66% Tibia

  ∆ Crt vBMD     0.081 0.149 0.329   ∆ Crt vBMD     0.114 0.068 0.168

  ∆ Crt area     0.057 0.257 0.458   ∆ Crt area     0.097 0.042 0.512

  ∆ EC     0.020 0.682 0.504   ∆ EC    -0.111 0.066 0.221

  ∆ PC     0.028 0.461 0.686   ∆ PC    -0.061 0.234 0.429

  ∆ Crt Thk     0.021 0.728 0.208   ∆ Crt Thk     0.124 0.083 0.287

  ∆ SSI     0.148 0.006 0.394   ∆ SSI     0.125 0.016 0.431

Standarized β coefficients and p  values are presented for PYPAQ_AVE.  Adjusted R
2
 values are presented for each full model.  Model 

covariates: PYPAQ_AVE, ∆ muscle CSA, ∆ body mass, ∆ height, ∆ maturity offset, ethnicity, randomization.  Trab vBMD = trabecular 

volumetric bone mineral density (mg/cm
3
); Trab area = trabecular ara (mm

2
); BSI = bone strength index (mg

2
/mm

4
); Crt vBMD = 

cortical volumetric bone mineral density (mg/cm
3
); Crt area = cortical area (mm

2
); EC = endosteal circumference (mm); PC = 

periosteal circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
).

Table 11c. Multiple regression models with physical activity as a predictor of 24 month change in pQCT bone 
parameters in girls (n = 221)

Dependent variable
PYPAQ_AVE Model                      

adjusted R
2

Dependent variable
PYPAQ_AVE Model                      

adjusted R
2
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 Linear mixed-effects models were used to confirm these finding comparing 

changes in bone parameters in High 20% (highest 20% PYPAQ_AVE score) versus Cont 

(lowest 80% PYPAQ_AVE score) groups, after adjusting for the same covariates used in 

regression analyses.  Results from these models for changes in BSI and SSI were similar 

to those observed using regression and are shown in Figure 12 (A–D).  

 

 
 
  
 
 
 
  
 

 

 

 

 

 

 

 
 
Figure 12. Adjusted means (±SE) are shown for longitudinal changes in bone parameters 
in High 20% (highest 20% PYPAQ_AVE score) versus Cont (lowest 80% PYPAQ_AVE 
score) groups.  Differences in bone parameters were evaluated using linear mixed-effects 
models with MCSA change, body mass change, height change, maturity offset change, 
ethnicity, and randomization as covariates.  BSI = bone strength index (mg2/mm4); SSI = 
strength-strain index (mm3).  * p < 0.05.  
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Specific aim 4: Assess the effects of two years of weight-bearing exercise on vBMD, 

bone geometry, and indices of bone strength.  

 The final aim was designed to assess the effects of two years of high-impact 

jumping exercises on vBMD, bone geometry, and indices of bone strength in young girls.  

It was hypothesized that high-impact exercise would be osteotrophic and would elicit 

significant increases in bone parameters in young girls.  

 Linear mixed-effects models were used to assess the effects of the two year 

school-based exercise intervention on weight-bearing bone parameters in young girls.  

Covariates included in the models included MCSA change, bone length change, maturity 

offset change, and ethnicity.  The randomization x time interaction is the specific effect 

of interest because a significant (p < 0.05) randomization x time interaction would 

indicate that the degree of change in bone strength over time was different for the two 

groups (i.e., intervention vs. control).  However, across skeletal sites of the femur and 

tibia, there were no significant (all p values > 0.05) randomization x time interactions for 

any bone parameters.  Adjusted means (±SE) for the 0, 6, 12, and 24 month bone strength 

variables (BSI and SSI) are shown in Figure 13 (A–D) for the intervention (Int) and 

control (Cont) groups.  Analyses were also performed within maturity offset and Tanner 

stage maturity categories (maturity offset < 0 years from peak height velocity (PRE) and 

≥ 0 years from peak height velocity (POST); Tanner stage I (prepubertal), Tanner stage 

II–III (early pubertal)).  Analyses within maturity categories gave similar results and did 

not change the magnitude or direction of the observed relationships.  Furthermore, 
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secondary analyses were performed comparing the top 40 most compliant subjects with 

the exercise intervention versus the control group.  These analyses gave similar results to 

those observed for the total sample (data not shown).    

 

 
 
 
  
 
 
 
  
 
  
 

 

 

 

 

 

Figure 13. Adjusted means (±SE) are shown for bone parameters at each time point (0, 6, 
12, 24 months) for girls from intervention (Int) and control (Cont) schools.  Differences 
in bone parameters were evaluated using linear mixed-effects models with MCSA 
change, bone length change, maturity offset change, and ethnicity as covariates.  The 
randomization x time interaction is the specific effect of interest because a significant (p 
< 0.05) randomization x time interaction would indicate that the degree of change in bone 
strength over time was different for the two groups (Int vs. Cont).  BSI = bone strength 
index (mg2/mm4); SSI = strength-strain index (mm3).  No significant (all p values > 0.05) 
randomization x time interactions were observed for any bone parameters.  
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CHAPTER 4 

CONCLUSIONS  

 The “Jump-In” study was the longest randomized controlled trial of the effects of 

a school-based high-impact jumping intervention on bone parameters using pQCT in 

girls.  Despite its two-year duration, the exercise intervention did not affect bone 

parameters in this sample.  These findings are consistent with the few previous 

randomized controlled trials in children and adolescents of the effects of exercise on bone 

parameters assessed by pQCT.111-114  Given the lack of between-group differences in bone 

parameters, the data from all participants were collapsed into a single group and 

examined for influences of soft tissue composition and physical activity on bone 

parameters and fracture prevalence in this large sample of peri-pubertal girls.  This 

dissertation adds a number of novel findings to the knowledge base:  1) Fractures in girls 

are associated with lower trabecular vBMD, but not bone macro-architecture at 

metaphyseal regions of the femur and tibia.  These finding are consistent with previous 

studies using pQCT, which have reported that fracture history is associated with lower 

trabecular vBMD at distal metaphyseal sites of the radius during growth41, young 

adulthood43, 141, and after menopause142, 143.  These findings suggest that the relationship 

between fracture and lower trabecular vBMD at metaphyseal sites tracks throughout life 

and is similar among weight-bearing and non-weight-bearing long bones.  Therefore, 

lower trabecular vBMD at metaphyseal sites of long bones may be an early marker of 

skeletal fragility in girls.  2) Skeletal muscle is more strongly associated with vBMD, 

geometry, and bone strength at metaphyseal and diaphyseal regions of the femur and tibia 
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than fat mass, although fat mass has a persistent, albeit weak association with bone 

parameters and two-year increases in total body fat mass are positively associated with 

changes in cortical vBMD but inversely associated with changes in bone geometry (i.e., 

cortical area and thickness).  These findings suggest that increases in adiposity during the 

peri-pubertal years may shorten the “window of opportunity” for bone geometric 

adaptations in females.  3) Higher skeletal muscle fat content of the calf and thigh is 

inversely associated with bone strength of the femur and tibia in girls.  In contrast, 

subcutaneous fat of the calf and thigh was a weaker determinant of bone strength.  

Importantly, these findings are consistent with those observed in older adults85 and 

suggest that greater skeletal muscle fat content may be a marker for suboptimal bone 

development in females (males were not studied) as early as the peri-pubertal years.  4) 

An index of physical activity that accounts for activity duration, frequency, and load 

predicts bone strength better than other physical activity measures (i.e., BPAQ, 3DPAR, 

pedometer).  These findings are consistent with previous studies using pQCT in early 

pubertal girls144 and postmenopausal women104 that have reported that physical activity 

quantifying tools that account for bone loading predict bone parameters better than 

common physical measures that give more global estimates of physical activity.  5) 

Greater overall physical activity is significantly associated with two-year increases in 

bone strength of weight-bearing bones in girls.  This finding highlights the importance of 

identifying girls with low levels of physical activity and encouraging them to engage in 

bone-building physical activity. 
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SUMMARY AND FUTURE RECOMMENDATIONS  

 To stem the growing national problem of fractures, there is an urgent need to 

better identify high-risk individuals for treatment.  This study used novel approaches in 

bone imaging to further characterize optimal skeletal development and enhance our 

understanding of the structural and functional deficits that contribute to skeletal fragility 

and fracture risk during growth.  The evidence indicates that fracture during growth is 

associated with lower trabecular vBMD, but not bone macro-architecture at metaphyseal 

regions of the femur and tibia.  These findings are consistent with previous studies using 

pQCT, which have reported that fracture history is associated with lower trabecular 

vBMD at distal metaphyseal sites of the radius during growth41, young adulthood43, 141, and 

after menopause142, 143.  These findings suggest that lower trabecular vBMD at 

metaphyseal regions of long bones may track throughout the appendicular skeleton and 

may be an early marker of skeletal fragility.  Future studies will benefit from application 

of imaging techniques with higher spatial resolution (i.e., high resolution pQCT) and 

from novel biomarker assessments to better define the key micro-architectural and 

physiological markers that determine bone strength and fracture risk during growth.  

Assessment of metaphyseal cortical parameters (e.g., vBMD, thickness, and porosity) 

will be crucial, given that a recent study145 demonstrated that the proportion of load borne 

by cortical bone and the ratio of cortical to trabecular bone volume decreases transiently 

during mid- to late-puberty in both sexes, with cortical porosity peaking during this 

period.  Importantly, this transient peak in cortical porosity mirrors the incidence of 

fractures in a very similar sample from Rochester, MN,33 which may explain the 
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underlying structural basis for the adolescent peak in fractures.  Lastly, future studies 

should seek to refine our knowledge of the risk factors that influence bone parameters 

and put children and adolescents at greater risk of fracture, thereby better identifying 

individuals who might benefit most from interventions and treatments.  

 Obese children are overrepresented in childhood fracture cases.31, 47  Nevertheless, 

despite recent heightened interest, the effects of fat on bone during growth remain elusive 

and controversial.  Body mass is a significant determinant of bone parameters during 

growth, and fat mass is a principle component of body mass.  Mechanistically, fat and 

bone are linked by multiple pathways,8 and conceivably, fat serves the function of 

modifying the skeleton to accompany increases in body mass during growth.  However, 

skeletal muscle mass is also a critical component of body mass, and since obese children 

and adolescents have greater muscle mass for height,53 it is possible that the relationship 

between fat mass and bone is by association with increased muscle mass.  This study 

showed that skeletal muscle was a stronger determinant of bone parameters during 

growth than total body adiposity, although fat mass had a persistent, albeit weak 

association with bone parameters.  These findings are consistent with a previous 16-

month longitudinal study using pQCT in boys and girls67 and support the proposed 

functional model of bone development which posits that forces from muscle contractions 

are the main mechanical challenges to which bones adapt.68  Interestingly, two-year 

increases in total body adiposity during growth result in more dense, yet thinner, weight-

bearing bones.  Taken together, these findings suggest that excess accumulation of body 

fat during growth has reciprocal effects on bone density and geometry that result in 
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reduced cortical bone strength.  Additional studies are needed to elucidate the 

mechanisms underlying these unique observations.  

 Strong evidence in youth and adults suggests a link between the pattern of 

regional adiposity, particularly visceral abdominal adipose tissue and fat within skeletal 

muscle, and impaired glucose tolerance, insulin resistance, and type 2 diabetes mellitus 

(T2DM).77-80  The relationship between these so-called “pathogenic” fat depots and bone, 

however, is unclear.  Studies in adolescent girls and young women have shown that 

visceral abdominal adipose tissue is inversely associated with bone structure and 

strength.81, 82  Furthermore, studies in older adults have shown that greater fat content 

within skeletal muscle predicts hip fracture83, 84 and is inversely associated with vBMD of 

the tibia.85   To our knowledge, no studies have investigated the relationship of skeletal 

muscle fat content with weight-bearing bone status in youth.  Evidence from this study 

suggests that fatty infiltration of skeletal muscle has negative consequences for skeletal 

development.  Interestingly, patients with T2DM have a higher incidence of fragility 

fractures.146  Future studies that include measures of insulin sensitivity and markers of 

insulin resistance (e.g., C-reactive protein, triglycerides, HDL-C, LDL-C) are 

recommended to investigate whether T2DM is a risk factor for suboptimal bone 

development and fractures in children and adolescents.  

 Physical activity during growth is critical for optimal bone development.  The 

findings from this study support this premise and demonstrate that regular physical 

activity enhances bone strength through adaptations in vBMD and bone geometry.  These 

findings are consistent with a number of previous studies in children and adolescents,20, 99, 
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144, 147-151 although largely due to the technological limitations of DXA, the majority of past 

studies have examined the effects of exercise on bone mass and aBMD.20, 99, 147-150  While 

most studies have shown increases in BMC and aBMD, the gains are often modest and 

lost without continued exercise.  The transient benefits of exercise achieved during 

growth have led some to question the wisdom of exercise recommendations.  

Nevertheless, others have hypothesized that it is better to have exercised and lost, than to 

have never exercised at all.117  Indeed, findings from this study demonstrate that physical 

inactivity is undoubtedly detrimental to skeletal development.  Nevertheless, for exercise 

to be accepted as an important public health osteoporosis prevention strategy, lasting 

adaptations must be shown.  Observational, usually retrospective, studies of athletes 

suggest structural changes which improve bone strength may be retained.  Some 

prospective studies also support this view although it has been only relatively recent that 

structural changes could be examined using 3-dimensional imaging techniques in 

children and adolescents.  The most beneficial mode, dose, and timing of exercise remain 

uncertain.  Plausible biological explanations have been offered in support of the peri-

pubertal years as a “window of opportunity” for maximizing the response to exercise.11  

Observations in athletes support early initiation of exercise for maximal skeletal benefit 

but these cross-sectional analyses cannot infer causality and should be interpreted with 

caution as such analyses are obviously subjected to selection bias.  Long-term 

prospective studies and especially randomized controlled trials are needed to determine 

whether adaptations vary with age and maturity and whether they are indeed maintained 

and modify adult fracture risk.  Findings from this study suggest that a two year school-
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based high-impact jumping intervention was not an effective means to enhance bone 

parameters assessed by pQCT at metaphyseal and diaphyseal regions of weight-bearing 

bones in girls.  These findings are consistent with previous randomized controlled trials 

in children and adolescents of the effects of exercise on bone parameters assessed by 

pQCT.111-114  Compliance is critical, and poor compliance is the Achilles’ heel of 

exercise,152 and likely explains these findings.  Thus, this study cannot answer the 

question as to whether exercise confers meaningful adaptations in bone parameters 

during growth.  Future studies will be necessary to test questions regarding the types, 

bouts, and durations of exercise required to define the “dose” of exercise needed to elicit 

meaningful skeletal adaptations during growth.  These questions may be more 

appropriately addressed in controlled dose-response trials.  Until these studies are done, 

the dose of exercise needed to optimize skeletal development and prevent osteoporosis 

later in life remains uncertain.  

 

LIMITATIONS  

 The main limitation of cross-sectional analyses (specific aims 1–3) is that 

association does not prove causality.  For example, in the fracture analysis (specific aim 

1), it was not possible to determine whether lower trabecular vBMD was causative rather 

than consequential.  However, lower trabecular vBMD could be causative because few 

fractures resulted in casting or immobilization of the femur and tibia and physical activity 

levels were not different between girls with and without prior fracture.  Another potential 

limitation of the fracture analysis was that fractures may have been misreported.  
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Unfortunately, medical charts or radiographs to confirm reports were not available.  

However, any fracture misclassifications would have likely lead to an underestimated 

association between bone parameters and fracture.  

 For the adiposity and bone analyses (specific aims 2a & 2b), a potential limitation 

is that blood serum specimens were not available and thus, it was not possible to adjust 

for differences in estrogen levels, which may confound the relationship between adiposity 

and bone.  Furthermore, it would have been ideal to examine the relationship between 

changes in adiposity and markers of bone formation (i.e., PINP, OCN) and resorption 

(i.e., CTX, TRAPb), as well as candidate cytokine (e.g., TNFα, IL-1β, IL-6) and other 

serum bone-regulatory factors (e.g., RANKL, OPG, adiponectin, and sclerostin).  

 A potential limitation of analyses examining the relationship between skeletal 

muscle fat content and bone (specific aim 2b) was the choice of site.  Most previous 

studies have used a single CT slice of the midthigh to assess adipose compartments.  In 

this study, single slices were obtained at the 20% femur and 66% tibia sites relative to the 

respective distal growth plates of the non-dominant limb.  These regions have smaller 

depots of adipose tissue than at the midthigh, a potential limitation, although strong 

correlations among adipose compartments of the calf and thigh have been reported using 

magnetic resonance imaging (MRI).153   Another potential limitation is that the pQCT 

device used in this study does not distinguish between intra- and extra-myocellular fat 

compartments.  Nevertheless, a more accurate measure of intramyocellular fat content 

would have likely led to an even stronger inverse association between fat content within 

skeletal muscle and bone strength.  While it is desirable to measure both compartments, 
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they are undoubtedly significantly intercorrelated and correlated with total fat content.  

Sinha et al.,77 using 1H nuclear magnetic resonance spectroscopy, showed that both intra- 

and extra-myocellular fat stores are significantly increased in obese compared with non-

obese youth and that insulin resistance is significantly correlated with both intra- (r = 

0.72) and extra-myocellular (r = 0.68) fat content.  In addition, abdominal visceral 

adipose tissue was shown to be significantly associated with both intra- (r = 0.73) and 

extra-myocellular (r = 0.86) fat content.77  Taken together, these findings suggest that 

both intra- and extra-myocellular fat stores are related to central adiposity and insulin 

resistance, and composite indices of both intra- and extra-myocellular fat stores should 

provide useful indices of fat content within skeletal muscle.  While MRI has better 

contrast resolution than pQCT, its high cost prevents its use in large samples.  pQCT, 

because of its relative low cost, fast speed, and low radiation dose, has promise for 

application in future large-scale studies.  

 The main limitation of the analyses relating physical activity to bone (specific 

aims 3a & 3b) is the difficulty assessing physical activity through self-report 

questionnaires in children and adolescents.  Undoubtedly, this approach is susceptible to 

reporting errors.  In the case of the BPAQ and the PYPAQ, we attempted to minimize 

impact of this limitation by encouraging guardian assistance with physical activity recall 

and by limiting recall to past year physical activity and sport participation.  Another 

potential limitation is that it is unknown how well the outputs of pedometers during 

various intensities of physical activity relate to bone strain, the predominant stimulus that 

drives bone formation.19   
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 A limitation of this study and an important consideration in any exercise 

intervention is poor compliance.  Indeed, judging by the individual exercise logs, overall 

compliance with the intervention was low, and thus, it was not possible to test whether 

the dose of exercise that was intended to be delivered by the intervention would have 

elicited significant increases in bone parameters in girls.  Future studies under more 

controlled conditions may provide new insights into the dose of high-impact exercise 

needed to elicit meaningful improvements in bone parameters during growth.  

 In any skeletal study of growing children, it is important to evaluate children 

based on maturation status because the range of variability between individuals of the 

same chronological age and sexual maturation is large, especially during the adolescent 

growth spurt.131  We chose not to use wrist X-rays to assess bone-age via the preferred 

Tanner-Whitehouse III method154 in order to minimize radiation exposure to our subjects.  

Rather, we assessed maturation using two methods (Tanner staging129 and maturity 

offset132).  A potential limitation of the Tanner stage data is that it was obtained from a 

self-report questionnaire.  Nevertheless, the questionnaire has been validated and shown 

to agree well with physician exam and grading of sexual maturation.130  We also assessed 

maturation using the method of Mirwald et al.,132 who developed gender-specific 

algorithms to predict years from peak height velocity from cross-sectional data.  A 

limitation of this method is that peak height velocity is best captured from longitudinal 

somatic measurements for a number of years surrounding puberty.131   

 A final limitation of this study was that the pQCT measurements were limited to 

the femur and tibia and the pQCT device used in this study cannot accurately assess 
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cortical vBMD at metaphyseal regions of long bones because of limitations in spatial 

resolution.22  Future studies using high resolution pQCT in children and adolescents will 

be necessary to determine how factors such as fractures, soft tissue composition, physical 

activity, and high-impact exercise interventions influence bone microstructure, along 

with cortical parameters (e.g., vBMD, thickness, and porosity) at metaphyseal regions of 

long bones.  
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ABSTRACT  

 
Understanding the etiology of skeletal fragility during growth is critical for the 

development of treatments and prevention strategies aimed at reducing the burden of 

childhood fractures.  Thus, we evaluated the relationship between prior fracture and bone 

parameters in young girls.  Data from 465 girls aged 8–13 years from the “Jump-In: 

Building Better Bones” study were analyzed.  Bone parameters were assessed at 

metaphyseal and diaphyseal sites of the non-dominant femur and tibia using peripheral 

quantitative computed tomography (pQCT).  Dual-energy X-ray absorptiometry (DXA) 

was used to assess femur, tibia, lumbar spine, and total body less head bone mineral 

content.  Binary logistic regression was used to evaluate the relationship between prior 

fracture and bone parameters, controlling for maturity, body mass, leg length, ethnicity, 

and physical activity.  Associations between prior fracture and all DXA and pQCT bone 

parameters at diaphyseal sites were non-significant.  In contrast, lower trabecular 

volumetric BMD (vBMD) at distal metaphyseal sites of the femur and tibia was 

significantly associated with prior fracture.  After adjustment for covariates, every SD 

decrease in trabecular vBMD at metaphyseal sites of the distal femur and tibia was 

associated with 1.4 (1.1–1.9) and 1.3 (1.0–1.7) times higher fracture prevalence, 

respectively.  Prior fracture was not associated with metaphyseal bone size (i.e. periosteal 

circumference).  In conclusion, fractures in girls are associated with lower trabecular 

vBMD, but not bone size, at metaphyseal sites of the femur and tibia.  Lower trabecular 

vBMD at metaphyseal sites of long bones may be an early marker of skeletal fragility in 

girls. 
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INTRODUCTION  

Fractures are common during growth occurring in approximately one in three 

children who are otherwise healthy.27-30  Moreover, children who sustain a fracture are 2- 

to 3-fold more likely to fracture again compared to those who are fracture-free.31  In 

children and adolescents, fractures are the leading cause of hospital admission following 

injury.32  Fracture incidence in youth has accelerated over the past 30 years33 and it has 

become increasingly important to understand the etiology of bone fragility so that 

prevention strategies can be developed.  

Fractures during growth may be associated with skeletal fragility.  For example, 

bone mineral content (BMC, g) and areal bone mineral density (aBMD, g/cm2) have been 

shown to be lower in children with prior fracture compared to age-matched controls.34-38  

Furthermore, prospective studies have shown that childhood fractures are associated with 

less gain of BMC and volumetric BMD (vBMD, mg/cm3) during puberty.10, 39-41  Since 

BMD and bone geometry tend to track throughout life in the percentile of origin during 

growth,42 lower BMD and unfavorable bone geometry may be predictors of fracture 

during growth and later in life.  

Although fractures can occur at any time during growth, peak incidence coincides 

with age of peak height velocity (PHV).30, 43  Metaphyseal regions of long bones may be 

particularly prone to fracture during puberty.27-30  Some experts have hypothesized that 

enhanced bone turnover during peak longitudinal growth leads to increased intracortical 

porosity, transiently causing a lag in bone strength, leaving the already thin metaphyseal 
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cortex susceptible to fracture.44  Others have hypothesized that endocortical apposition 

lags during peak linear growth, leading to decreased cortical thickness and increased 

susceptibility to fracture.45, 46  The forearm has received much attention because it is the 

most common site of fracture in children.27-30  For example, Cheng et al.41 studied 

pubertal girls and reported that lower vBMD, but not cross-sectional area (CSA), of the 

distal radius was associated with prior forearm fracture and that the lower vBMD deficit 

persisted 7 years later.  However, whether vBMD, geometry, or both are compromised in 

children at metaphyseal regions of other long bones remains unclear.  In young adult 

males (aged ~19 years) with prior fracture, Darelid et al.43 recently reported lower 

trabecular vBMD at metaphyseal sites, but no difference in bone geometry at diaphyseal 

sites of the radius and tibia.  Thus, we sought to ascertain whether this relationship is also 

evident at metaphyseal and diaphyseal sites of the distal femur and tibia in young girls 

who had suffered at least one fracture as compared to girls who were fracture-free.  

METHODS  

Participants  

Baseline data were analyzed for 465 healthy girls, aged 8–13 years, who were 

participants in the “Jump-In: Building Better Bones” study.119  The long-term goal of the 

Jump-In study is to prospectively assess the effects of high-impact jumping exercises on 

bone macro-architecture in pre- and early-pubertal girls.  Girls who were in school grade 

4 or 6 were recruited from 14 elementary and 4 middle schools around Tucson, Arizona.  

Exclusion criteria included learning disabilities (identified by schools) that made it 
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impossible to complete questionnaires or otherwise unable to comply with assessment 

protocols; medications, medical conditions, or a disability that limited participation in 

physical exercise as defined by the Committee on Sports Medicine and Fitness;123 

excluded (or excused) from participation in physical education; and the inability to read 

and understand English.  The protocol was approved by the University of Arizona Human 

Subjects Protection Committee and the study was conducted in accordance with the 

Helsinki Declaration.  All guardians and girls provided written informed consent.  

Guardians completed a questionnaire that inquired about participant ethnicity and race.  

A standardized questionnaire was used to collect information about smoking habits and 

the past year physical activity questionnaire (PYPAQ)118, 120 was used to collect 

information about the average duration and frequency of physical activity participation.  

The PYPAQ has been validated in adolescents.103  We used a modified version of the 

PYPAQ that has been described in detail previously.118, 120  Total PYPAQ score was 

computed using an equation from Shedd and colleagues104: PYPAQ score = ∑1–n 

(duration (minutes/session) × frequency (days/week) × load (peak strain score105)), where 

n was the number of activities a subject reported during the past year.  

Fracture history (self-reported) 

A parent/guardian of each girl completed a health history questionnaire that 

inquired about all injuries suffered by their child that required medical attention.  The 

questionnaire also inquired about any injuries that resulted in fracture and the number of 

fractures suffered.  Then, for each individual fracture, detailed information was obtained 

on the bone(s) afflicted, the date of the incident, and whether surgery was needed.  
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Anthropometry  

Anthropometric measures were obtained following standardized protocols.128  

Body mass was measured to the nearest 0.1 kg using an electronic scale (Seca, Model 

881, Hamburg, Germany) and height and sitting height were measured at full inhalation 

to the nearest mm using a stadiometer (Shorr Height Measuring Board, Olney, MD).  

Non-dominant femur length (nearest mm) was measured from the base of the patella to 

the inguinal crease.  Non-dominant tibia length (nearest mm) was measured from the 

proximal end of the medial border of the tibial plateau to the distal edge of the medial 

malleolus.  Coefficients of variation (CVs) for femur and tibia lengths were 0.33% and 

0.51%, respectively (n = 465).  

Physical Maturation 

Maturity was assessed from self-report (with assistance available) of breast 

development based on Tanner stages.  The questionnaire presents illustrations of stages 

of development, and has been validated130 and shown to agree with physician exam and 

grading.  Although Tanner staging is common in developmental studies, its ability to 

accurately assess maturation has been shown to be limited.131  Consequently, we also 

assessed an index of maturation, estimated years from peak height velocity (PHV), using 

Mirwald’s equation132 derived from data from a six-year longitudinal study in boys and 

girls.20  In Mirwald’s sample, the equation for girls explained 89% of the variance in 

years from PHV.132  

Bone and body composition assessment  
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Bone geometry and vBMD were assessed at the distal 4% and 20% femur and 4% 

and 66% tibia sites of the non-dominant leg using pQCT (XCT 3000; STRATEC 

Medizintechnik GmbH, Pforzheim, Germany, Division of Orthometrix; White Plains, 

NY).  Subjects were asked with which foot they would kick a ball when playing 

soccer/kickball.  If the subject was uncertain, she was asked with what hand she writes 

and that was determined to be her side of dominance.  Scout scans were performed to 

locate the distal growth plates, with the scanner programmed to subsequently find the 

sites of interest.  pQCT scans were analyzed using Stratec software, Version 6.0.  At the 

distal metaphyseal sites of the femur and tibia, we used Contour mode 3 (169 mg/cm3) to 

define the total bone and Peel mode 4 (650 mg/cm3 with a 10% peel) was used to ensure 

that only trabecular bone remained.  Because of the difficulties in interpreting 

metaphyseal bone density measurements from a single slice138, we averaged 3 pQCT 

slices at both the femur and tibia 4% sites.  At the diaphyseal 20% femur and 66% tibia 

sites, Contour mode 1 (710 mg/cm3), Peel mode 2 (710 mg/cm3), and Cort mode 2 (710 

mg/cm3) were used.  Further details on image processing, calculations, and analysis, 

including descriptions of Contour, Peel, and Cort modes are published elsewhere.139  

Slice thicknesses were 2.3 mm and voxel sizes were set at 0.4 mm for all sites.  Scanner 

speed was set at 25 mm/second.  Trabecular vBMD (mg/cm3) and periosteal 

circumference (PC, mm), were assessed at the 4% femur and tibia sites, while cortical 

vBMD (mg/cm3), endosteal circumference (EC, mm), PC, and cortical thickness (mm) 

were assessed at the 20% femur and 66% tibia.  
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Areal BMD (g/cm2), BMC (g), and bone area (BA, cm2) of the total body less 

head (TBLH), L2–L4 lumbar spine (LS) vertebrae in the antero-posterior plane, femoral 

neck (FN), and total femur and tibia of the non-dominant leg were assessed with dual-

energy X-ray absorptiometry (DXA) using a GE Lunar Prodigy (software version 

5.60.003) fan-beam densitometer (GE Lunar Corp, Madison, WI, USA).  Subjects were 

positioned using standard GE/Lunar protocols.  Total body mass, fat mass, percent total 

body fat, and lean soft tissue mass were obtained from DXA whole body scans.  Because 

of the inherent limitations of aBMD in children and adolescents1 and because the head is 

not responsive to environmental stimuli such as physical activity,27 TBLH BMC has been 

proposed by the International Society for Clinical Densitometry (ISCD) as the most 

appropriate DXA-derived outcome measure of bone status in youth.155  

Calibration and quality assurance of the pQCT and DXA instruments were 

performed daily to ensure the accuracy and precision of measurements.  Operators were 

trained on pQCT scanning and software analyses following guidelines provided by Bone 

Diagnostics, Inc. (Fort Atkinson, WI).  One operator performed all pQCT scans and one 

technician performed all scan analyses.  Repeat scanning of girls to establish the 

precision of pQCT was not considered ethical by the University of Arizona Human 

Subjects Protection Committee.  Thus, we conducted a separate study with adults to 

determine within-subject (n = 29 per skeletal site) pQCT precision error (coefficient of 

variation: CV).  After subject repositioning, CVs calculated as described by Glüer et al.156 

for trabecular vBMD at the 4% femur and tibia were 0.5% and 0.8%, respectively.  CVs 
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for femur and tibia PC were 0.4% and 1.1%, respectively.  DXA CVs and BMD precision 

in our laboratory have been previously reported.140  

Statistical analysis  

All data were analyzed using The Statistical Package for the Social Sciences for 

Windows, Version 18.0 (SPSS, Chicago, IL, USA).  Data were checked for outliers and 

normality using histograms and all variables were tested for skewness and kurtosis.  

Descriptive statistics were calculated for the entire sample and for girls with and without 

prior fracture.  Differences in descriptive characteristics between groups were tested 

using the independent samples t-test or the χ2 test for proportions as appropriate.  Bone 

parameters assessed by pQCT were compared between groups using analysis of 

covariance (ANCOVA), adjusting for maturity offset, body mass, leg length, ethnicity, 

and physical activity.  Adjusted odds ratios (95% CI) were computed using binary 

logistic regression to evaluate the relationship between pQCT bone variables and prior 

fracture.  Regression models were adjusted for maturity offset alone (model†) and for 

maturity offset, body mass, leg length, ethnicity, and physical activity (model‡) to 

determine whether adjustment for additional covariates influenced the relationship 

between fracture and bone parameters.  To examine the relationship between prior 

fracture and bone parameters assessed by DXA independently of bone and body size, 

BMC was adjusted for BA, body mass, and height using multiple regression as described 

by Prentice and colleagues.157  Adjusted BMC variables were compared between girls 

with and without prior fracture using ANCOVA, and adjusted odds ratios (95% CIs) were 

computed using binary logistic regression using the same covariates, except for body 
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mass and leg length because the BMC variables already had been adjusted for body size.  

All ANCOVA and regression analyses were repeated substituting maturity offset with 

Tanner stage.  All results were similar, thus, we report analyses that included maturity 

offset based on its higher relation with all bone parameters.119  A significance level of p < 

0.05 (two-tailed) was used in all tests.  

RESULTS 

A total of 465 girls were measured (response rate 63% of those contacted).  

Sample ethnicity was 22% Hispanic and 78% non-Hispanic; race was 88% white, 7% 

Asian, 3% black or African American, 0.5% Native American or Alaska Native, 0.5% 

Native Hawaiian or other Pacific Islander, and 1% other.  Tanner stage distributions for 

the total sample were 33% prepubertal (stage I, n = 155), 60% early pubertal (stages II–

III, n = 280), and 7% late pubertal (stages IV–V, n = 30).  Maturity offset values 

indicated that girls were on average 1.1 years from PHV, with a range from 3.2 years 

prior to PHV to 1.4 years post PHV.  Based on U.S. National Center for Health 

Statistics/Center for Disease Control percentiles for body mass index (BMI, kg/m2),124 

3.0% of the sample was underweight (BMI <5th percentile), 73.8% of the sample was 

healthy weight (BMI 5th–85th percentile), 15.1% of the sample was at-risk for 

overweight (BMI 85th–95th percentile), and 8.1% of the sample was overweight (BMI 

>95th percentile).  

Of the total sample, 88 girls (19%) had experienced a total of 104 fractures (Table 

1).  Cooper et al.30 reported that ~33% of girls sustain at least one fracture before 17 

years of age.  Fracture prevalence in our young sample was lower (19%), although this 
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could be expected because the probability of sustaining at least one fracture increases 

with age.  In our sample, 76 girls sustained a single fracture, 8 girls had fractured twice, 

and 4 girls sustained 3 fractures.  The forearm was the most common site afflicted, 

accounting for 49% of all fractures (Table 1).  However, a number of fractures at other 

skeletal sites were also reported (Table 1).  

Descriptive characteristics are shown in Table 2.  Girls with prior fracture were 

significantly older and more mature as assessed by maturity offset and Tanner stage and 

had significantly greater body mass, height, and leg length.  No differences were 

observed between girls with and without fracture in smoking habits, ethnicity, BMI, 

percent body fat, and physical activity score.  

ANCOVA, with maturity offset, ethnicity, and physical activity as covariates, was 

used to investigate possible differences in bone parameters assessed by DXA between 

girls with and without fracture.  Girls with prior fracture had 0.9–1.8% lower adjusted 

BMC of the TBLH, LS, and FN regions than girls without prior fracture, although the 

difference in adjusted BMC was not statistically significance at any region.  ANCOVA, 

with maturity offset, body mass, leg length, ethnicity, and physical activity as covariates, 

was also used to investigate possible differences in bone parameters assessed by pQCT 

between girls with and without fracture.  At distal metaphyseal sites, trabecular vBMD of 

the femur and tibia was significantly lower (femur = –4.5%, tibia = –3.1%) in girls with 

prior fracture (Figure 1).  At diaphyseal sites of the femur and tibia, cortical vBMD, EC, 

PC, and cortical thickness were not significantly different between girls with and without 

fracture.  
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To evaluate the association between prior fracture and DXA and pQCT bone 

outcomes, adjusted odds ratios (95% CI) were computed using binary logistic regression 

(Table 3).  Regression models adjusted for maturity offset alone (Table 3, model†) and all 

covariates (Table 3, model‡) resulted in non-significant associations between BMC 

(adjusted for BA, body mass, and height) assessed by DXA and prior fracture at all sites.  

In contrast, lower trabecular vBMD at metaphyseal regions of the distal femur and tibia 

remained significantly associated with fracture (Table 3).  After adjustment for all 

covariates (Table 3, model‡), every SD decrease in trabecular vBMD at metaphyseal sites 

of the femur and tibia was associated with 1.4 (1.1–1.9) and 1.3 (1.0–1.7) times higher 

fracture prevalence, respectively.  Metaphyseal PC of the distal femur and tibia was not 

associated with fracture (Table 3).  At diaphyseal sites of the femur and tibia, EC, PC, 

and cortical thickness were not associated with facture, although every SD decrease in 

cortical vBMD of the 66% tibia, but not the 20% femur, was associated with lower 

fracture prevalence (OR (95% CI) = 0.72 (0.54–0.97), p = 0.032).  Adjusted odds ratios 

(95% CI) were also computed using binary logistic regression to assess whether DXA 

and pQCT bone parameters were associated with prior tibia fracture (n = 8).  Regression 

models adjusted for maturity offset alone and all covariates resulted in non-significant 

associations between bone parameters of the non-dominant tibia and prior tibia fracture 

(data not shown).  

DISCUSSION 

This study investigated the relationship between prior fracture and bone 

parameters using pQCT and DXA in 465 pre- and peri-pubertal girls aged 8–13 years.  
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We found that prior fracture was associated with lower trabecular vBMD (assessed by 

pQCT) at distal metaphyseal sites of the femur (–4.5%) and tibia (–3.1%).  In contrast, 

BMC (assessed by DXA) adjusted for BA, body mass, and height and bone geometric 

parameters (assessed by pQCT) showed no differences between girls with and without 

prior fracture.  These findings suggest that fractures during growth are not related to 

smaller bone size and that vBMD is more highly associated with prior fracture than BMC 

adjusted for bone and body size.  These results add to the expanding body of evidence 

linking lower vBMD at metaphyseal regions of long bones with fractures during 

growth.41, 43  

Previous studies in children and adolescents of fracture and bone parameters 

using 3-dimensional imaging techniques are few, and thus far, all have focused on the 

forearm.41, 45, 46  In a sample of 337 children and adolescents (aged 6–18 years; 171 girls), 

Rauch et al.,45 using pQCT, reported that endocortical apposition was not increased 

sufficiently to keep cortical thickness adapted appropriately to increases in mechanical 

challenges from increasing bone length and body mass.  The authors concluded that a lag 

in cortical thickness during growth may explain the high prevalence of forearm fractures 

during growth.45  Unfortunately, Rauch did not relate fracture prevalence with pQCT 

parameters; making it impossible to compare our results with that study.45  In 100 healthy 

white girls (aged 4–15 years), Skaggs et al.46 used computed tomography (CT) to show 

that forearm fractures were associated with lower radial CSA and higher body mass.  

Furthermore, trabecular vBMD at metaphyseal sites and cortical vBMD at diaphyseal 

sites were not significantly different between girls with and without forearm fracture, 
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although girls who had a fracture had ~3% lower trabecular vBMD at distal metaphyseal 

sites of the radius.46  It is possible the study was underpowered (n = 50 per group) to 

detect significant between-group differences in trabecular vBMD.  More recently, in a 

sample of 396 pubertal Finnish girls (aged 10–13 years), Cheng et al.41 reported ~10% 

lower radial vBMD in girls with prior fracture compared to girls without prior forearm 

fracture.  Furthermore, in a population-based cohort study of young adult men (aged ~19 

years), Darelid et al.43 reported that prior fracture was associated with lower trabecular 

vBMD at the distal radius (–6.6%) and tibia (–4.5%).  These findings agree with our 

findings of lower trabecular vBMD at the distal femur (–4.5%) and tibia (–3.1%), 

suggesting a consistent association between fracture during growth and lower trabecular 

vBMD at metaphyseal sites of long bones.  In a recent study using high resolution pQCT 

(HR-pQCT), Kirmani et al.145 showed that trabecular bone parameters (bone volume 

fraction, trabecular number, and thickness) at distal metaphyseal regions of the radius 

remained stable throughout puberty in girls.  Thus, assessment of metaphyseal trabecular 

bone parameters during growth may be an important strategy for identifying girls at-risk 

for fractures so that appropriate interventions can be delivered.  

In contrast to the relationship found between lower trabecular vBMD at 

metaphyseal regions of the femur and tibia and higher fracture prevalence, we found that 

lower cortical vBMD at the diaphyseal site of the tibia was associated with lower fracture 

prevalence.  This finding should be interpreted with caution.  A similar association was 

not significant at the diaphyseal site of the femur.  Moreover, to our knowledge, no 

previous studies have reported a similar finding and we know of no plausible reason for a 
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different association at the diaphyseal site of the tibia.  Future studies of the relationship 

between fractures and diaphyseal cortical vBMD are needed to test whether this is a 

consistent finding or if it occurred by chance.  

To date, studies of fractures in youth using DXA have given conflicting results34-38, 

158-160 suggesting that fracture history is related34-38 or not related158-160 with bone 

parameters.  The contradictory conclusions likely occurred because there is no protocol to 

adequately address the limitations of DXA in children.1  Nevertheless, in a meta-analysis 

of studies using DXA and other methods (i.e., pQCT, quantitative ultrasound (QUS), 

metacarpal morphometry), Clark et al.10 concluded that there may be associations 

between BMD, BMC, and prior fracture, although evidence was limited.  To our 

knowledge, our study is the first in girls to relate fracture history with adjusted BMC 

(assessed by DXA) and vBMD (assessed by pQCT).  We found that vBMD was more 

highly associated with prior fracture than adjusted BMC.  Recently, Darelid et al.43 and 

Taes et al.141 reported in men that both vBMD (assessed by pQCT) and aBMD (assessed 

by DXA) were associated with prior fracture.  Our findings agree with previous studies43, 

141 in that lower metaphyseal vBMD has a consistent association with prior fracture, 

although we found only weak associations between lower BMC and fracture.  These 

findings suggest that application of tools like pQCT may be clinically significant for 

identifying girls at-risk for fracture, although prospective studies will be needed to 

confirm that lower vBMD proceeds and predicts fractures and that decreased 

mobilization post fracture is not responsible for reducing vBMD.  
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The pQCT device used in this study cannot accurately assess cortical vBMD at 

metaphyseal regions of long bones because the spatial resolution of the instrument is not 

sufficient to analyze cortical shells <2 mm.22  Thus, we assessed trabecular vBMD at 

metaphyseal sites and cortical vBMD at diaphyseal sites of the femur and tibia.  Recent 

studies in postmenopausal women have used HR-pQCT to assess micro- and macro-

structural variables, along with trabecular and cortical vBMD at the ultradistal radius 

(UDR).142, 143  Melton et al.142 used DXA and HR-pQCT to show that postmenopausal 

women with history of fracture had 10% lower aBMD of the arms and 10% lower 

cortical vBMD of the UDR.  Interestingly, 22% lower trabecular vBMD of the UDR was 

observed between women with prior forearm fracture as compared to controls, which 

suggests a stronger relationship between fractures and reduced trabecular vBMD at the 

UDR.  Sornay-Rendu et al.143 reported similar findings using HR-pQCT in 

postmenopausal women.  Moreover, both the studies by Melton et al.142 and Sornay-

Rendu et al.143 showed that HR-pQCT parameters at the distal tibia were associated with 

fractures with similar magnitude to that of parameters at the UDR.  In toto, the findings 

from our study and other studies in youth,41 young adults,43, 141 and postmenopausal 

women142, 143 support the premise that lower trabecular vBMD of the radius, femur, and 

tibia is associated with prior fracture, which suggests that trabecular vBMD at any given 

metaphyseal site is relatively representative of other skeletal regions. 

The study had some limitations.  The main limitation is that our data are cross-

sectional and therefore, we cannot assess whether lower trabecular vBMD is causative 

rather than consequential.  However, lower trabecular vBMD could be causative because 
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few fractures resulted in casting or immobilization of the femur and tibia and physical 

activity levels were not different between girls with and without prior fracture.  Another 

limitation is that fractures may have been misreported.  Unfortunately, we did not have 

access to medical charts or radiographs to confirm reports.  However, any fracture 

misclassifications would have likely lead to an underestimated association between bone 

parameters and fracture.  Also, bone measurements were taken at variable times post 

fracture, thus, different intervals between fracture and bone measurements may have 

influenced our results.  Lastly, our pQCT measurements were limited to the femur and 

tibia and the pQCT device used in this study cannot accurately assess cortical vBMD at 

metaphyseal regions of long bones because of limitations in spatial resolution.22  Future 

studies using HR-pQCT in youth will be necessary to determine whether fractures are 

associated with bone microstructure, along with cortical vBMD at metaphyseal regions of 

long bones.  

Despite these limitations, the study had several significant strengths.  First, the 

study evaluated the relationship between prior fracture and vBMD and bone geometry at 

metaphyseal and diaphyseal sites of the femur and tibia.  The relationship between prior 

fracture and pQCT parameters at these sites has not been previously studied in children.  

Our results at these sites are consistent with those reported at the radius,41 the most 

commonly reported site in children, suggesting that the relationship between prior 

fracture and lower trabecular vBMD at metaphyseal regions of long bones is consistent 

throughout the appendicular skeleton.  The potential poor long-term reproducibility of 

pQCT in assessing metaphyseal bone size and vBMD from a single-slice measurement 
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has been a concern of many previous studies because bone size and vBMD vary greatly 

along metaphyseal regions of long bones.138  Recognizing this challenge, we averaged 3 

pQCT slices at metaphyseal regions, which improved our estimates of precision 

(trabecular vBMD CV’s at the distal femur and tibia were 0.5% and 0.8%, respectively).  

 In conclusion, fractures in girls are associated with lower trabecular vBMD at 

distal metaphyseal sites of the femur and tibia.  Furthermore, fractures are more strongly 

related to vBMD (assessed by pQCT) as compared to adjusted BMC (assessed by DXA).  

These finding are consistent with previous studies using pQCT, which have reported that 

fracture history is associated with lower trabecular vBMD at distal metaphyseal sites of 

the radius during growth,41 young adulthood,43, 141 and after menopause.142, 143  These 

findings suggest that the relationship between fracture and lower trabecular vBMD at 

metaphyseal sites tracks throughout life and is similar among weight-bearing and non-

weight-bearing long bones.  Therefore, lower trabecular vBMD at metaphyseal sites of 

long bones may be an early marker of skeletal fragility in girls. 
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TABLES 

 

 

Site of fracture 

Clavicle 7 (8.0%) 1 (8.3%) 8 (7.7%)

Femur 1 (1.1%) 1 (1.0%)

Fingers/thumb 13 (14.8%) 1 (8.3%) 14 (13.5%)

Foot/ankle 10 (11.4%) 2 (16.7%) 12 (11.5%)

Hand 1 (1.1%) 1 (1.0%)

Humerus 4 (4.5%) 4 (3.8%)

Radius/ulna 39 (44.3%) 8 (66.7%) 4 (100%) 51 (49.0%)

Skull 2 (2.3%) 2 (1.9%)

Tibia/fibula 8 (9.1%) 8 (7.7%)

Toes 3 (3.4%) 3 (2.9%)

Values are presented as number of fractures and percent in 
parentheses.

Table 1. Numbers of fractures at different skeletal sites for 
participants with prior fracture (n = 88)

1st fracture      
(n = 88)

2nd fracture     
(n = 12)

3rd fracture     
(n = 4)

All fractures 
(n = 104)
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p

Smoking (%)     0.40

Ethnicity (%; Hispanic)     0.29

Age (yrs) 10.6 ± 1.1 11.0 ± 1.0 10.5 ± 1.1   <0.001

Tanner Stage (1-5) 2.1 ± 1.0 2.5 ± 0.9 2.0 ± 1.0   <0.001

Maturity Offset (yrs) -1.1 ± 1.0 -0.6 ± 1.0 -1.2 ± 1.0   <0.001

Body mass (kg) 39.2 ± 10.4 43.3 ± 11.0 38.3 ± 10.0   <0.001

Height (cm) 144.4 ± 9.8 149.1 ± 9.5 143.3 ± 9.5   <0.001

BMI (kg/m
2
) 18.6 ± 3.4 19.3 ± 3.7 18.4 ± 3.3     0.03

Leg Length (cm) 68.9 ± 5.7 71.5 ± 5.2 68.2 ± 5.6   <0.001

Femur length (cm) 34.0 ± 3.0 35.3 ± 2.6 33.7 ± 3.0   <0.001

Tibia length (cm) 33.2 ± 2.8 34.5 ± 2.7 32.9 ± 2.7   <0.001

Body fat (%) 27.8 ± 8.4 29.7 ± 8.8 27.4 ± 8.3     0.02

Physical activity score† 860.6 ± 918.2 837.2 ± 638.1 866.2 ± 973.4     0.79

† Physical activity score = ∑n-1 (Duration x Frequency x Load)

0.0%

Table 2. Descriptive characteristics

All subjects                       
(n = 465)

22% 18% 24%

Values are presented as percent or mean ± SD.  Differences in descriptive characteristics between the two groups 

were investigated using independent samples t -test, except for smoking and ethnicity where Χ
2
 was used.   

Subjects w/o fracture     
(n = 377, 81%)

Subjects w/ fracture        
(n = 88, 19%)

0.7% 0.8%
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Model† Model‡

Adjusted Odds Ratio (95% CI) Adjusted Odds Ratio (95% CI)

DXA

     Total Body Less Head BMC (g) / SD decrease                1.19 (0.75−1.87)                1.15 (0.73−1.82)

     Lumbar Spine (L2−L4) BMC (g) / SD decrease                1.18 (0.76−1.83)                1.18 (0.76−1.83)

     Femur Neck BMC (g) / SD decrease                1.00 (0.61−1.62)                1.03 (0.63−1.68)

     Total Femur BMC (g) / SD decrease                0.87 (0.52−1.46)                0.87 (0.52−1.47)

     Total Tibia BMC (g) / SD decrease                0.95 (0.59−1.53)                0.94 (0.58−1.52)

pQCT Femur 

     4% Trab vBMD (mg/cm
3
) / SD decrease                1.46 (1.13−1.89)

a
               1.43 (1.10−1.87)

a

     4% PC (mm) / SD decrease                0.96 (0.66−1.39)                1.03 (0.69−1.54)

     20% Cort vBMD (mg/cm
3
) / SD decrease                0.90 (0.71−1.15)                0.85 (0.65−1.09)

     20% EC (mm) / SD decrease                0.90 (0.66−1.24)                0.95 (0.67−1.34)

     20% PC (mm) / SD decrease                0.90 (0.61−1.33)                0.96 (0.61−1.50)

     20% Cort Thk (mm) / SD decrease                1.09 (0.84−1.42)                0.85 (0.65−1.09)

pQCT Tibia 

     4% Trab vBMD (mg/cm
3
) / SD decrease                1.32 (1.03−1.70)

a
               1.33 (1.03−1.72)

a

     4% PC (mm) / SD decrease                0.92 (0.64−1.32)                0.98 (0.65−1.48)

     66% Cort vBMD (mg/cm
3
) / SD decrease                0.80 (0.61−1.05)                0.72 (0.54−0.97)

a

     66% EC (mm) / SD decrease                1.07 (0.82−1.40)                1.13 (0.85−1.50)

     66% PC (mm) / SD decrease                1.07 (0.77−1.49)                1.18 (0.81−1.74)

     66% Cort Thk (mm) / SD decrease                0.95 (0.71−1.25)                0.94 (0.70−1.25)

† Model = maturity offset.  

Table 3. Associations between DXA and pQCT parameters and prior fracture in girls with (n = 88) and without (n = 377) prior fracture

Bone measure

Values are presented as adjusted odds ratios (95% CI).  
a
 p  < 0.05. 

‡ Model = maturity offset, body mass, leg length, ethnicity, and physical activity.  Binary logistic regression models that included 
DXA adjusted BMC variables did not have body mass and leg length as covariates.   

BMC = bone mineral content; Trab vBMD = trabecular volumetric bone mineral density; PC = periosteal circumference; Cort vBMD = 
cortical volumetric bone mineral density; EC = endosteal circumference; Cort Thk = cortical thickness.  
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FIGURE LEGENDS  

 

Figure 1:  Metaphyseal trabecular volumetric bone mineral density (vBMD) (A) and 

periosteal circumference (B) in girls with (n = 88) and without prior fracture (n = 377).  

Differences in bone variables were evaluated by ANCOVA using maturity offset, body 

mass, leg length, ethnicity, and physical activity as covariates.  Bars represent adjusted 

means ± SE.  a p < 0.05.  
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ABSTRACT  
 

 Understanding the influence of total body fat mass (TBFM) on bone during the 

peri-pubertal years is critical for the development of future interventions aimed at 

improving bone strength and reducing fracture risk.  Thus, we evaluated the relationship 

of TBFM to volumetric bone mineral density (vBMD), geometry, and strength at 

metaphyseal and diaphyseal sites of the femur and tibia of young girls.  Data from 396 

girls aged 8–13 years from the “Jump-In: Building Better Bones” study were analyzed.  

Bone parameters were assessed using peripheral quantitative computed tomography 

(pQCT) at the 4% and 20% distal femur and 4% and 66% distal tibia of the non-dominant 

leg.  Bone parameters at the 4% sites included trabecular vBMD, periosteal 

circumference, and bone strength index (BSI), while at the 20% femur and 66% tibia, 

parameters included cortical vBMD, periosteal circumference, and strength-strain index 

(SSI).  Multiple linear regression analyses were used to assess associations between bone 

parameters and TBFM, controlling for muscle cross-sectional area (MCSA).  Regression 

analyses were then repeated with maturity, bone length, physical activity, and ethnicity as 

additional covariates.  Analysis of covariance (ANCOVA) was used to compare bone 

parameters among tertiles of TBFM.  In regression models with TBFM and MCSA, 

associations between TBFM and bone parameters at all sites were not significant.  TBFM 

explained very little variance in all bone parameters (0.2–2.3%).  In contrast, MCSA was 

strongly related (p < 0.001) to all bone parameters, except cortical vBMD.  The addition 

of maturity, bone length, physical activity, and ethnicity did not alter the relationship 

between TBFM and bone parameters.  With bone parameters expressed relative to total 
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body mass, ANCOVA showed that all outcomes were significantly (p < 0.001) greater in 

the lowest compared to the middle and highest tertiles of TBFM.  Although TBFM is 

correlated with femur and tibia vBMD, periosteal circumference, and strength in young 

girls, this relationship is significantly attenuated after adjustment for MCSA.  

Nevertheless, girls with higher TBFM relative to body mass have markedly diminished 

vBMD, geometry, and bone strength at metaphyseal and diaphyseal sites of the femur 

and tibia.  

Keywords: adiposity; girls; bone strength; volumetric bone mineral density (vBMD); 

peripheral Quantitative Computed Tomography (pQCT)  
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INTRODUCTION 

Recent studies have shown fracture incidence increases from 16% in normal 

weight children to 33% in overweight and obese children.47  Given that obesity 

prevalence in children and adolescents has more than doubled over the past three 

decades,48 it is more important than ever to understand the influence of total body fat 

mass (TBFM) on the growing skeleton.  To date, studies of adiposity and bone mineral 

content (BMC, g) and areal bone mineral density (aBMD, g/cm2) in youth have given 

conflicting results;49-63 studies have suggested that TBFM is positively,49-55 negatively,56-

60 or not related 61-63 with bone outcomes.  Much of the confusion may be due to reliance 

on dual-energy X-ray absorptiometry (DXA), which has inherent limitations in youth, 

because BMC and aBMD measured by DXA are influenced by size1 and the rapid 

changes that occur during growth confound interpretation.  The relatively recent 

development of low radiation dose, 3-dimensional imaging techniques, such as peripheral 

quantitative computed tomography (pQCT), has made it possible to safely estimate 

volumetric BMD (vBMD, mg/cm3) and geometric parameters in children without the 

confounding of growth.  Application of these techniques should help to clarify the 

relationship between soft tissue composition and bone parameters.  

Thus far, only four studies have used 3-dimensional imaging techniques to 

examine the effect of TBFM on bone parameters in children, adolescents, and young 

adults.  Using computed tomography (CT), Janicka et al.64 found that TBFM was not 

associated with cross-sectional and cortical bone areas at the lumbar spine and femoral 

midshaft of young adults, while Pollock et al.,65 using pQCT, found that young adult 
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females with high-percent fat (≥ 32%) compared with normal-percent fat (< 32%) had 

significantly lower cortical bone area (CBA), cross-sectional area (CSA), and strength–

strain index (SSI) at the 20% radius and lower CBA and SSI at the 20% distal tibia.  In 

contrast, in a cohort of 1068 men ~19 years of age, Lorentzon et al.66 reported that TBFM 

was an independent positive predictor of diaphyseal bone size of the tibia, suggesting that 

increased TBFM may act to enhance weight-bearing bone geometry.  The conflicting 

results may be due to differences among studies in the adjustment for confounding 

factors.  For example, studies that have adjusted for skeletal size (i.e. height) have been 

criticized because adiposity may directly stimulate skeletal growth 8.  Thus, adjusting for 

skeletal size is not necessarily appropriate.  Also, adipose tissue may have both negative 

and positive effects on bone mediated via endocrine pathways (for a review, see Reid8).   

The relationship between TBFM and the growing skeleton is not well understood 

and to our knowledge, only one study in children has used 3-dimensional imaging 

techniques.  In that study, Wetzsteon and colleagues67 used pQCT and found that an at-

risk for overweight group (BMI ≥85th percentile) of girls and boys (aged 9–11 years) had 

greater absolute indices of tibial strength compared to a normal (BMI ≤75th percentile) 

weight group and that bone strength was adapted to greater muscle area.  Since obese 

children and adolescents have greater muscle mass for height53, it is possible that the 

relationship between TBFM and bone is by association with increased muscle.  Studies 

demonstrating that dynamic loads resulting from muscle forces play a dominant role in 

stimulating bone formation support this view68  In children and adolescents, maximum 

force production is strongly related with muscle cross-sectional area (MCSA),69 an 
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important predictor of bone strength.68  Thus, after adjustment for MCSA, TBFM may 

not be an important predictor of weight-bearing bone strength.  Conversely, some 

investigators have hypothesized that TBFM may stimulate weight-bearing bone 

formation through its direct action of increased mechanical load on the skeleton,70 

whereas others have suggested that higher TBFM may be more problematic than 

beneficial during growth because children with higher adiposity do not commensurately 

increase bone mineral accrual and enlarge their bones appropriately.57  Furthermore, 

greater body mass increases the skeletal load engendered by a fall.8  Contrary to findings 

in adults, fracture incidence has been shown to be higher in overweight children and 

adolescents31, 35, 46, 47, 71 and children with higher adiposity have lower BMC and aBMD 

for a given body mass.56, 57  

The extent of the relationship between TBFM and bone after adjustment for 

muscle and whether girls with higher TBFM have reduced vBMD and geometric 

parameters for a given body mass remains unclear.  Thus, we sought to determine the 

relationship of TBFM to vBMD, geometry, and strength of the femur and tibia at 

diaphyseal and metaphyseal sites in young girls after adjustment for MCSA using a 3-

dimensional imaging method (pQCT) that is appropriate for growing children.  

Furthermore, since increased body mass resulting from greater adiposity increases the 

force of impact during a fall, we also examined how bone parameters vary in proportion 

to total body mass across tertiles of TBFM.  
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METHODS 

Subjects  

The sample included 396 healthy girls, aged 8–13 years, who were participants in 

the “Jump-In: Building Better Bones” study.  The long-term goal of Jump-In is to assess 

prospectively the effects of high impact jumping exercises on bone macro-architecture in 

prepubescent and early pubescent girls.  Girls were recruited from 14 elementary and 4 

middle schools around Tucson, Arizona.  Inclusion criteria were any female in school 

grade 4 or 6.  Exclusion criteria included learning disabilities (identified by schools) that 

made it impossible to complete questionnaires or otherwise unable to comply with 

assessment protocols; medications, medical conditions, or a disability that limited 

participation in physical exercise;123 and the inability to read and understand English.  

The study protocol was approved by the University of Arizona Human Subjects 

Protection Committee and it was conducted in accordance with the Helsinki Declaration.  

All guardians and participating girls provided written informed consent.  After informed 

consent, guardians completed a health history questionnaire with questions on participant 

ethnicity and race.  

Anthropometry  

Anthropometric measures were obtained following standardized protocols.128  

Body mass was measured to the nearest 0.1 kg using a calibrated scale (Seca, Model 881, 

Hamburg, Germany) and height and sitting height were measured at full inhalation to the 

nearest mm using a stadiometer (Shorr Height Measuring Board, Olney, MD).  Non-

dominant femur length (nearest mm) was measured from the base of the patella to the 
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inguinal crease.  Non-dominant tibia length (nearest mm) was measured from the 

proximal end of the medial border of the tibial plateau to the distal edge of the medial 

malleolus.  Coefficients of variation for femur and tibia lengths were 0.44% and 0.23%, 

respectively (n = 396).  For each anthropometric variable, the mean of two measurements 

was taken.  The two measurements were repeated if the first two differed by more than 4 

mm for height, sitting height and bone lengths, and 0.3 kg for body mass.  If repeat 

measures were required, the mean of the second set of measures was used.  

Physical maturation 

Maturity assessment is necessary in the study of growing children because the 

range in maturation between individuals of the same chronological age is large, 

especially during the pubertal years.132  In this study, maturity was assessed in two ways.  

The first method relied on self-report (with assistance available) of breast development 

based on Tanner stages.129  The questionnaire presents illustrations of stages of 

development, and has been validated130 and shown to agree well with physician exam and 

grading.  The questionnaire also inquired about menarcheal status.  Although Tanner 

staging is common in developmental studies, its ability to accurately assess maturation 

has been shown to be limited.131  Consequently, maturation was also assessed using the 

method of Mirwald et al.,132 who developed gender-specific algorithms to predict years 

from peak height velocity (PHV) based on data from a six-year longitudinal study in boys 

and girls.20  These algorithms incorporate interactions between height, weight, sitting 

height, leg length, and chronological age to derive a maturity offset value.  The following 

equation from Mirwald et al.132 was used to estimate maturity offset in our sample of 
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females: Maturity Offset = -9.376 + 0.0001882·Leg Length and Sitting Height interaction 

+ 0.0022·Age and Leg Length interaction + 0.005841·Age and Sitting Height interaction 

– 0.002658·Age and Weight interaction + 0.07693·Weight by Height ratio.  This equation 

explained 0.890 of the variance in years from PHV in girls.132   

Physical activity and diet questionnaires   

Physical activity was assessed using the past year physical activity questionnaire 

(PYPAQ), which surveys all sport and leisure-time physical activity engaged in at least 

10 times in the past year outside of physical education class.  PYPAQ score was 

computed using a modified equation from Shedd et al.,104 which accounted for weight-

bearing load, frequency, and duration of each activity.  Similar to Shedd et al., we used a 

broader range of load values (0.5–3.0) based on peak strain scores reported by 

Groothausen et al.105 to increase the contribution of weight-bearing activities to the 

overall score rather than just designating activities as weight-bearing or non-weight 

bearing.  The Harvard youth/adolescent questionnaire (YAQ) is a self-administered (with 

assistance available) food-frequency questionnaire that has been validated in children and 

adolescents.137  The YAQ was used to assess energy (kcal/day) and nutrient intakes (i.e. 

vitamin D (IU), Ca2+ (mg/day), and Mg2+ (mg/day)) over the past year.  

Bone and body composition assessment  

Bone geometry and vBMD were assessed at the distal 4% and 20% femur and 4% 

and 66% tibia sites of the non-dominant leg using pQCT (XCT 3000; STRATEC 

Medizintechnik GmbH, Pforzheim, Germany, Division of Orthometrix; White Plains, 

NY).  Scout scans were performed to locate the distal growth plate of the femur and tibia, 
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with the scanner programmed to subsequently find the sites of interest.  pQCT scans were 

analyzed using Stratec software, Version 5.50.  Further details on image processing, 

calculations (bone strength indices and muscle cross-sectional areas (MCSA)), and 

analysis, including descriptions of Contour, Peel, and Cort modes are published 

elsewhere.139  At the 4% distal femur and tibia, we used Contour mode 3 at 169 mg/cm3 

to define the total bone.  Because of the difficulties in interpreting metaphyseal pQCT 

bone density measurements from a single slice,138 we averaged 3 pQCT slices at both the 

femur and tibia 4% sites.  At the 20% femur and 66% tibia sites, Contour mode 1 at 710 

mg/cm3 was used to measure total bone and Cort mode 2 at 710 mg/cm3 was used for 

cortical bone analysis.  Peel mode 2 at 710 mg/cm3 was used to define the marrow area.  

Slice thicknesses were 2.3 mm and voxel sizes were set at 0.4 mm for all sites.  Scanner 

speed was set at 30 mm/second.  Bone strength index (BSI, mg2/mm4), calculated as 

described by Kontulainen et al.,23 was assessed at the 4% femur and tibia sites, while 

strength–strain index (SSI, mm3), calculated as described by Shedd et al.,104 was assessed 

at the 20% femur and 66% tibia.  BSI estimates the bone’s ability to withstand 

compression at metaphyseal sites, while SSI is used to estimate the bone’s ability to resist 

torsion at diaphyseal sites.  

Total body mass, fat mass, lean soft tissue mass, and percent body fat were 

obtained from DXA whole body scans using GE Lunar Prodigy (software version 

5.60.003) fan-beam densitometer (GE Lunar Corp, Madison, WI, USA).  Subjects were 

positioned using standard GE/Lunar protocols.  Percent body fat was calculated as the 

ratio of fat mass to whole body mass.  
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Calibration and quality assurance of the pQCT and DXA instruments were 

performed daily to ensure the accuracy and precision of measurements.  Operators were 

trained on pQCT scanning and software analyses following guidelines provided by Bone 

Diagnostics, Inc. (Fort Atkinson, WI).  One operator performed all pQCT scans and one 

technician performed all scan analyses.  DXA scan analyses were done by one certified 

technician following GE/Lunar guidelines.  The within-subject (n = 29 per skeletal site) 

pQCT precision error (coefficient of variation; CV) for trabecular vBMD at the 4% femur 

and tibia were 0.5% and 0.8%, respectively, while CVs for cortical vBMD at the 20% 

femur and 66% tibia were 0.3% and 0.5%, respectively.  pQCT CVs for femur and tibia 

periosteal circumference were 0.4% and 1.1%, respectively.  DXA CVs and BMD 

precision in our laboratory have been previously reported.140  

Statistical analysis  

Data were checked for outliers and normality using histograms and all variables 

were tested for skewness and kurtosis.  Two of the bone variables (BSI and SSI) were 

modestly skewed.  We ran both log transformed and untransformed analyses and all 

results were similar; thus, we report the untransformed data for clarity.   Descriptive 

statistics were calculated for the entire sample and for tertiles of total body fat mass 

(TBFM), and differences in descriptive characteristics among tertiles of TBFM were 

tested using ANOVA or the χ2 test for proportions as appropriate.  To identify 

relationships between bone parameters and potential regression covariates, bivariate 

correlations were computed using Pearson’s r for continuous and Spearman’s rho for 

categorical variables.  Multiple linear regression was used to regress bone parameters on 
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TBFM, controlling for MCSA.  Regression analyses were then repeated with maturity 

offset, bone length, physical activity, and ethnicity, along with MCSA, to determine 

whether the relationship between TBFM and bone parameters would be altered after 

adjustment for confounders established in correlation analyses.  To protect against 

colinearity between MSCA and total body lean mass (femur: r = 0.87; tibia: r = 0.90), 

only MCSA was included in regression models.  MCSA was chosen based on past work 

suggesting that bone strength in children should be interpreted relative to the loads 

(mainly skeletal muscle forces) typically imposed on the skeleton.26  We repeated all 

regression analyses substituting maturity offset132 with Tanner stage.129  All results were 

similar, thus we only report analyses that included maturity offset because its relation to 

bone parameters was consistently stronger (Table 2).  Prior to multiple linear regression 

analyses, all variables were checked for normality, linearity, and homoscedasticity using 

residual plots.  Also, possible interactions between TBFM and predictor variables were 

explored in all models.  R2 values presented are the adjusted R2 and represent the 

proportion of variability in the dependent variable explained by the statistical model.  We 

also compared bone parameters among tertiles of TBFM using analysis of covariance 

(ANCOVA) adjusting for MCSA, maturity offset, bone length, physical activity score, 

and ethnicity.  Since increased body mass resulting from greater TBFM increases the 

force of impact during a fall, we divided bone parameters by body mass to evaluate how 

bone parameters vary in proportion to total body mass.  ANCOVA, with the same 

covariates, was used to compare the ratio of bone parameters to total body mass among 

tertiles of TBFM.  In all figures, outcome values were normalized to the middle tertile; 
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thus, setting the middle tertile values to 1.0 and lower and higher values to <1.0 and >1.0, 

respectively.  Normalization of values was necessary because of differences in units 

among pQCT outcome variables.  Bonferroni post hoc tests were used to adjust for 

multiple comparisons.  A significance level of p = 0.05 was used in all tests.  

RESULTS 

Descriptive characteristics are shown in Table 1.  Sample ethnicity was 22% 

Hispanic and 78% non–Hispanic, while sample race was 87% white, 6% Asian, 4% black 

or African American, 0.5% Native American or Alaska Native, 0.5% Native Hawaiian or 

other Pacific Islander, and 2% other.  Ranges of TBFM for the lowest, middle, and 

highest tertiles were 1.8–7.9 kg, 8.0–12.7 kg, and 12.8–42.4 kg, respectively.  Age, 

Tanner stage, maturity offset, anthropometric measures (i.e., height, body mass, BMI, 

sitting height, leg length, and femur and tibia length), total body lean mass, and femur 

and tibia MCSA all increase across tertiles of TBFM (Table 1).  Furthermore, average 

percent body fat increases from 20% in the lowest to 27% in the middle to 37% in the 

highest tertile.  Tertiles of TBFM were similar in the proportion of Hispanic and non-

Hispanic girls and in physical activity score and total energy intake, but the lowest tertile 

reported significantly greater intakes of Ca2+, Mg2+, and vitamin D than the highest 

tertile.  

TBFM was positively correlated with cortical and trabecular vBMD (r = 0.02–

0.26) and periosteal circumference, BSI, and SSI (r = 0.41–0.55) (Table 2).  At both 

femur and tibia diaphyseal (20% femur, 66% tibia) and distal metaphyseal (4% femur and 

tibia) sites, most pQCT bone parameters were positively correlated with bone length, 
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MCSA, maturity offset, Tanner stage, physical activity score, and ethnicity (Table 2).  

Weak, non-significant correlations were found between bone parameters and dietary 

measures (dietary Ca2+, Mg2+, vitamin D, and total energy intake) (data not shown).  

Table 3 shows standardized regression coefficients (β) and p values for TBFM 

and MCSA, along with adjusted R2 values for regression models.  In models with TBFM 

and MCSA (Table 3, Model 1), associations between TBFM and bone parameters at all 

sites were not significant.  TBFM explained very little variance in all bone parameters 

(0.2–2.3%).  In contrast, MCSA was strongly related (p < 0.001) to all bone parameters, 

except cortical vBMD (Table 3).  The addition of maturity offset, bone length, physical 

activity score, and ethnicity (Table 3, Model 2) increased the overall adjusted R2 values 

of all bone parameters (∆ adjusted R2 = 0.01–0.19), but did not alter the relationship 

between TBFM and bone parameters which remained non-significant (p > 0.05).  

Substitution of TBFM with percent body fat (%) or percent body fat category (normal 

body fat <32%, high body fat ≥32%) gave similar results (data not shown) for all multiple 

linear regression analyses. 

Adjusted means (95% CI) for vBMD, geometry, and strength are reported by 

tertiles of TBFM in Table 4.  Periosteal circumference was significantly greater in the 

highest as compared to the lowest TBFM tertile at diaphyseal sites (20% femur, 66% 

tibia) and SSI at the 66% tibia was significantly greater in the highest compared to the 

middle TBFM tertile.  Figure 1 illustrates adjusted means for vBMD, geometry, and 

strength for tertiles of TBFM after dividing bone parameters by total body mass.  All 

resulting outcome values were significantly (p < 0.001) greater in the lowest compared to 
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both the middle and highest TBFM tertiles.  Thus, relative to their body mass, girls with 

higher TBFM had greatly reduced vBMD, geometry, and bone strength at all sites.  

DISCUSSION 

In this sample of girls aged 8–13 years, we evaluated the influence of TBFM on 

vBMD, geometry, and indices of bone strength at metaphyseal and diaphyseal sites of the 

femur and tibia.  The results of correlation and regression analyses demonstrate that 

TBFM is correlated with vBMD, geometry, and indices of bone strength, although these 

relationships are no longer significant after adjustment for MCSA.  Comparisons of 

adjusted ANCOVA models across tertiles of TBFM showed evidence of a positive 

association between TBFM and bone geometry and indices of strength at diaphyseal sites 

of the femur and tibia, which suggests a persistent, although weak association.  These 

results are not necessarily conflicting, since the lack of significant association in the 

regression model may be due in part to a power issue (n = 396).  Lorentzon et al.66 

reported a significant, although weak association between TBFM and diaphyseal bone 

size of the tibia in 1068 young men (aged ~19 years).  However, across skeletal sites, 

TBFM explained only 0.2–2.3% of the variance in bone parameters in our sample of girls 

when MCSA was combined with TBFM in regression models as compared to 5.6% of the 

variance in tibial CSA in the study by Lorentzon and colleagues.66  These findings 

suggest a weaker relationship between TBFM and weight-bearing vBMD, geometry, and 

indices of bone strength during growth as compared to young adulthood.  In contrast, 

MCSA explained a much larger proportion of the variance in all bone parameters, 

independent of covariates, which is consistent with previous studies of children63, 67 and 
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supports the proposed functional model of bone development which posits that forces 

from muscle contractions are the main mechanical challenges to which bones adapt.68  

Goulding has hypothesized that lower BMC and aBMD relative to body mass 

might make children and adolescents with higher adiposity vulnerable to fractures.32  In 

support of this hypothesis, a number of studies have reported that overweight children 

and adolescents have low BMC and aBMD relative to their body mass.56, 57  However, no 

previous studies have evaluated the relationship of vBMD, geometry, or indices of bone 

strength relative to body mass.  Our findings showed that when judged relative to total 

body mass, vBMD, geometry, and bone strength were markedly reduced in girls with 

higher TBFM.  Across skeletal sites, these reductions averaged 10–14% in the highest 

compared to the middle tertile and 16–24% in the highest compared to the lowest tertile.  

These findings suggest that despite potentially earlier puberty than girls with less 

TBFM,131 girls with higher TBFM display a discrepancy between gains in body mass and 

appropriate adaptations in vBMD and geometric parameters during growth.  This 

discrepancy, along with the increased force of impact during a fall, may help explain why 

overweight and obese girls have been reported to suffer more fractures than normal 

weight girls.46, 47  

A number of potential mechanisms for the fat-bone relationship exist.  For 

example, TBFM may have a direct effect on skeletal loading.70  Furthermore, hormones 

secreted from adipocytes or pancreatic β cells may have both negative and positive 

effects on bone.8  For example, leptin has been shown to have direct effects on bone 

tissue by stimulating proliferation and differentiation of obsteoblasts161 and inhibiting 
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osteoclastogenesis162 in vitro.  However, in young men, increased leptin secondary to 

higher TBFM has been shown to be a negative independent predictor of diaphyseal bone 

size.66  Furthermore, adipocytes are known to express aromatase enzymes that convert 

androgens into estrogens, which have been reported to stimulate163 and suppress164 

periosteal expansion.  Alternatively, TBFM may stimulate bone formation by association 

with increased secretion of bone active hormones from pancreatic β cells8 or by the 

indirect effects of TBFM on the timing of puberty.131   

Previous studies in children and adolescents have examined the associations 

between TBFM and bone size, aBMD, and BMC.54, 55, 60, 63  Petit et al.63 used hip 

structure analysis software to study the proximal femur of subjects who were at–risk for 

overweight (BMI ≥85th percentile) or healthy weight (BMI ≤75th percentile) subjects 

and found that greater BMI did not have an independent effect on proximal femur 

bending strength.  Clark et al.54 and Goulding et al. 55 concluded that TBFM is associated 

with increases in total-body-less-head (TBLH) bone area independently of lean mass, 

while Wosje et al.60 showed that higher baseline TBFM was associated with greater 

TBLH bone area, but that increases over the next 3.5 years were smaller for children with 

higher baseline TBFM.  Overall, studies using DXA in children and adolescents have 

reached contradictory conclusions regarding the relationship between fat and bone during 

growth, presumably because there has been no protocol to adequately address the 

limitations of DXA in growing children.1  

The use of pQCT in our study allows for the unique opportunity to compare our 

findings with previous studies that have used 3-dimensional imaging techniques to 
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evaluate the relationship between fat and bone.  Janicka et al.64 used CT to study 300 late 

adolescent and young adult males and females (mean age = 17 years) and reported that 

TBFM was not related to bone geometry at the vertebrae and midshaft of the femur.  

Pollock et al.65 used pQCT to study regions of the radius and tibia in 115 young adult 

females (mean age = 18 years).  In that study,  after adjustment for MCSA, the high-

percent body fat (≥32%) group had significantly lower CBA, CSA, and SSI at the 20% 

distal radius and lower CBA and SSI at the 20% distal tibia compared to the normal 

percent body fat (<32%) group.  In contrast, no group differences were found at the 4% 

distal radius and tibia sites.  Our findings at the 20% femur are consistent with those of 

Janicka et al.64 at the 50% femur.  Furthermore, our results at the 4% tibia are consistent 

with those of Pollock et al.,65 although we did not find significantly lower CBA and SSI 

at the diaphysis of the tibia.  The different findings may be explained by differences in 

maturity (prepubescent and early pubescent vs. post-pubescent) since the more sexually 

mature females in the studies by Janicka et al.64 and Pollock et al.65 likely had higher 

estrodiol levels, which in combination with greater aromatization of androgens to 

estrogens in females with greater fat mass, may have attenuated periosteal bone 

apposition.164  Further studies in larger samples of females advancing through puberty 

will be necessary to clarify whether the relationship between TBFM and bone geometry 

is attenuated by puberty.  

It was not possible to determine a causal relationship between TBFM and bone in 

our cross-sectional analysis.  We found only one longitudinal study of bone structure and 

vBMD in children.67  In that study, Wetzsteon and colleagues found that at-risk for 
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overweight (BMI ≥85th percentile) children had greater tibial bone strength than normal-

weight (BMI ≤75th percentile) children after adjustment for sex, ethnicity, Tanner stage, 

and leg length.  However, results from models including MCSA suggested that the higher 

baseline bone strength and the changes in vBMD, geometry, and bone strength resulted 

from adaptations to the greater MCSA of overweight children.67  Our findings at 

metaphyseal and diaphyseal sites of the tibia and femur are consistent with those 

findings.  Although the study by Wetzsteon et al.67 is strengthened by longitudinal data, 

the study was limited because the investigators compared overweight and normal weight 

children based on BMI.  This ratio captures other components of body composition as 

well as fat, thus, a comparison based on BMI does not answer the question of whether fat 

has an independent effect on bone.  Nevertheless, when bone outcomes were expressed 

relative to loads from fat and lean mass in the study by Wetzsteon et al.67 and total body 

mass in our study, children who were overweight or in the highest tertile of TBFM had 

relatively lower vBMD, geometry, and bone strength at all sites.  

The present study had several strengths.  First, this study evaluated the 

relationship between TBFM and vBMD, geometry, and strength at skeletal sites (4% and 

20% distal femur) that have not been previously reported using pQCT.  The results at 

these sites are consistent with those at the 4% and 66% tibia, more commonly reported 

sites, suggesting that the effects of fat on weight-bearing bones are similar along various 

regions.  In addition, our analyses utilized TBFM instead of ratios such as percent body 

fat or BMI.  The latter capture other components of body composition and do not allow 

for the examination of the independent effects of fat on bone.  Lastly, our study utilized 
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an objective and practical solution for the measure of biological maturity or bone age 

assessment,132 an important factor in skeletal studies of children and adolescents given 

the large range of physical maturation among individuals of the same chronological age.  

Previous studies of the relationship between fat and bone using 3-dimentional techniques 

in children and adolescents have either not measured maturation65 or have relied on 

Tanner staging.64, 67 

 

Limitations  

We acknowledge several limitations of the study.  First, the cross-sectional design 

does not allow determination of a causal relationship between fat mass and vBMD, 

geometry, and bone strength.  Longitudinal data are needed to determine whether these 

findings track through puberty.  Secondly, there are well known difficulties in assessing 

diet and physical activity though self-report questionnaires.  While the physical activity 

questionnaire used in this study has not been validated in children, it has been shown to 

predict vBMD and bone geometric parameters in postmenopausal women104 and in our 

sample of girls (data not shown).  Thirdly, pQCT cannot be used to measure the axial 

skeleton (e.g. spine) and proximal femur (hip) sites, skeletal regions that are more 

susceptible to fractures later in life.  Lastly, our pQCT measurements were limited to 

weight-bearing bones (femur and tibia).  Future prospective studies of both weight-

bearing and non-weight-bearing skeletal sites in girls will be necessary to confirm site-

specific differences in the effects of fat on bone reported by Lorentzon and colleagues.66  
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Conclusion  

In conclusion, we demonstrated that MCSA is more strongly associated with 

vBMD, geometry, and indices of bone strength at metaphyseal and diaphyseal regions of 

the femur and tibia than fat mass, which has a persistent, although weak association with 

bone parameters.  These findings suggest that girls who have a greater proportion of lean 

mass are more protected against fracture.  Relative to their body mass, however, girls 

with higher TBFM have markedly reduced vBMD, geometry, and indices of bone 

strength at metaphyseal and diaphyseal regions of the femur and tibia.  These findings 

suggest a mismatch between gains in body mass and acquisition of vBMD and geometry 

during growth that may help explain why obese girls suffer more fractures than normal 

weight girls.46, 47  
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TABLES 

 

 

All                           
(n = 396)

Lowest                      
(n = 132)

Middle                         
(n = 132)

Highest                           
(n = 132)

Fat mass (kg) 6.1 ± 1.4a,b 10.2 ± 1.4c 19.1 ± 6.0 11.5 ± 6.2

Age (yrs) 10.3 ± 1.0a,b 10.9 ± 1.1 11.0 ± 1.1 10.7 ± 1.1

Tanner stage (1-5) 1.6 ± 0.8a,b 2.2 ± 1.0c 2.6 ± 1.0 2.1 ± 0.9

Maturity Offset -1.8 ± 0.9a,b -0.9 ± 1.0c -0.5 ± 0.9 -1.1 ± 1.0 

Ethnicity (%; Hispanic) 21 24 22 22

Height (cm) 138.9 ± 8.5a,b 146.2 ± 9.5c 149.3 ± 8.6 144.8 ± 9.9

Body mass (kg) 30.4 ± 4.6a,b 38.5 ± 5.9c 49.1 ± 9.3 39.4 ± 10.3

BMI (kg/m2) 15.7 ± 1.2a,b 19.2 ± 3.5c 21.9 ± 2.9 18.5 ± 3.3

Sitting height (cm) 72.6 ± 3.9a,b 76.4 ± 4.4c 78.3 ± 4.1 75.7 ± 4.8

Leg length (cm) 66.3 ± 5.2a,b 69.9 ± 5.9 71.0 ± 5.1 69.1 ± 5.8

Femur length (cm) 32.5 ± 2.8a,b 34.8 ± 2.8 35.3 ± 2.7 34.2 ± 3.0

Tibia length (cm) 31.7 ± 2.6a,b 33.7 ±  2.7 34.3 ±  2.5 33.2 ± 2.8

Fat mass (%) 19.9 ± 3.9a,b 26.5 ± 3.8c 36.9 ± 6.0 27.8 ± 8.3

Lean mass (kg) 23.4 ± 4.1a,b 27.3 ± 4.9c 30.3 ± 5.3 26.4 ± 5.4

Femur MCSA (mm2) 3138.4 ± 548.5a,b 3597.2 ± 640.5c 4154.6 ± 724.4 3630.1 ± 763.5

Tibia MCSA (mm2) 2834.8 ± 435.8a,b 3255.5 ± 488.8c 3682.9 ± 595.3 3257.7 ± 618.2

Calcium (mg/day) 1103.8 ± 435.18a 942.3 ± 461.8 987.6 ± 466.94 1003.9 ± 455.8

Magnesium (mg/day) 265.2 ± 89.6a 227.6 ± 100.5 241.9 ± 105.0 243.8 ± 99.0

Vitamin D (IU) 317.1 ± 190.1a 254.2 ± 181.6 269.4 ± 177.9 278.9 ± 184.3

Total Energy 
(kcals/day)

1823.7 ± 619.4 1649.7 ± 676.5 1725.4 ± 832.0 1729.0 ± 710.2

Physical activity score 810.4 ± 968.8 1027.3 ± 1131.1 848.9 ± 984.7 895.5 ± 968.8

Table 1.  Descriptive characteristics of all girls aged 8-13 years and by tertiles of total body fat mass 

b Indicates significant (p  < 0.05) difference between the lowest and highest tertile, ANOVA. 

Presented as mean (SD) unless noted otherwise. 

c Indicates significant (p  < 0.05) difference between the middle and highest tertile, ANOVA.

a Indicates significant (p  < 0.05) difference between the lowest and middle tertile, ANOVA.

BMI = body mass index; MCSA = muscle cross-sectional area

Tertiles of total body fat mass (TBFM)
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TBFM
Femur 
length

Femur 
MCSA

Maturity 
offset

Tanner 
stage

Physical 
activity 

Ethnicity

Femur (4%)

     TrabBMD     0.20
a     0.10     0.33

a
    0.23

a     0.12     0.09    -0.03

     Pcir     0.46
a

    0.69
a

    0.69
a

    0.77
a

    0.53
a     0.12    -0.01

     BSI     0.41a     0.49a     0.67a     0.62a     0.41a     0.14a     0.06

Femur (20%)

     CortBMD     0.02     0.09     0.06     0.17a     0.18a    -0.02     0.11

     Pcir     0.51a     0.72a     0.75a     0.79a     0.56a     0.16a     0.03

     SSI     0.52
a

    0.77
a

    0.80
a

    0.85
a

    0.61
a

    0.18
a     0.08

TBFM
Tibia 
length

Tibia 
MCSA

Maturity 
offset

Tanner 
stage

Physical 
activity 

Ethnicity

Tibia (4%) 

     TrabBMD     0.26a     0.14a     0.36a     0.23a     0.18a     0.12    -0.01

     Pcir     0.48
a

    0.72
a

    0.77
a

    0.77
a

    0.52
a

    0.13
a     0.02

     BSI     0.48a     0.50a     0.72a     0.63a     0.47a     0.21a     0.04

Tibia (66%)     

     CortBMD     0.15
a

    0.19
a

    0.24
a

    0.40
a

    0.40
a     0.06     0.14

a

     Pcir     0.50a     0.72a     0.76a     0.70a     0.47a     0.20a    -0.04

     SSI     0.55
a

    0.73
a

    0.82
a

    0.81
a

    0.57
a

    0.19
a     0.06

Table 2.  Bivariate relationships between pQCT bone outcomes and predictors of bone parameters

TBFM = total body fat mass (kg); MCSA = muscle cross-sectional area (mm2); TrabBMD = 

trabecular volumetric bone mineral density (mg/cm3);  Pcir = periosteal circumference (mm); BSI = 

bone strength index (mg
2
/mm

4
); CortBMD = cortical volumetric bone mineral density (mg/cm

3
); 

SSI = strength-strain index (mm3).
a p  < 0.001; Pearson’s r for continuous and Spearman’s rho for categorical variables.  
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Model
a

Model
b

pQCT β p β p R
2 β p β p R

2

4% Femur

     TrabBMD 0.01 0.98 0.21  <0.001 0.11    -0.01     0.92    0.36   <0.001 0.12

     Pcir 0.06 0.18 0.46  <0.001 0.47     0.01     0.74     0.24   <0.001 0.63

     BSI 0.01 0.91 0.42  <0.001 0.44    -0.03     0.60     0.47   <0.001 0.47

20% Femur   

     CortBMD   -0.02 0.76 0.02    0.64 0.01    -0.09     0.16    -0.09     0.16 0.06

     Pcir 0.04 0.11 0.52  <0.001 0.56     0.06     0.12     0.32   <0.001 0.70

     SSI 0.04 0.32 0.52  <0.001 0.65    -0.01     0.92     0.37   <0.001 0.81

4% Tibia  

     TrabBMD 0.06 0.29 0.26  <0.001 0.12     0.08     0.18    0.43   <0.001 0.14

     Pcir   -0.01 0.77 0.48  <0.001 0.59    -0.02     0.66    0.45   <0.001 0.67

     BSI 0.05 0.25 0.48  <0.001 0.51     0.06     0.18     0.55   <0.001 0.53

66% Tibia   

     CortBMD 0.01 0.98 0.15    0.01 0.05    -0.04     0.45   -0.23     0.01 0.25

     Pcir 0.03 0.44 0.50  <0.001 0.58     0.05     0.16     0.53   <0.001 0.68

     SSI 0.05 0.17 0.55  <0.001 0.68     0.05     0.11     0.45   <0.001 0.76

b 
Model Covariates: Total body fat mass, muscle cross-sectional area, maturity, bone length, physical activity, ethnicity. 

Table 3.  Multiple linear regression including total body fat mass and muscle cross-sectional area as independent 
predictors of bone parameters

TBFM TBFM MCSA

TBFM = total body fat mass (kg); MCSA = muscle cross-sectional area (mm
2
); TrabBMD = trabecular volumetric 

bone mineral density (mg/cm
3
);  Pcir = periosteal circumference (mm); BSI = bone strength index (mg

2
/mm

4
); 

CortBMD = cortical volumetric bone mineral density (mg/cm
3
); SSI = strength-strain index (mm

3
).

a 
Model Covariates: Total body fat mass, muscle cross-sectional area. 

MCSA

Standarized β coefficients and p  values are presented for total body fat mass and muscle cross-sectional area.  

Adjusted R
2
 values are presented for both full models.  

Model 1
a 

Model 2
b
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Lowest                               
(n = 132)

Middle                                  
(n = 132)

Highest                               
(n = 132)

Femur (4%)

     TrabBMD 238.4 (232.6, 244.2) 235.9 (230.6, 241.1) 235.9 (230.1, 241.7)

     Pcir 123.9 (122.5, 125.3) 126.1 (124.8, 127.4) 126.5 (125.1, 127.9)

     BSI 96.8 (92.8, 100.7) 95.6 (92.0, 99.1) 96.3 (92.4, 100.3)

Femur (20%)

     CortBMD 1046.3 (1042.1, 1050.5) 1045.6 (1041.8, 1049.5) 1046.0 (1041.8, 1050.2)

     Pcir 76.7 (75.8, 77.6)
a

77.7 (76.8, 78.5) 78.9 (77.8, 79.6)

     SSI 1339.4 (1306.1, 1372.6)1341.5 (1311.1, 1372.0)1376.3 (1342.9, 1409.7)

Tibia (4%) 

     TrabBMD 223.4 ± (218.6, 228.2) 218.7 (214.4, 223.1) 222.7 (217.9, 227.5)

     Pcir 85.9 (85.0, 86.9) 86.4 (85.5, 87.2) 86.5 (85.6, 87.4)

     BSI 52.1 ± (50.2, 54.0) 50.9 (49.2, 52.6) 53.1 (51.2, 55.0)

Tibia (66%)

     CortBMD 1030.5 (1025.2, 1035.8)1027.9 (1023.1, 1032.7)1030.5 (1025.2, 1035.8)

     Pcir 70.8 (70.1, 71.5)
b

71.7 (71.1, 72.4) 73.8 (72.1, 73.6)

     SSI 1162.4 (1131.3, 1193.5)1165.4 (1137.1, 1193.7)
a

1218.5 (1187.4, 1249.6)

a
 Significantly (p  < 0.05) different from highest tertile, ANCOVA. 

b
 Significantly (p < 0.01) different from highest tertile, ANCOVA. 

Table 4.  Adjusted vBMD, geometry, and strength by tertiles of total body fat mass

Presented as estimated marginal means (95% CIs) adjusted for ethnicity, maturity offset, 
physical activity score, bone length, muscle cross-sectional area (MCSA).

TrabBMD = trabecular volumetric bone mineral density (mg/cm
3
); Pcir = periosteal 

circumference (mm); BSI = bone strength index (mg
2
/mm

4
); CortBMD = cortical volumetric 

bone mineral density (mg/cm
3
); SSI = strength-strain index (mm

3
).  

Tertiles of total body fat mass (TBFM)
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FIGURES 
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FIGURE LEGENDS  

 

Figure 1.  Adjusted femur (a) and tibia (b) pQCT bone parameter to body mass ratios for 

tertiles of TBFM normalized to the middle tertile after being divided by total body mass.  

Differences in outcome values among tertiles of TBFM were evaluated by ANCOVA 

using MCSA, maturity offset, bone length, physical activity score, and ethnicity as 

covariates. TrabBMD = trabecular volumetric bone mineral density (mg/cm3); Pcir = 

periosteal circumference (mm); BSI = bone strength index (mg2/mm4); CortBMD = 

cortical volumetric bone mineral density (mg/cm3); SSI = strength-strain index (mm3).   

a Significantly (p < 0.001) different from lowest and highest tertiles.  

b Significantly (p < 0.001) different from lowest and middle tertiles.  
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ABSTRACT 

 Childhood obesity is an established risk factor for metabolic disease.  The 

influence of obesity on bone development, however, remains controversial, and may 

depend on the pattern of regional fat deposition.  Therefore, we examined the 

associations of regional fat compartments of the calf and thigh with weight-bearing bone 

strength in girls.  Data from 444 girls aged 9–12 years from the “Jump-In: Building 

Better Bones” study were analyzed.  Peripheral quantitative computed tomography 

(pQCT) was used to assess bone parameters at metaphyseal and diaphyseal sites of the 

femur and tibia along with subcutaneous adipose tissue (SAT, mm2) and muscle density 

(mg/cm3), an index of skeletal muscle fat content.  As expected, SAT was positively 

correlated with total body fat mass (r = 0.87–0.89, p < 0.001) and muscle density was 

inversely correlated with total body fat mass (r = –0.24 to –0.28, p < 0.001).  Multiple 

linear regression analyses with SAT, muscle density, muscle cross-sectional area, bone 

length, maturity, and ethnicity as independent variables showed significant associations 

between muscle density and indices of bone strength at metaphyseal (β = 0.13–0.19, p < 

0.001) and diaphyseal (β = 0.06–0.09, p < 0.05) regions of the femur and tibia.  

Associations between SAT and indices of bone strength were non-significant at all 

skeletal sites (β = 0.03–0.05, p > 0.05), except the distal tibia (β = 0.09, p = 0.03).  In 

conclusion, skeletal muscle fat content of the calf and thigh is inversely associated with 

weight-bearing bone strength in young girls.  
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INTRODUTION  

Childhood obesity is associated with metabolic complications such as impaired 

glucose regulation, hypertension, dyslipidemia, fatty liver disease, and systemic low-

grade inflammation.72, 73  Whether obesity positively or negatively impacts skeletal 

development remains unclear.  While some studies in children and adolescents have 

reported a positive relationship between fat and bone,53, 54, 74 recent studies have shown 

that the bones of obese children are adapted to lean mass, and that excess body mass in 

the form of fat either had no additional effect or was inversely related to bone 

parameters.63-65, 75, 119  Obese children have been shown to have lower volumetric bone 

mineral density (vBMD, mg/cm3) and geometric parameters relative to their body 

mass,75, 119 which suggests a mismatch between gains in body mass and appropriate 

skeletal adaptations during growth.  Thus, obesity may contribute to suboptimal bone 

development and put obese children, who are already overrepresented in childhood 

fracture cases,31, 47 at greater risk for factures later in life.  Given the conflicting findings 

surrounding the fat-bone link and an expected increase in the prevalence of obesity and 

osteoporosis,76 it is imperative to better understand the relationship between fat and bone.  

Strong evidence in children and adults suggests a link between the pattern of 

regional adiposity, particularly visceral abdominal adipose tissue (VAT) and fat within 

skeletal muscle, and impaired glucose tolerance, insulin resistance, and type 2 diabetes 

mellitus (T2DM).77-80  The relationship between these so-called “pathogenic” fat depots 

and bone, however, is unclear.  Studies in adolescent girls and young women have shown 

that VAT is inversely associated with bone structure and strength.81, 82  Furthermore, 
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studies in older adults have shown that greater fat content within skeletal muscle predicts 

hip fracture83, 84 and is inversely associated with vBMD of the tibia.85  In a recent study of 

the relationship between regional fat deposition and bone in young children, Pollock and 

colleagues86 showed that VAT was inversely associated with total body bone mineral 

content (BMC) in prepubertal boys and girls.  Moreover, overweight prepubertal children 

with prediabetes had lower total body BMC than children without prediabetes.86  Thus, a 

negative relationship between bone and pathogenic fat depots such as VAT and fat within 

skeletal muscle may exist in children as it does in adults.  Few studies have tested this 

proposition, and to our knowledge, no studies have investigated the relationship of 

skeletal muscle fat content with weight-bearing bone status in youth.  

The purpose of this study was to examine the associations between subcutaneous 

adipose tissue (SAT) and skeletal muscle fat content of the calf and thigh with bone 

strength at metaphyseal and diaphyseal regions of the femur and tibia in girls.  A unique 

feature of the study was the use of peripheral quantitative computed tomography (pQCT) 

to differentiate tissues based on attenuation characteristics, which are directly related to 

tissue composition and density.87, 88  Controlled studies using chemical phantoms 

(surrogate “limbs” of known lipid concentration) and tissue biochemical studies using 

muscle biopsy samples have demonstrated that lower muscle density (mg/cm3), which 

can be assessed using pQCT, is a valid measure of greater fat content in skeletal 

muscle.87, 88  pQCT can also assess vBMD and bone geometry, the major determinants of 

bone strength.24  Yerges-Armstrong and colleagues85 used pQCT to assess soft tissue 

composition of the calf and vBMD of the tibia in older Afro-Caribbean men and reported 
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that SAT was not associated with vBMD, whereas an index of skeletal muscle fat content 

was inversely associated with vBMD.  Based on these observations, we hypothesized that 

calf and thigh SAT would not be associated with bone strength, whereas skeletal muscle 

fat content would be inversely associated with weight-bearing bone strength in young 

girls.  

METHODS  

Participants  

Cross-sectional data were analyzed for 444 healthy girls, aged 9–12 years, who 

were participants in the “Jump-In: Building Better Bones” study.119, 121  Girls who were in 

school grade 4 or 6 were recruited from 14 elementary and 4 middle schools around 

Tucson, Arizona.  Exclusion criteria included learning disabilities (identified by schools) 

that made it impossible to complete questionnaires or otherwise unable to comply with 

assessment protocols; medications known to affect bone, medical conditions, or a 

disability that limited participation in physical exercise as defined by the Committee on 

Sports Medicine and Fitness;123 excluded (or excused) from participation in physical 

education; and the inability to read and understand English.  The protocol was approved 

by the University of Arizona Human Subjects Protection Committee and the study was 

conducted in accordance with the Helsinki Declaration.  All guardians and girls provided 

written informed consent.  

Covariates 

Guardians completed a questionnaire that inquired about participant ethnicity and 

race.  Measures of height and body mass were obtained to the nearest 0.1 cm and 0.1 kg, 
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respectively.  Non-dominant femur length (nearest mm) was measured from the base of 

the patella to the inguinal crease.  Non-dominant tibia length (nearest mm) was measured 

from the proximal end of the medial border of the tibial plateau to the distal edge of the 

medial malleolus.  Coefficients of variation (CVs) for femur and tibia lengths were 

0.34% and 0.51%, respectively (n = 444).  Maturity was assessed from self-report (with 

assistance available) of breast development based on Tanner stages.  The questionnaire 

presents illustrations of stages of development and has been validated130 and shown to 

agree with physician exam and grading.  Although Tanner staging is common in 

developmental studies, its ability to accurately assess maturation is limited.131  

Consequently, we also used an alternate index of maturation (maturity offset), based on 

estimated years from peak height velocity (PHV) using Mirwald’s equation132 which was 

derived from data from a six-year longitudinal study in boys and girls.20  In Mirwald’s 

sample, the maturity offset equation for girls explained 89% of the variance in years from 

PHV.132  

Bone and soft tissue composition  

Bone geometry and vBMD were assessed at the 4% and 20% femur and 4% and 

66% tibia sites relative to the respective distal growth plates of the non-dominant limb 

using pQCT (XCT 3000; STRATEC Medizintechnik GmbH, Pforzheim, Germany, 

Division of Orthometrix; White Plains, NY).  Scout scans were performed to locate the 

distal growth plates, with the scanner programmed to subsequently find the sites of 

interest.  Operators were trained for pQCT data acquisition and analyses following 

guidelines provided by Bone Diagnostics, Inc. (Fort Atkinson, WI).  A single operator 



162 
 

 
 

performed all pQCT scans and a second investigator (JNF) performed all scan analyses 

using Stratec software, Version 6.0.  At the distal metaphyseal regions of the femur and 

tibia, Contour mode 3 (169 mg/cm3) was used to measure total bone and Peel mode 4 

(650 mg/cm3 with a 10% peel) was used to ensure that only trabecular bone remained.  

Because of the difficulties in interpreting metaphyseal bone density measurements from a 

single slice,138 three pQCT slices were averaged at the distal 4% femur and tibia regions.  

At the diaphyseal 20% femur and 66% tibia sites, Contour mode 1 (710 mg/cm3) and 

Cort mode 2 (710 mg/cm3) were used.  Further details on image processing, calculations, 

and analysis, including descriptions of Contour, Peel, and Cort modes are published 

elsewhere.139  Slice thicknesses were 2.3 mm and voxel sizes were set at 0.4 mm.  

Scanner speed was set at 25 mm/second.  Bone strength index (BSI, mg2/mm4), 

calculated as described by Kontulainen,23 was assessed at the 4% femur and tibia sites, 

while strength-strain index (SSI, mm3), calculated as described by Macdonald,114 was 

assessed at the 20% femur and 66% tibia sites.  BSI estimates the bone’s ability to 

withstand compression at metaphyseal sites, while SSI is used to estimate the bone’s 

ability to resist torsion and bending forces at diaphyseal sites.  CVs previously reported in 

our laboratory119, 121 were <1.1% for vBMD, bone geometry, and indices of bone strength 

(BSI, SSI).  

Regional soft tissue composition was assessed at the 20% femur (thigh) and 66% 

tibia (calf) sites relative to the respective distal growth plates of the non-dominant limb 

using pQCT.  Edge detection and threshold techniques were used to separate tissues (i.e., 

adipose, muscle, and bone) based on attenuation characteristics, which are directly related 



163 
 

 
 

to tissue composition and density.87, 88  Images were filtered prior to being analyzed using 

Contour mode 3 (-101 mg/cm3) and Peel mode 2 (40 mg/cm3) to separate adipose (<40 

mg/cm3) and muscle/bone (≥40 mg/cm3), respectively.  Images were subsequently 

filtered with a 7 x 7 image filter that clearly defined the edge of the muscle and 

eliminated all bone above 120 mg/cm3, ensuring that muscle density was a direct result of 

the soft tissue within the edge of the muscle.  Although this technique does not 

distinguish between intra- and extra-myocellular fat compartments, controlled studies 

have clearly established that a lower muscle density is an indicator of a higher skeletal 

muscle fat content.87, 88  Thus, we used muscle density as a composite index of fat content 

within the intra- and extra-myocellular stores.  Soft tissue parameters obtained at the calf 

and thigh regions included muscle cross-sectional area (MCSA, mm2), muscle density 

(mg/cm3), and SAT (mm2).  CVs for MCSA, muscle density, and SAT at the calf region 

were 1.4%, 0.9%, and 3.4%, respectively, while CVs for the same parameters at the thigh 

region were 1.2%, 0.4%, 4.2%, respectively.  Total body mass, total body fat mass, and 

percent total body fat were obtained from whole body DXA scans using the GE Lunar 

Prodigy (software version 5.60.003) fan-beam densitometer (GE Lunar Corp, Madison, 

WI, USA).  Subjects were positioned following standard GE/Lunar protocols.  DXA CVs 

and precision in our laboratory have been reported.140  

Statistical analysis 

Data were checked for outliers and normality using histograms and all variables 

were tested for skewness and kurtosis.  BSI and SSI were moderately skewed.  We ran 

both log transformed and untransformed analyses and all results were similar; thus, we 
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report the untransformed data for clarity.  Tertiles were used to divide the sample into 

three groups (thirds) based on total body fat mass and ANOVA was used to detect 

differences in SAT and muscle density of the calf and thigh among total body fat mass 

groups.  Bivariate correlations using Pearson’s r for continuous and Spearman’s rho for 

categorical variables were computed to examine relationships between maturity offset, 

ethnicity, and anthropometric characteristics and pQCT measures of fat, muscle, and 

indices of bone strength (BSI, SSI).  To examine the independent associations between 

SAT and muscle density and indices of bone strength (BSI, SSI), multiple linear 

regression was used to regress indices of bone strength on SAT and muscle density, while 

controlling for MCSA, bone length, maturity offset, and ethnicity.  To protect against 

colinearity between MSCA and total body lean mass, which are highly correlated (femur: 

r = 0.86; tibia: r = 0.88), only MCSA was included in regression models, since past work 

has shown that bone strength in children should be interpreted relative to the loads 

(mainly skeletal muscle forces) typically imposed on the skeleton.26  Tertiles were 

subsequently used to divide the sample into thirds based on SAT and muscle density 

assessed at the calf and thigh regions.  Differences in indices of bone strength among 

thirds of SAT and muscle density were tested using ANCOVA, after adjusting for 

MCSA, bone length, maturity offset, and ethnicity.  Outcome values were normalized to 

the middle group by setting the middle group values to 1.0 and lower and higher values to 

<1.0 and >1.0, respectively.  Normalization of values was necessary due to the 

differences in units among pQCT variables.  Bonferroni post hoc tests were used to adjust 

for multiple comparisons.  Covariates included in the regression and ANCOVA analyses 
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were chosen based on known biological and biomechanical relations to bone parameters 

described previously.119  We repeated all analyses substituting maturity offset with 

Tanner stage and also conducted analyses within maturity offset and Tanner stage 

categories [maturity offset < 0 years from PHV and ≥ 0 years from PHV; Tanner stage I 

(pre-pubertal), Tanner stage II–III (early pubertal)].  All results were similar, thus, we 

only report analyses that included maturity offset based on its greater association with 

indices of bone strength in this sample.119  All analyses were performed using The 

Statistical Package for the Social Sciences for Windows, Version 18.0 (SPSS, Chicago, 

IL, USA).  

RESULTS 

  Descriptive characteristics are shown in Table 1.  Sample ethnicity was 22% 

Hispanic and 78% non-Hispanic.  Sample race was 89% white, 6% Asian, 3% black or 

African American, 0.5% Native American or Alaska Native, 1% Native Hawaiian or 

other Pacific Islander, and 0.5% others.  Based on U.S. National Center for Health 

Statistics/Centers for Disease Control and Prevention percentiles for body mass index 

(BMI, kg/m2),124 3% of the sample was underweight (BMI <5th percentile), 75% of the 

sample was healthy weight (BMI 5th–85th percentile), 15% of the sample was 

overweight (BMI 85th–95th percentile), and 7% of the sample was obese (BMI >95th 

percentile).  Tanner stage distributions for the total sample were 31% prepubertal (stage I, 

n = 139) and 69% early pubertal (stages II–III, n = 305).  Maturity offset values indicated 

that girls were on average 1.1 years from PHV, with a range from 3.2 years prior to PHV 

to 1.4 years post PHV.  
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At both the calf and thigh regions, SAT was positively correlated with total body 

fat mass (r = 0.87–0.89, p < 0.001), while muscle density was inversely correlated with 

total body fat mass (r = –0.24 to –0.28, p < 0.001).  Unadjusted values of calf and thigh 

SAT and muscle density are shown in Figure 1 by thirds of DXA total body fat mass.  

Calf and thigh SAT increased (all p values < 0.001) across levels of total body fat mass.  

Calf and thigh muscle density decreased across levels of total body fat mass, indicating 

that higher skeletal muscle fat content was associated with higher total body fat mass.  At 

both the calf and thigh regions, significant differences in muscle density were found 

between the highest and middle thirds of total body fat mass (all p values < 0.01) and 

between the highest and lowest thirds of total body fat mass (all p values < 0.001).  

Unadjusted bivariate correlations (Pearson’s r) showed that SAT was inversely 

correlated with muscle density (r = –0.23 to –0.24, all p values < 0.001) at both the calf 

and thigh regions.  SAT and MCSA of the calf and thigh were moderately correlated (r = 

0.37–0.42, p < 0.001), while correlations were lower between muscle density and MCSA 

of the calf (r = 0.05, p > 0.05) and thigh (r = 0.21, p < 0.001).  There were moderate to 

strong correlations between maturity and anthropometric characteristics and pQCT 

measures of SAT, MCSA, and indices of bone strength (BSI, SSI) (Table 2).  Lower 

correlations were found between maturity and anthropometric characteristics and muscle 

density (Table 2).  

Multiple linear regression with SAT, muscle density, MCSA, bone length, 

maturity offset, and ethnicity as independent variables showed independent associations 

between muscle density and BSI at distal metaphyseal regions of the femur (β = 0.13, p < 
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0.001) and tibia (β = 0.19, p < 0.001) and SSI at diaphyseal regions of the femur (β = 

0.06, p < 0.05) and tibia (β = 0.09, p < 0.01) (Table 3).  Lower associations were 

observed between SAT and BSI at distal metaphyseal regions of the femur (β = 0.05, p > 

0.05) and tibia (β = 0.09, p = 0.03) and SSI at diaphyseal regions of the femur (β = 0.04, 

p > 0.05) and tibia (β = 0.03, p > 0.05).  Analyses within maturity categories [maturity 

offset < 0 years from PHV (PRE) and ≥ 0 years from PHV (POST); and Tanner stage I 

(prepubertal), Tanner stages II–III (early pubertal)] gave similar results and did not 

markedly change the magnitude or direction of the observed relationships between SAT 

and muscle density and indices of bone strength (data not shown).  

Comparisons of indices of bone strength across thirds of muscle density and SAT 

of the calf and thigh were performed using ANCOVA, after adjusting for MCSA, bone 

length, maturity offset, and ethnicity (Figure 2).  BSI at distal metaphyseal sites of the 

femur and tibia was 5.8% (p < 0.01) and 9.0% (p < 0.001) lower, respectively, in the 

lowest compared with the highest third of muscle density.  Similarly, SSI at the 

diaphyseal sites of the femur and tibia was 3.5% (p < 0.05) and 4.7% (p < 0.01) lower, 

respectively, in the lowest compared with the highest third of muscle density.  No 

significant differences in indices of bone strength were found across any levels of SAT 

(all p values > 0.05).  

DISCUSSION 

Skeletal muscle fat deposition is an important aspect of body composition that is 

altered in obesity and is associated with metabolic complications such as impaired 

glucose tolerance and insulin resistance.77-80  Observations in older adults that greater fat 
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content in skeletal muscle predicts hip fracture83, 84 and is inversely related with vBMD85 

have stimulated interest in better understanding the relationship between regional fat 

deposition and bone status.  To our knowledge, this is the first study to investigate the 

relationship between local skeletal muscle fat content (calf and thigh) and weight-bearing 

bone status in youth.  We found that, independent of other key determinants of bone 

parameters in youth (i.e., MCSA, bone length, maturity, and ethnicity), higher skeletal 

muscle fat content of the calf and thigh was inversely associated with weight-bearing 

bone strength in young girls, whereas subcutaneous fat was a weaker determinant of bone 

strength.  

Only one other study85 has examined the relationship between fat distribution of 

the calf with vBMD of the tibia.  In that study, Yerges-Armstrong et al.85 used pQCT to 

show that higher skeletal muscle fat content in older Afro-Caribbean men was inversely 

related to trabecular and cortical vBMD of the tibia.  Our findings are consistent with 

those of Yerges-Armstrong et al,85 although a potential limitation of their study was that 

the independent association of skeletal muscle fat content with vBMD was not tested 

after adjusting for MCSA.  Since muscle mass and size are strongly associated with bone 

parameters throughout life, and aging entails loss of muscle in addition to increased fat 

infiltration of skeletal muscle,80 it would be important to include MCSA as a covariate in 

the analyses.  Nonetheless, our findings, together with Yerges-Armstrong et al.,85 suggest 

that greater skeletal muscle fat content may have negative consequences for bone status 

in youth and older adults. 
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Our findings showed a stronger inverse relationship between skeletal muscle fat 

content  and distal metaphyseal regions of the femur and tibia, which are primarily 

comprised of trabecular as compared with cortical bone.  We previously reported in this 

sample that lower trabecular vBMD at metaphyseal regions of the femur and tibia is 

associated with prior fracture.121  Thus, excess fat within skeletal muscle may retard 

optimal bone development and be a risk factor for fractures at metaphyseal regions of 

long bones in girls.  We also found a persistent, although weak association between SAT 

and bone strength, which is consistent with findings of Yerges-Armstrong et al.85 and the 

results previously reported in our sample for total body fat mass.119  These findings 

suggest that total body fat and subcutaneous fat are weak determinants of bone strength 

after adjusting for important covariates with known biological and biomechanical 

relations to bone parameters in youth (i.e., MCSA, bone length, maturity, and ethnicity).  

Potential mechanisms exist for both a positive and negative fat-bone relationship,8 

although mounting evidence suggests that central adiposity and insulin resistance have 

negative consequences for bone and may be involved in the pathogenesis of 

osteoporosis.9  Hormones secreted from intra-abdominal adipocytes pass through the 

liver before entering the general circulation,165 which has implicated VAT tissue in the 

pathogenesis of T2DM and may explain why recent studies in prepubertal children,86 

adolescent girls,81 and young women82 found inverse relationships between VAT and 

bone parameters.  Several lines of evidence suggest that insulin resistance is the common 

link between the inverse association between greater skeletal muscle fat content and 

bone.  First, patients with T2DM have a higher incidence of fragility fractures.146  Second, 
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studies in children and adults have revealed a strong link between fat within skeletal 

muscle, particularly intramyocellular fat stores, and impaired glucose tolerance, insulin 

resistance, and T2DM.77-80   Indeed, fatty infiltration of skeletal muscle results in the 

accumulation of intracellular lipid metabolites (i.e., long-chain fatty acyl-CoA, 

diacylglycerol, and ceramide),166 which have been shown to directly impair signaling 

pathways implicated in insulin resistance and T2DM.165  Third, osteoblasts express a 

functional insulin receptor and binding of insulin to the insulin receptor on osteoblasts is 

necessary for bone development.167  Indeed, Fulzele and colleagues167 recently showed 

that mice lacking the insulin receptor on osteoblasts have compromised bone 

development due to deficient numbers of osteoblasts.  In toto, these findings suggest that 

fat infiltration within skeletal muscle elevates intracellular lipid metabolites, which may 

act to impair insulin signaling, osteoblast function, and bone formation.  The inverse 

relationship between skeletal muscle fat content and bone parameters may also be a result 

of reduced muscle quality and physical inactivity which could contribute to decreased 

skeletal loading, a critical osteogenic stimulus throughout life.24  Further studies are 

needed to elucidate the mechanisms underlying the inverse relationship between skeletal 

muscle fat content and bone status. 

The present study was not without limitations.  First, the cross-sectional design 

makes it impossible to establish a causal relationship between skeletal muscle fat content 

and reduced bone strength.  Secondly, the study was limited to pre- and early-pubertal 

girls, and the results may not generalize to other populations.  Most previous studies have 

used a single CT slice of the midthigh to assess adipose compartments.  Our study 
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obtained single slices at the 20% femur and 66% tibia sites relative to the respective 

distal growth plates of the non-dominant limb.  These regions have smaller depots of 

adipose tissue than at the midthigh, a potential limitation, although strong correlations 

among adipose compartments of the calf and thigh have been reported using magnetic 

resonance imaging (MRI).153  A final limitation is that the pQCT device used in this study 

does not distinguish between intra- and extra-myocellular fat compartments.  

Nevertheless, a more accurate measure of intramyocellular fat content would have likely 

lead to an even stronger inverse association between fat content within skeletal muscle 

and bone strength.  While it is desirable to measure both compartments, they are expected 

to be significantly intercorrelated and correlated with total fat content.  Sinha et al.,77 

using 1H nuclear magnetic resonance spectroscopy, showed that both intra- and extra-

myocellular fat stores are significantly increased in obese compared with non-obese 

youth and that insulin resistance is significantly correlated with both intra- (r = 0.72) and 

extra-myocellular (r = 0.68) fat content.  In addition, VAT was shown to be significantly 

associated with both intra- (r = 0.73) and extra-myocellular (r = 0.86) fat content.77  

Taken together, these findings suggest that both intra- and extra-myocellular fat stores are 

related to central adiposity and insulin resistance, and composite indices of both intra- 

and extra-myocellular fat stores should provide useful indices of fat content within 

skeletal muscle.  While MRI has better contrast resolution than pQCT, its high cost 

prevents its use in large samples.  pQCT, because of its relative low cost, fast speed, and 

low radiation dose, has promise for application in future large-scale studies.  These 

features make pQCT uniquely suited to safely estimate regional fat compartments of the 
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calf and thigh in addition to assessing vBMD and bone geometry, the major determinants 

of bone strength.24  Future applications of this technique should help to further clarify the 

relationship between skeletal muscle fat content and bone.  

In conclusion, we found that skeletal muscle fat content of the calf and thigh was 

associated with lower bone strength at trabecular and cortical regions of the femur and 

tibia in girls, independent of key determinants of bone parameters in youth (i.e., MCSA, 

bone length, maturity, and ethnicity).  In contrast, subcutaneous fat of the calf and thigh 

was a weaker determinant of bone strength.  Importantly, these findings are consistent 

with those observed in older adults85 and suggest that greater skeletal muscle fat content 

may be a marker for suboptimal bone development in females, at least, as early as the 

peri-pubertal years.  Additional studies are needed to characterize the possible 

mechanisms underlying the inverse relationship between skeletal muscle fat content and 

bone status.  
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TABLES 

 

Age (years) 10.7 ± 1.1

Menarche (%; Post)

Tanner stage (%; 1/2/3)

Maturity offset (years) -1.1 ± 1.0

Body mass (kg) 39.3 ± 9.6

Height (cm) 144.9± 9.2

Femur length (cm) 34.2 ± 2.9

Tibia length (cm) 33.3 ± 2.6

BMI (kg/m
2
) 18.5 ± 3.1

Lean mass (kg) 25.8 ± 4.8

Fat mass (kg) 11.2 ± 5.8

Fat mass (%) 27.8 ± 8.2

Thigh SAT (mm
2
) 2627.0± 1437.7

Thigh muscle density (mg/cm
3
) 76.3 ± 1.4

Femur BSI (mg
2
/mm

4
) 95.6 ± 26.6

Femur SSI (mm
3
) 1352.1± 367.5

Calf SAT (mm
2
) 1515.0± 770.4

Calf muscle density (mg/cm
3
) 78.9 ± 1.2

Tibia BSI (mg
2
/mm

4
) 52.0 ± 14.1

Tibia SSI (mm
3
) 1181.1± 318.5

SAT = subcutaneous adipose tissue; BSI = bone 
strength index; SSI = strength-strain index.

Table 1.  Sample descriptive characteristics

Total sample                     
(n = 444)

           10

       31/34/35

Values are presented as mean ± SD or percent.
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Height
Body   
mass BMI

Femur 
length

Tibia 
length Maturity Ethnicity

Thigh SAT     0.23
a

    0.72
a

    0.85
a

    0.22
a

    0.22
a

    0.34
a     0.03

Thigh muscle density     0.15
a    -0.07    -0.21

a
    0.20

a
    0.11

a
    0.14

a    -0.06

Thigh MCSA     0.61
a

    0.78
a

    0.65
a

    0.56
a

    0.52
a

    0.67
a    -0.01

4% Femur BSI     0.53
a

    0.62
a

    0.47
a

    0.45
a

    0.46
a

    0.59
a     0.01

20% Femur SSI     0.82
a

    0.78
a

    0.49
a

    0.76
a

    0.73
a

    0.82
a     0.06

Calf SAT     0.20
a

    0.70
a

    0.83
a

    0.17
a

    0.21
a

    0.29
a     0.01

Calf muscle density     0.10
a    -0.09    -0.20

a
    0.10

a     0.05     0.10
a    -0.09

Calf MCSA     0.69
a

    0.85
a

    0.69
a

    0.58
a

    0.59
a

    0.76
a    -0.03

4% Tibia BSI     0.53
a

    0.65
a

    0.51
a

    0.46
a

    0.45
a

    0.57
a    -0.01

66% Tibia SSI     0.77
a

    0.78
a

    0.53
a

    0.71
a

    0.69
a

    0.77
a     0.03

Table 2.  Bivariate correlations between anthropometric characteristics, maturity, ethnicity and pQCT 
measures of fat, muscle, and indices of bone strength (BSI, SSI) in young girls 

SAT = subcutaneous adipose tissue (mm
2
); MCSA = muscle cross-sectional area (mm

2
); BSI = bone 

strength index (mg
2
/mm

4
); SSI = strength-strain index (mm

3
).

a
 Significant, p  < 0.05; Pearson's r for continous and Spearman's rho for categorical variables.  
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β p β p β p β p

Muscle density    0.134  <0.001    0.064    0.009    0.193  <0.001    0.086    0.002

SAT    0.047    0.237    0.037    0.152    0.085    0.029   0.025    0.396

MCSA    0.439  <0.001    0.341  <0.001    0.566  <0.001    0.468  <0.001

Bone length   -0.138    0.019    0.257  <0.001    0.049    0.383    0.242  <0.001

Maturity offset    0.375  <0.001    0.365  <0.001    0.057    0.410    0.209  <0.001

Ethnicity    0.008    0.809    0.061    0.007    0.046    0.169    0.056    0.028

Standardized β coefficient and p values are presented for independent predictors of indices of bone strength.  

BSI = bone strength index (mg
2
/mm

4
); SSI = strength-strain index (mm

3
); SAT = subcutaneous adipose 

tissue (mm
2
); MCSA = muscle cross-sectional area (mm

2
).

Independent 
variables

Table 3.  Multiple linear regression models with indices of femur and tibia bone strength (BSI, SSI) as 
dependent variables in young girls

Tibia 4% BSI Tibia 66% SSIFemur 4% BSI Femur 20% SSI
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FIGURES 

Figure 1  
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Figure 2  
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FIGURE LEGENDS  

 

Figure 1.  Subcutaneous adipose tissue (A) (SAT, mm2) and muscle density (B) 

(mg/cm3) of the calf and thigh by thirds of total body fat mass (kg) in young girls.  

Values are unadjusted means ± SE.  Tertiles were defined as ≤ 7.2, 7.3 to 11.6, and ≥ 11.7 

kg, respectively.  Group differences were analyzed using ANOVA.  Bonferroni post hoc 

tests were used to adjust for multiple comparisons.  a Significantly (p < 0.001) different 

from middle group. b Significantly (p < 0.001) different from highest group. c 

Significantly (p < 0.001) different from lowest group. d Significantly (p < 0.01) different 

from highest group. 

 

Figure 2. Estimated marginal means ± SE for tibia bone strength index (BSI, mg2/mm4) 

and strength-strain index (SSI, mm3) by thirds of subcutaneous adipose tissue (A) (SAT, 

mm2) and muscle density (B) (mg/cm3) of the calf and thigh.  Outcome values were 

normalized to the middle group by setting the middle group values to 1.0 and lower and 

higher values to <1.0 and >1.0, respectively.  Normalization of values was necessary due 

to the differences in units among pQCT outcome variables.  Group differences were 

evaluated by ANCOVA using MCSA, bone length, maturity offset, and ethnicity as 

covariates. a Significantly (p < 0.001) different from highest group. b Significantly (p < 

0.01) different from highest group. c Significantly (p < 0.05) different from lowest group. 
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ABSTRACT 

 Physical activity (PA) is critical for maximizing bone development during 

growth.  However, there is no consensus on how well existing PA measurement tools 

predict bone strength.  Purpose: Compare four methods of quantifying physical activity 

(PA) (pedometer, 3-day physical activity recall (3DPAR), bone-specific physical activity 

questionnaire (BPAQ), and past year physical activity questionnaire (PYPAQ)), in young 

girls and evaluate their ability to predict indices of bone strength.  Methods: 329 girls 

aged 8–13 years completed a pedometer assessment, the 3DPAR, the BPAQ, and a 

modified PYPAQ.  Peripheral quantitative computed tomography (pQCT) was used to 

assess bone strength index (BSI) at metaphyseal (4% distal femur and tibia) sites and 

strength-strain index (SSI) at diaphyseal (femur = 20%, tibia = 66%) sites of the non-

dominant leg.  Correlations and hierarchical multiple regression were used to assess 

relationships among PA measures and indices of bone strength.  Results:  After 

adjustment for maturity, correlations between PA measures and indices of bone strength 

were positive, although low (r = 0.01–0.20).  Regression models that included covariates 

(maturity, body mass, leg length, and ethnicity) and PA variables showed that PYPAQ 

score was significantly (P < 0.05) associated with BSI and SSI at all sites and explained 

more variance in BSI and SSI than any other PA measure.  Pedometer steps were 

significantly (P < 0.05) associated with metaphyseal femur and tibia BSI and 3DPAR 

score was significantly (P < 0.05) associated with metaphyseal femur BSI.  BPAQ score 

was not significantly (P > 0.05) associated with BSI or SSI at any sites.  Conclusion: A 
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modified PYPAQ that accounts for the duration, frequency, and load of PA predicted 

indices of bone strength better than other PA measures.   

Key Words: bone geometry; exercise; female; pQCT; youth 
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INTRODUCTION  

Activity type and dose are critical factors underlying the osteogenic effect of 

physical activity (PA).  As emphasized in the most recent American College of Sports 

Medicine position stand on PA and bone health,89 activities that involve high strain 

magnitudes90 and greater loading frequencies91 are most effective for optimizing the 

osteogenic response during growth, which is the most opportune time to modify bone 

mass and geometry.92  However, despite the well known favorable effects of certain types 

of PA on bone, few studies have tested the ability of existing PA measurement tools to 

predict bone strength in youth.  Moreover, whether standardized methods that quantify 

the loading component of PA predict bone strength better than other methods remains 

unclear.  

Recently, the bone-specific physical activity questionnaire (BPAQ) was 

developed by Weeks and Beck93 to record both current and historical PA.  Load values 

based on ground reaction forces (GRFs) associated with common sports and activities 

were incorporated into BPAQ algorithms to increase the contribution of high-impact 

activities to the overall score.  The algorithms also weighed factors such as age and 

weekly frequency of PA participation.  The current (past 12 months) component of the 

BPAQ was shown to predict femoral neck, lumbar spine, and whole body areal bone 

mineral density (aBMD, g/cm2) measured by dual-energy X-ray absorptiometry (DXA) 

in men, but not in women, while the historical component predicted calcaneal broadband 

ultrasound attenuation (BUA) in women.93  In contrast, other measures of PA such as the 

bone loading history questionnaire (BLHQ),94 the Bouchard 3-day activity record 
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(3DR),95 the modifiable activity questionnaire (MAQ),96 and pedometer steps were not 

predictive of aBMD and BUA.93  One limitation of the BPAQ algorithms is that they 

were developed and tested in a small sample (n = 40) of adults, and therefore, may not 

predict bone parameters in other populations (e.g., children and adolescents).  Another 

limitation of the BPAQ algorithms is that they were developed using DXA and BUA, 

which do not assess bone geometry.  Measures of bone geometry are crucial because 

small changes in the shape of bone (e.g. an increase in the outer circumference) can 

dramatically increase its strength.24  Lastly, although the historical component of the 

BPAQ accounts for the duration of years of training, the current component (past 12 

months) does not account for the average duration of minutes per training session.  While 

increasing the years of training history is known to be osteogenic,97, 98 we found only one 

study that addressed the osteogenic effect of increasing the duration of a typical training 

session.99  One reason this question has received insufficient attention may be because 

studies in animals have shown that the osteogenic response to loading saturates relatively 

quickly.100, 101  Based on these studies, prolonging the duration of a single training session 

is less likely to be osteogenic.  However, animal studies have also shown that increased 

duration (e.g., increased number of loading cycles) can continue to stimulate bone 

formation as long as the distribution of strain is altered throughout the loading session,102 

which is predominately the case during most activities in free-living humans.  Thus, 

increasing the duration of the average training session may be an important osteogenic 

stimulus that has been overlooked.  
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The past year physical activity questionnaire (PYPAQ) is a validated 

questionnaire103 which can be used to survey sport and leisure-time PA.  Shedd et al.104 

used a modified version of the PYPAQ to assess PA in postmenopausal women and 

developed a bone-relevant PYPAQ algorithm that incorporates PA duration (defined as 

average minutes/session), frequency (sessions/week), and load (peak strain score105).  The 

PYPAQ algorithm predicted volumetric bone mineral density (vBMD) and geometry 

assessed by peripheral quantitative computed tomography (pQCT) in postmenopausal 

women.104  However, the ability of the PYPAQ algorithm to predict bone parameters of 

children and adolescents has not been studied.  

Given the need to quantify PA type and dose in studies of the effects of PA on 

bone, we sought to compare the ability of the BPAQ and the modified PYPAQ along 

with other common measures of PA in youth (3-day physical activity recall (3DPAR134) 

and pedometer) to predict bone strength in girls after controlling for important covariates 

known to influence bone parameters during growth.  We hypothesized that PA 

assessment tools that account for bone loading (i.e. BPAQ and modified PYPAQ) would 

predict bone strength better than common PA measures (i.e. 3DPAR and pedometer) that 

give more global estimates of PA.  Furthermore, we hypothesized that of the two PA 

measures that account for bone loading, the modified PYPAQ would be a better predictor 

of bone strength than the BPAQ because it accounts for duration in addition to the 

frequency and load of each activity reported.  
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METHODS 

The sample included 329 healthy girls, aged 8–13 years, who were participants in 

the “Jump-In: Building Better Bones” study.  The long-term goal of the Jump-In study is 

to prospectively assess the effects of high-impact jumping exercises on bone macro-

architecture in prepubescent and early pubescent girls.  Girls who were in school grade 4 

or 6 were recruited from 14 elementary and 4 middle schools around Tucson, Arizona.  

Exclusion criteria included learning disabilities (identified by schools) that made it 

impossible to complete questionnaires or otherwise unable to comply with assessment 

protocols; medications, medical conditions, or a disability that limited participation in 

physical exercise as defined by the Committee on Sports Medicine and Fitness;123 

excluded (or excused) from participation in physical education; and the inability to read 

and understand English.  The protocol was approved by the University of Arizona Human 

Subjects Protection Committee and the study was conducted in accordance with the 

Helsinki Declaration.  All guardians and participating girls provided written informed 

consent.  After informed consent, guardians completed a health history questionnaire 

with questions on participant ethnicity and race. 

Anthropometry  

Anthropometric measures were obtained following standardized protocols.128  

Body mass was measured to the nearest 0.1 kg using a calibrated scale (Seca, Model 881, 

Hamburg, Germany) and height and sitting height were measured at full inhalation to the 

nearest mm using a stadiometer (Shorr Height Measuring Board, Olney, MD).  Non-

dominant femur length (nearest mm) was measured from the base of the patella to the 
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inguinal crease.  Non-dominant tibia length (nearest mm) was measured from the 

proximal end of the medial border of the tibial plateau to the distal edge of the medial 

malleolus.  Coefficients of variation (CVs) for femur and tibia lengths were 0.38% and 

0.13%, respectively (n = 329).  For each anthropometric variable, the mean of two 

measurements was taken.  The two measurements were repeated if the first two trials 

differed by more than 4 mm for height, sitting height and bone lengths, and 0.3 kg for 

body mass.  If repeat measures were required, the mean of the second set of measures 

was used in the analyses. 

Physical maturation 

Assessment of maturity is necessary in studies of growing children because the 

range in maturation between individuals of the same chronological age is large, 

especially during the pubertal years.132  In “Jump-In”, maturity was assessed in two ways.  

The first method relied on a self-report (with assistance available) questionnaire that 

presents illustrations of female pubertal development stages (Tanner stages).  Girls rated 

their Tanner stage based on breast development and reported their menarcheal status 

using the validated questionnaire130 that has been shown to agree well with physician 

exam and grading.  Although Tanner staging is common in developmental studies, its 

ability to accurately assess maturation may be limited.131  Consequently, maturation was 

also assessed using the method of Mirwald et al.,132 who developed gender-specific 

algorithms to predict years from peak height velocity (PHV) based on data from a six-

year longitudinal study in boys and girls.20  These algorithms incorporate interactions 

between height, weight, sitting height, leg length, and chronological age to derive a 
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maturity offset value.  The following equation from Mirwald et al.132 was used to 

estimate maturity offset in our sample of females: Maturity Offset = -9.376 + 

0.0001882·Leg Length and Sitting Height interaction + 0.0022·Age and Leg Length 

interaction + 0.005841·Age and Sitting Height interaction – 0.002658·Age and Weight 

interaction + 0.07693·Weight by Height ratio.  In Mirwald’s sample, this equation 

explained 89% of the variance in years from PHV in girls.132  

Pedometer 

After laboratory testing, subjects were instructed to wear an Omron HJ-720ITC 

(Bannockburn, IL) pedometer during all waking hours, except when in water, for the 

following 7 contiguous days.  The validity and reliability of this pedometer has been 

tested under prescribed and self-paced walking conditions.133  The pedometer features a 

dual piezoelectric sensor that detects vertical and horizontal movements.  The pedometer 

also offers PC downloading capabilities, 41-day storable memory, automatically resets at 

midnight, and displays and stores total daily steps and aerobic (higher intensity) steps.  

Aerobic steps are defined as times during which a subject walks more than 60 steps per 

minute for more than 10 minutes continuously.  Subjects were instructed to wear the 

pedometer on their waistband at the right hip because this site was recommended by the 

manufacturer, it does not interfere with daily activities, and is the most frequently used 

site in epidemiological studies.  

3-Day Physical Activity Recall (3DPAR) questionnaire 

The 3-day physical activity recall (3DPAR) questionnaire has been validated in 

girls134 and has been used previously to quantify PA in youth.135  For every 30-minute 
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time block (34 blocks/day, 17 hours/day) for the previous 3 days, participants reported 

the predominant PA and the intensity level (light, moderate, hard, or very hard) at which 

they performed the activity.  To assist the respondent, the questionnaire includes a script 

and graphics to explain the intensity of common activities.  Metabolic equivalents (MET, 

where 1 MET = 3.5 mL × kg–1 × min–1) were obtained from the Compendium of Energy 

Expenditures for youth.136  Average daily MET adjusted minutes of PA were computed 

over each of the 3 previous days using the following algorithm: 3DPAR average daily 

MET adjusted minutes = (∑ n =1–3 (∑ k =1–34 (30 minute block × MET value)))/n, where n 

= the number of days and k = the number of 30 minute blocks per day.  Pate et al.134 

reported that the 3DPAR was significantly, and moderately correlated with MTI 

(Manufacturing Technologies, Inc., Shalimar, FL) Actigraph counts (r = 0.28–0.46).  

Bone-specific Physical Activity Questionnaire (BPAQ)  

The bone-specific physical activity questionnaire (BPAQ) has been described in 

detail previously.93  In brief, the BPAQ is a self-administered account of current (past 12 

months) and historical (years) PA for which respondents record the type and weekly 

frequency of usual PA and sport participation.  The current BPAQ score was calculated 

for each girl using an algorithm developed to weigh weekly frequency of activity 

participation and load intensity based on GRFs in adult men (n = 20) and women (n = 

20).  The following algorithm was used to calculate current BPAQ score: Current BPAQ 

(cBPAQ) score = [(R + 0.2 × R × (n–1)) × a], where R = effective load stimulus (derived 

from GRF testing), n = frequency of participation (per week), and a = age weighting 

factor (< 10 yrs = 1.2; 10–15 yrs = 1.5; 15–35 yrs = 1.1; > 35 yrs = 1.0).93  
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Past Year Physical Activity Questionnaire (PYPAQ)  

The past year physical activity questionnaire (PYPAQ) has been validated in 

adolescents.103  We modified the questionnaire to include a more comprehensive list of 

41 activities common to youth.  Specifically, the modified PYPAQ was used to survey all 

sport and leisure-time physical activity in which subjects had engaged at least 10 times in 

the past year outside of physical education class.  The questionnaire was administered in 

an interview with the subject and guardian(s).  Participants were asked to record the 

average duration, weekly frequency, and the number of months of participation for each 

activity.  Total PYPAQ score was computed using a modified algorithm from Shedd et 

al.104: PYPAQ score = ∑1–n (duration (average minutes/session) × frequency ([months/12] 

× days/week) × load (peak strain score)), where n was the number of activities a subject 

reported during the past year.  Peak strain scores (PSS) reported by Groothausen et al.105 

were used to increase the contribution of bone-relevant loading activities to the overall 

score.  Jumping activities (e.g., basketball, gymnastics, volleyball) were assigned a PSS 

of 3; activities that involve changing directions quickly and sprinting (e.g., soccer, tennis) 

were assigned a PSS of 2; all other weight-bearing activities were assigned a PSS of 1.  

Sports and leisure-time activities that did not have a PSS previously reported in the 

literature were assigned the same value as the most similar activity.  

Bone measurements  

Bone geometry and vBMD were assessed at the distal 4% and 20% femur and 

66% tibia sites of the non-dominant leg using pQCT (XCT 3000; STRATEC 

Medizintechnik GmbH, Pforzheim, Germany, Division of Orthometrix; White Plains, 
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NY).  Scout scans were performed to locate the distal growth plate of the femur and tibia, 

with the scanner programmed to subsequently find the sites of interest.  pQCT scans were 

analyzed using Stratec software, Version 5.50.  Further details on image processing, 

calculations (e.g., bone strength indices), and analysis, including descriptions of Contour, 

Peel, and Cort modes can be found in the operator’s manual (Stratec Medizintechnik 

XCT 3000 manual, Pforzheim, Germany).  At the 4% distal femur and tibia, we used 

Contour mode 3 at 169 mg/cm3 to define the total bone.  Because of the difficulties in 

interpreting metaphyseal bone density measurements from a single slice,138 we averaged 

3 pQCT slices at both the femur and tibia 4% sites.  At the 20% femur and 66% tibia 

sites, Contour mode 1 at 710 mg/cm3 was used to measure total bone and Cort mode 2 at 

710 mg/cm3 was used for cortical bone analysis.  Peel mode 2 at 710 mg/cm3 was used to 

define the marrow area.  Slice thicknesses were 2.2 mm and voxel sizes were set at 0.4 

mm for all sites.  Scanner speed was set at 30 mm/second.  Bone strength index (BSI, 

mg2/mm4), calculated as described by Kontulainen,23 was assessed at the 4% femur and 

tibia sites, while strength-strain index (SSI, mm3), calculated as described by Shedd,104 

was assessed at the 20% femur and 66% tibia.  BSI estimates the bone’s ability to 

withstand compression at metaphyseal sites, while SSI is used to estimate the bone’s 

ability to resist torsion and bending forces at diaphyseal sites.  

Calibration and quality assurance of the pQCT instrument was performed daily to 

ensure the accuracy and precision of measurements.  Technicians were trained on pQCT 

scanning and software analyses following guidelines provided by Bone Diagnostics, Inc. 

(Fort Atkinson, WI).  One operator performed all pQCT scans and one technician 
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performed all scan analyses.  Repeat scanning of young girls to establish the precision of 

pQCT was not considered ethical by the University of Arizona Human Subjects 

Protection Committee.  Thus, we conducted a separate study with adults to determine 

within-subject pQCT precision error (coefficient of variation: CV).  Subjects were 

repositioned between scans.  CVs calculated as described by Glüer156 for BSI at the 4% 

femur and tibia were 0.94% and 0.78%, respectively (n=29 per skeletal site), while CVs 

for SSI at the 20% femur and 66% tibia were 0.88% and 0.92%, respectively (n=29 per 

skeletal site).  

Statistical analysis  

Data were checked for outliers and normality using histograms and all variables 

were tested for skewness and kurtosis.  BSI and SSI at all sites were modestly skewed.  

We ran both log transformed and untransformed analyses; all results were similar, thus, 

we report the untransformed data for clarity.  To identify relationships among PA 

measures and between PA measures and indices of bone strength (BSI, SSI), bivariate 

correlations were computed using Pearson’s r for continuous variables.  Partial 

correlations (adjusted for maturity offset) were also used to quantify relationships 

between PA measures and indices of bone strength.  Finally, hierarchical multiple 

regression models were constructed with indices of bone strength (BSI and SSI) as 

dependent variables.  Adjusted R2 values were computed for each base model which 

included maturity offset, body mass, leg length, and ethnicity as covariates.  

Subsequently, each PA variable was added separately to the base model and the change 

in the adjusted R2 value was computed.  We repeated all regression analyses substituting 



192 
 

 
 

maturity offset with Tanner stage.  All results were similar, thus, we only report analyses 

that included maturity offset based on its greater association with indices of bone strength 

in this sample 119.  Regression models were also ran within maturity offset and Tanner 

stage maturity categories (maturity offset < 0 years post PHV and ≥ 0 years post PHV; 

Tanner stage I (pre-pubertal), Tanner stage II–III (early pubertal, Tanner stage IV–V (late 

pubertal).  Prior to regression analyses, all variables were checked for normality, 

linearity, and homoscedasticity using residual plots.  Colinearity among covariates was 

tested in each regression model and was not observed in any of the final models.  

RESULTS 

Sample descriptive characteristics are shown in Table 1.  Sample ethnicity and 

race were 22% Hispanic and 78% non-Hispanic, 87% white, 8% Asian, 3% black or 

African American, 1% Native American or Alaska Native, 0.5% Native Hawaiian or 

other Pacific Islander, and 0.5% other.  Based on U.S. National Center for Health 

Statistics/Center for Disease Control percentiles for body mass index (BMI, kg/m2),124 

3.6% of the sample was underweight (BMI <5th percentile), 75.4% of the sample was 

healthy weight (BMI 5th–85th percentile), 13.1% of the sample was at-risk for 

overweight (BMI 85th–95th percentile), and 7.9% of the sample was overweight (BMI 

>95th percentile).  Of the 329 girls, 17 (5%) achieved the Tudor-Locke et al.168 

recommendation of 12,000 steps per day for girls aged 6–12 years old.  

Bivariate correlations (Pearson’s r) among PA measures (3DPAR score, total 

steps, aerobic steps, BPAQ score, PYPAQ score) were all positive.  Significant, moderate 

correlations were found between average daily total steps and aerobic steps (P < 0.001, r 
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= 0.47) and between BPAQ score and PYPAQ score (P < 0.001, r = 0.52).  3DPAR score 

and PYPAQ score were significantly, although weakly, correlated (P < 0.01, r = 0.20).  

All other correlations among PA measures were not significant (P > 0.05).  Unadjusted 

bivariate correlations (Pearson’s r) between PA measures and indices of bone strength 

(BSI, SSI) were r = 0.05–0.10 for the 3DPAR, r = -0.12–0.00 for total steps, r = 0.01–

0.10 for aerobic steps, r = 0.07–0.11 for the BPAQ, and r = 0.19–0.26 for the PYPAQ 

across all skeletal sites.  Partial correlation coefficients (adjusted for maturity offset) 

between PA measures and indices of bone strength (BSI, SSI) at metaphyseal and 

diaphyseal sites of the femur and tibia are shown in Table 2.  After adjustment for 

maturity, all PA measures were positively correlated with indices of bone strength, 

although correlations were low (r = 0.01–0.20).  3DPAR score was significantly (P < 

0.05) correlated with metaphyseal femur BSI (r = 0.12), while average daily total 

pedometer steps were significantly (P < 0.05) correlated with metaphyseal femur and 

tibia BSI (r = 0.13).  Significant (P < 0.05) correlations were consistently observed across 

skeletal sites between PYPAQ score and BSI at metaphyseal sites and SSI at diaphyseal 

sites of the femur and tibia (r = 0.11–0.20).  

Results from hierarchical regression analyses are presented in Table 3.  3DPAR 

score was significantly (P < 0.05) associated with metaphyseal femur BSI, but was not 

associated (P > 0.05) with any other bone strength outcome.  Average daily total steps 

were significantly (P < 0.01) associated with femur and tibia BSI at metaphyseal sites, 

but were not associated (P > 0.05) with SSI at diaphyseal sites of the femur and tibia.  

Average daily aerobic steps were significantly (P < 0.05) associated with diaphyseal 
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femur SSI and metaphyseal tibia BSI.  BPAQ score was not significantly (P > 0.05) 

associated with any indices of bone strength.  In contrast to the 3DPAR, average steps, 

and the BPAQ, PYPAQ score was significantly (P < 0.05) associated with all indices of 

bone strength at all sites.  Adjusted R2 values for the base regression models (covariates: 

maturity offset, body mass, leg length, and ethnicity) ranged from 0.418–0.474 for BSI at 

metaphyseal sites and 0.731–0.781 for SSI at diaphyseal sites of the femur and tibia 

(Table 3).  Comparisons of adjusted R2 change values showed that the average increase in 

the adjusted R2 across all skeletal sites was 0.014 for the PYPAQ, 0.007 for total steps, 

0.005 for aerobic steps, 0.005 for the 3DPAR, and 0.002 for the BPAQ (Table 3).  

Standardized (β) regression coefficients were, on average, greater for the PYPAQ than 

the other PA quantifying tools (Table 3).  Together, the changes in adjusted R2 and the 

standardized β’s demonstrate that PYPAQ score was a stronger predictor of indices of 

bone strength than the other PA quantifying tools.  Analyses within maturity categories 

(maturity offset < 0 years from PHV (PRE) and ≥ 0 years from PHV (POST); Tanner 

stage I (prepubertal), Tanner stages II-III (early pubertal), Tanner stage IV-V (late 

pubertal)) gave similar results and did not change the magnitude or direction of the 

observed relationships between PA quantifying tools and indices of bone strength. 

 The additional variance (%) explained in indices of bone strength (BSI, SSI) after 

each PA quantifying tool was added separately to the base regression model (maturity, 

body mass, leg length, and ethnicity), is shown in Figure 1 for each skeletal site.  The 

ranges in additional explained variance (%) in indices of bone strength when the PA 

variables were added to the base model were 0.3–2.1% for the 3DPAR, 0.1–3.0% for 
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total steps, 0.3–1.6% for aerobic steps, 0.0–0.8% for the BPAQ, and 0.9–5.4% for the 

PYPAQ across all skeletal sites.  The PYPAQ explained more additional variance in all 

indices of bone strength as compared to the other PA quantifying tools, with the single 

exception of total pedometer steps which explained an additional 3.0% of the variance in 

metaphyseal femur BSI while the PYPAQ explained an additional 1.9% of the variance 

in the same parameter.  In contrast, the BPAQ explained the least additional variance in 

all bone strength outcomes as compared to the other PA quantifying tools.  

DISCUSSION 

In our sample of pre- and peri-pubertal girls, a modified PYPAQ103 was a stronger 

predictor of indices of bone strength (BSI and SSI) at metaphyseal and diaphyseal sites of 

the femur and tibia than the BPAQ93 and common PA quantifying tools in youth (i.e., 

3DPAR,134 pedometer).  Overall, our findings are consistent with previous studies of PA 

and bone in children and adolescents that have used PA quantifying tools that account for 

the loading component of PA.144, 149  In contrast, the BPAQ93 was not associated with 

indices of bone strength.  Although measures of overall PA levels commonly used in 

studies of youth (3DPAR134 and pedometer) were significant predictors of indices of bone 

strength, their associations were modest and site-specific.  These findings are consistent 

with cross-sectional99, 148, 150 and longitudinal20, 147 studies of everyday PA and bone in 

youth.  

Certain types of PA are critical for maximizing bone development during growth.  

However, it is difficult to assess the type and dose of PA best suited for optimizing bone 

strength with the available measurement tools.  Much of our understanding of the factors 
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that influence bone formation comes from studies of animals with surgically implanted 

strain gages.  Studies of in vivo measurements of human bone strains during PA are rare.  

Thus, studies in free-living humans have been forced to rely on surrogate measures 

potentially related to strain.  For example, motion sensors (e.g., accelerometers, 

pedometers) can be used to measure multi-plane acceleration and deceleration of 

movement, which relates to the intensity of PA.  A number of studies have used motion 

sensors such as accelerometers and have reported that minutes of aerobic moderate- and 

vigorous-intensity PA relates to bone mass and aBMD in youth.99, 147, 150  However, it is 

still unknown how well the outputs of these devices during various intensities of PA 

relate to bone strain, the predominant stimulus that drives bone formation.  We found that 

pedometer steps explained a significant, although small amount of the variance in BSI at 

metaphyseal sites of the femur and tibia.  One explanation for the lower variance in our 

study as compared with other studies that have used motion sensors to measure and relate 

PA to bone outcomes99, 147, 150 may be the relative lower level of activity of our sample.  

Only 5% of the sample achieved the Tudor-Locke et al.168 recommendation of 12,000 

steps per day for girls aged 6–12 years old. 

An alternative cost-effective and potentially simpler surrogate measure of bone 

strain has been proposed in a number of studies,93, 104, 144 in which activities/sports are 

assigned peak strain scores based on GRFs reported in the literature.  In our study, we 

incorporated a bone-loading weighting factor (peak strain score) in the PYPAQ and 

found that this PA measure significantly predicted pQCT indices of bone strength at 

various regions along the femur and tibia.  Similar associations have been reported in 
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early pubertal girls144 and postmenopausal women104 after increasing the contribution of 

high-impact activities to the overall score.  In contrast, the BPAQ93 did not predict bone 

strength at femur or tibia sites in our sample of pre- and peri-pubertal girls.  One 

explanation for the failure of the BPAQ to predict femur and tibia bone strength may be 

because the algorithms were developed from data obtained from a small sample (n = 40) 

of adults and because bone outcomes were measured using DXA, which cannot provide 

definitive measures of bone geometry.  It is possible that PA may relate differently to 

bone geometry compared to aBMD.  Furthermore, although the BPAQ algorithm 

accounts for age, it does not account for sexual maturation and the influence of gonadal 

hormones (i.e., estrogen and testosterone), which have important consequences for bone 

geometry during puberty92 and may alter the mechanosensitivity of bone cells.19  Another 

explanation for the inability of the BPAQ to predict bone strength in our sample of young 

girls is that the questionnaire does not account for seasonal changes in leisure-time PA 

and sport participation, which have been shown to vary greatly in youth.169  The failure to 

account for variation in leisure-time PA may have falsely elevated the total score of girls 

who engaged in certain activities for only part of the year.  For example, according to the 

BPAQ algorithm, a respondent who participated in an activity three times weekly for 1 

month during the past year would receive the same score as a respondent who 

participated in the same activity (3 times weekly) for the entire past year.  Thus, 

particularly in youth, it is important to include PA measures that account for the monthly 

and weekly frequency of activity participation.   
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Our study is not without limitations.  The main limitation is the difficulty 

assessing PA through self-report questionnaires in children and adolescents.  We 

acknowledge that this approach is susceptible to reporting errors.  In the case of the 

BPAQ and the PYPAQ, we attempted to minimize impact of this limitation by 

encouraging guardian assistance with PA recall and by limiting recall to past year PA and 

sport participation.  Consequently, we were not able to test the ability of the historical 

component of the BPAQ (years of training history) to predict bone strength.  In addition, 

GRFs associated with activities were not measured in our sample.  Similar to Shedd104 

and Wang,144 for the PYPAQ, we assigned load values to activities based on GRFs (peak 

strain scores) reported in the literature.105  We acknowledge that these GRFs may not be 

representative of our sample.  Another concern is that maturational differences may have 

influenced our study results.  Although we did not directly assess skeletal age, we did 

assess maturation using two methods (Tanner staging and maturity offset).  A potential 

limitation of the Tanner stage data is that it was obtained from a self-report questionnaire.  

Nevertheless, the questionnaire has been validated and shown to agree well with 

physician exam and grading of sexual maturation.130  We also assessed maturation using 

the method of Mirwald et al.132 who developed gender-specific algorithms to predict 

years from PHV from cross-sectional data.  A limitation of this method is that PHV is 

best captured from longitudinal somatic measurements for a number of years surrounding 

puberty.131  In an attempt to reconcile whether results were influenced by choosing one 

method over the other, we ran all analyses with Tanner stage and maturity offset 

separately.  Results were similar, thus, we report analyses with maturity offset because its 
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association with bone parameters was consistently higher in this sample.119  Despite its 

limitations, the study had several significant strengths, including the large, randomly 

selected study sample of pre- and peri-pubertal girls and in the use of pQCT, a technique 

that is appropriate for assessing vBMD and bone geometry in growing children and 

adolescents.  Furthermore, the selection of several measurement sites at metaphyseal and 

diaphyseal regions of the femur and tibia provides a more detailed description of how PA 

measures (pedometer, 3DPAR, BPAQ, and PYPAQ) relate to weight-bearing bone 

strength.  

Conclusions  

 Using pQCT in a large sample of pre- and peri-pubertal girls, our findings 

indicated that a modified PYPAQ that accounts for PA duration, frequency, and load was 

a stronger predictor of indices of bone strength (BSI, SSI) than global measures of PA 

commonly used in youth (3DPAR, pedometer) and the BPAQ.  After controlling for 

important covariates known to influence bone development (maturity, body mass, leg 

length, ethnicity), the modified PYPAQ persisted as a significant predictor of indices of 

bone strength.  We conclude that the modified PYPAQ is a better tool for assessing bone-

relevant PA than the 3DPAR, pedometer, and the BPAQ in girls.  
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TABLES 

 

Charactertistics

Age (yr) 10.7 ± 1.1 8.8 - 13.2

Tanner stage (1-5) 2.1 ± 1.0 1.0 - 4.0

Maturity offset (yr) -1.1 ± 1.1 -3.2 - 1.2

Body mass (kg) 39.2 ± 10.4 22.1 - 77.2

Height (cm) 144.8 ± 9.9 120.3 - 171.6

BMI (kg/m
2
) 18.4 ± 3.3 13.0 - 32.1

Leg length (cm) 69.0 ± 5.8 45.3 - 86.9

Femur length (cm) 34.2 ± 3.0 24.4 - 43.1

Tibia length (cm) 33.2 ± 2.9 25.5 - 40.7

pQCT 

    Femur 4% BSI (mg
2
/mm

4
) 96.2 ± 28.4 42.0 - 215.6

    Femur 20% SSI (mm
3
) 1352 ± 402 565 - 2631

    Tibia 4% BSI (mg
2
/mm

4
) 51.7 ± 14.4 23.5 - 106.8

    Tibia 66% SSI (mm
3
) 1181 ± 338 497 - 2225

Physical Activity 

    3DPAR score 1964 ± 369 828 - 3709

    Daily total steps 8492 ± 2237 3603 - 16579

    Daily aerobic steps 430 ± 585 0 - 3531

    BPAQ score 115.3 ± 110.6 0.1 - 573.7

     PYPAQ score 919.3 ± 1020.2 12.5 - 9385.0

BMI = body mass index; pQCT = peripheral quantitative 
computed tomography; BSI = bone strength index; SSI = 
strength-strain index; 3DPAR = 3-day physical activity 
recall; BPAQ = bone-specific physical activity 
questionnaire; PYPAQ = past year physical activity 
questionnaire.

Table 1. Descriptive characteristics (n = 329)

  Mean  ±  SD Range 
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3DPAR            
score

Total                
steps

Aerobic     
steps

BPAQ         
score

PYPAQ      
score

Femur 4% BSI (mg
2
/cm

4
)         0.12*          0.13*          0.08          0.02          0.11*

Femur 20% SSI (mm
3
)         0.08          0.09          0.10          0.02          0.13*

Tibia 4% BSI (mg
2
/cm

4
)         0.10          0.13*          0.09          0.08          0.20‡

Tibia 66% SSI (mm
3
)         0.09          0.05          0.07          0.05          0.17†

All correlations adjusted for maturity offset.  3DPAR = 3-day physical activity recall; BPAQ = bone-specific physical 

activity questionnaire; PYPAQ = past year physical activity questionnaire; BSI = bone strength index (mg
2
/cm

4
); SSI = 

strength-strain index (mm
3
).

Table 2. Partial correlation coefficients estimating associations between physical activity measures and bone strength 
outcomes (n = 329).

* P  < 0.05; † P  < 0.01; ‡ P  < 0.001.  
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Base model

R
2 β ∆ R

2 β ∆ R
2 β ∆ R

2 β ∆ R
2 β ∆ R

2

Femur 4% BSI       0.418    0.094*    0.009    0.117†    0.013    0.081    0.006    0.018    0.000    0.093*    0.008

Femur 20% SSI       0.781    0.040    0.002    0.039    0.001    0.055*    0.003    0.019    0.000    0.084†    0.007

Tibia 4% BSI       0.474    0.077    0.006    0.113†    0.012    0.090*    0.008    0.066    0.004    0.163‡    0.026

Tibia 66% SSI       0.731    0.053    0.003    0.024    0.001    0.042    0.002    0.042    0.002    0.118‡    0.014

BPAQ PYPAQ

Table 3.  Adjusted R
2
 value for the base regression model (maturity offset, body mass, leg length, and ethnicity) at each skeletal site, 

the standardized (β) regression coefficient for each physical activity quantifying tool within its respective full model, and the change 

(Δ) in adjusted R
2
 value when each physical activity variable was added separately to the base model. 

3DPAR = 3-day physical activity recall questionnaire; BPAQ = bone-specific physical activity questionnaire; PYPAQ = past year 

physical activity questionnaire. BSI = bone strength index (mg
2
/cm

4
); SSI = strength-strain index (mm

3
). 

* P  < 0.05; † P  < 0.01; ‡ P  < 0.001. 

Base regression model = maturity offset, body mass, leg length, and ethnicity.

3DPAR Total steps Aerobic steps
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FIGURES 

Figure 1  
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FIGURE LEGENDS  

 

Figure 1.  The additional variance (%) explained in BSI (4% femur and tibia) and SSI 

(20% femur and 66% tibia) when each physical activity quantifying tool was added 

separately to the base regression model (maturity, body mass, leg length, and ethnicity).  

BSI = bone-strength index (mg2/cm4); SSI = strength strain index (mm3); 3DPAR = 3-day 

physical activity recall questionnaire; BPAQ = bone-specific physical activity 

questionnaire; PYPAQ = past year physical activity questionnaire.  
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ABSTRACT  

 
Purpose: This study evaluated the associations of physical activity (PA) duration, 

frequency, load, and their interaction (total PA score = duration × frequency × load) with 

volumetric bone mineral density, geometry, and indices of bone strength in young girls.  

Methods: 465 girls (aged 8–13 years) completed a past year physical activity 

questionnaire (PYPAQ) which inquires about the frequency (days/week) and duration 

(average minutes/session) of leisure-time PA and sports.  Load (peak strain score) values 

were assigned to each activity based on ground reaction forces.  Peripheral quantitative 

computed tomography was used to assess bone parameters at metaphyseal and diaphyseal 

sites of the femur and tibia of the non-dominant leg.  Results: Correlations across all 

skeletal sites between PA duration, frequency, load and periosteal circumference (PC), 

bone strength index (BSI), and strength-strain index (SSI) were significant (p ≤ 0.05), 

although low (0.10–0.17).  A 2.7–3.7% greater PC across all skeletal sites was associated 

with a high compared to a low PYPAQ score.  Also, a high PYPAQ score was associated 

with greater BSI (6.5–8.7%) at metaphyseal sites and SSI (7.5–8.1%) at diaphyseal sites 

of the femur and tibia.  The effect of a low PYPAQ score on bone geometric parameters 

and strength was greater than a high PYPAQ score.  Conclusions: PA duration, 

frequency, and load were all associated with bone geometry and strength, although their 

independent influences were modest and site specific.  Low levels of PA may 

compromise bone development whereas high levels have only a small benefit over more 

average levels. 
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INTRODUCTION  

Osteoporosis, a major global public health concern, is characterized by 

microarchitectural deterioration and loss of bone tissue that consequently increases 

susceptibility to fracture.12  Although historically considered a disease of the elderly, 

there is now considerable agreement that osteoporosis is a condition with origins in 

childhood and adolescence.2  While skeletal development is largely determined by 

heritable factors,3 modifiable factors can also compromise or enhance bone acquisition.  

Since >90% of adult skeletal mass is acquired during childhood and adolescence,2 one 

strategy aimed to reduce the risk of fracture is to optimize bone parameters that determine 

bone strength.  This could be achieved via exercise-induced adaptations in volumetric 

bone mineral density (vBMD, mg/cm3) or bone geometry during growth.  The optimal 

type and amount of physical activity (PA) needed to induce bone adaptations during 

growth remain unclear.  Such information would be useful in the development of bone 

health recommendations for youth and should underlie the design of exercise 

interventions aimed to optimize bone strength.  

Controlled loading studies in animals have identified key features of osteogenic 

stimuli such as increased strain magnitude106, 107 and frequency108 within a safe range.  

Increased duration (e.g., increased number of loading cycles) may also be an important 

osteogenic stimulus as long as the distribution of strain is altered throughout the loading 

session.102  Unfortunately, highly controlled studies in children and adults, in which 

components of activity dose are manipulated, are few and difficult to conduct.  While 

observational studies might also address this issue, studies of the association of PA with 
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bone typically only examine the influence of total activity and not its components (e.g., 

duration, frequency, load), in part, because standardized methods for capturing the bone-

relevant components of PA in humans are lacking.   

We recently developed and tested a questionnaire for assessing bone loading 

activities in youth.120  Using that questionnaire in the present study, we sought to 

determine whether any individual component of PA (duration, frequency, load) or their 

interaction (duration × frequency × load) was associated with vBMD, geometry, and 

indices of bone strength in young girls, aged 8–13 years.  A unique feature was the use of 

peripheral quantitative computed tomography (pQCT) for assessment of bone geometry 

and vBMD.  The mechanical strength of bone is determined both by its material 

properties (e.g., vBMD) and its structural properties (e.g., geometry).24  In addition to 

increased mineralization, small changes in the shape of bone (e.g. an increase in the outer 

circumference) can dramatically increase bone strength and fracture resistance.92  Past 

reliance on dual-energy X-ray absorptiometry (DXA) and so-called areal BMD (aBMD, 

g/cm2), which does not adjust for the depth of bone or provide direct measures of bone 

geometry, has confounded our understanding of the relationship between PA and bone 

parameters.  Considering the findings from animal studies,106-108 we hypothesized that PA 

load (peak strain score) and frequency (days/week) would be more strongly associated 

with bone parameters than increased duration (minutes/session) of PA.  
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METHODS  

Participants  

The study population has been described previously.119  Data reported in this 

paper are from the baseline assessments.  The sample included 465 healthy girls, aged 8–

13, who were participants in the “Jump-In: Building Better Bones” study.  The long-term 

goal of the Jump-In study is to prospectively assess the effects of high-impact jumping 

exercises on bone macro-architecture in pre- and early-pubertal girls.  Girls who were in 

school grade 4 or 6 were recruited from 14 elementary and 4 middle schools around 

Tucson, Arizona.  Exclusion criteria included learning disabilities (identified by schools) 

that made it impossible to complete questionnaires or otherwise unable to comply with 

assessment protocols; medications, medical conditions, or a disability that limited 

participation in physical exercise as defined by the Committee on Sports Medicine and 

Fitness;123 excluded (or excused) from participation in physical education; and the 

inability to read and understand English.  The protocol was approved by the University of 

Arizona Human Subjects Protection Committee and the study was conducted in 

accordance with the Helsinki Declaration.  All guardians and girls provided written 

informed consent.  Guardians completed a health history questionnaire with questions on 

participant ethnicity and race. 

Anthropometry  

Anthropometric measures were obtained following standardized protocols.128  

Body mass was measured to the nearest 0.1 kg using a calibrated scale (Seca, Model 881, 

Hamburg, Germany) and height and sitting height were measured at full inhalation to the 
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nearest mm using a stadiometer (Shorr Height Measuring Board, Olney, MD).  Non-

dominant femur length (nearest mm) was measured from the base of the patella to the 

inguinal crease.  Non-dominant tibia length (nearest mm) was measured from the 

proximal end of the medial border of the tibial plateau to the distal edge of the medial 

malleolus.  Coefficients of variation (CVs) for femur and tibia lengths were 0.33% and 

0.51%, respectively (n = 465).  

Physical maturation 

Maturity was assessed from self-report (with assistance available) of breast 

development based on Tanner stages.129  The questionnaire presents illustrations of stages 

of development, and has been shown to agree with physician exam and grading.130  

Although Tanner staging is common in developmental studies, its ability to accurately 

assess maturation may be limited.131  Consequently, we also assessed years from peak 

height velocity (PHV), an index of maturation, estimated using Mirwald’s equation132 

derived from a six-year longitudinal study in boys and girls.20  In Mirwald’s sample, the 

algorithm for girls was reported to explain 89% of the variance in years from PHV.132  

Past year physical activity questionnaire (PYPAQ)  

The past year physical activity questionnaire (PYPAQ) has been validated in 

adolescents.103  We modified the questionnaire to include a more comprehensive list of 

41 activities common to youth,120 and used the modified PYPAQ to survey all sport and 

leisure-time PA in which subjects had engaged at least 10 times in the past year outside 

of physical education class.  The questionnaire was administered in an interview with the 

subject and guardian(s).  Participants were asked to record average duration, weekly 
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frequency, and the number of months of participation for each activity.  Total PYPAQ 

score was computed using a modified equation from Shedd et al.104: PYPAQ score = ∑1–n 

(duration (average minutes/session) × frequency ([months/12] × days/week) × load (peak 

strain score)), where n was the number of activities a subject reported during the past 

year.  Individual scores for PA duration, frequency, and load were calculated using the 

following equations: Duration = ∑1–n (average minutes/session); Frequency = ∑1–n 

([months/12] × days/week); Load = ∑1–n (peak strain score), where n was the number of 

activities a subject reported during the past year.  PA intensity, commonly reported as the 

metabolic equivalent (MET, where 1 MET = 3.5 mL × kg–1 × min–1) value of an 

activity,136 was not included in the PYPAQ equation to protect against colinearity 

because intensity and load were highly correlated (r = 0.94), and because peak strain is 

more relevant to bone than METs.  Peak strain scores (PSS) reported by Groothausen et 

al.105 were used to increase the contribution of bone-relevant loading activities to the 

overall score.  Jumping activities (e.g., basketball, gymnastics, volleyball) were assigned 

a PSS of 3; activities that involve changing directions quickly and sprinting (e.g., soccer, 

tennis) were assigned a PSS of 2; all other weight-bearing activities were assigned a PSS 

of 1 (e.g., golf, hiking, walking).  Low-impact activities that fell between categories were 

given a PSS of 1.5 (e.g., aerobics, dance).  Non-weight-bearing physical activities (e.g. 

swimming, cycling) were assigned a PSS of 0.5.  Sports and leisure-time activities that 

did not have a PSS previously reported in the literature were assigned the same value as 

the most similar activity.  
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Bone and body composition assessment  

Bone geometry and vBMD were assessed at the distal 4% and 20% femur and 4% 

and 66% tibia sites of the non-dominant leg using pQCT (XCT 3000; STRATEC 

Medizintechnik GmbH, Pforzheim, Germany, Division of Orthometrix; White Plains, 

NY).  Subjects were asked with which foot they would kick a ball when playing 

soccer/kickball.  If the subject was uncertain, she was asked with what hand she writes 

and that was determined to be her side of dominance.  Scout scans were performed to 

locate the distal growth plates, with the scanner programmed to subsequently find the 

sites of interest.  pQCT scans were analyzed using Stratec software, Version 5.50.  At the 

distal metaphyseal sites of the femur and tibia, we used Contour mode 3 (169 mg/cm3) to 

define the total bone and Peel mode 4 (650 mg/cm3 with a 10% peel) was used to ensure 

that only trabecular bone remained.  At the diaphyseal 20% femur and 66% tibia sites, 

Contour mode 1 (710 mg/cm3), Peel mode 2 (710 mg/cm3), and Cort mode 2 (710 

mg/cm3) were used.  Further details on image processing, calculations (e.g., bone strength 

indices), and analysis, including descriptions of Contour, Peel, and Cort modes are 

published elsewhere.139  Slice thicknesses were 2.3 mm and voxel sizes were set at 0.4 

mm for all sites.  Scanner speed was set at 25 mm/second.  Trabecular vBMD (mg/cm3), 

periosteal circumference (PC, mm), and bone strength index (BSI, mg2/mm4), calculated 

as described by Kontulainen,23 were assessed at the 4% distal femur and tibia.  At the 

20% femur and 66% tibia, cortical vBMD (mg/cm3), cortical area (mm2), endosteal 

circumference (EC, mm), PC, cortical thickness (mm), and strength-strain index (SSI, 

mm3), calculated as described by Shedd,104 were assessed.  BSI estimates the bone’s 
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ability to withstand compression at metaphyseal sites, while SSI is used to estimate the 

bone’s ability to resist torsion and bending forces at diaphyseal sites.  Because of the 

difficulties in interpreting metaphyseal bone density measurements from a single slice,138 

we averaged 3 pQCT slices at both the femur and tibia 4% sites.  Operators were trained 

on pQCT scanning and software analyses following guidelines provided by Bone 

Diagnostics, Inc. (Fort Atkinson, WI).  One operator performed all pQCT scans and one 

technician performed all scan analyses.  Repeat scanning of girls to establish the 

precision of pQCT was not considered ethical by the University of Arizona Human 

Subjects Protection Committee.  Thus, we conducted a separate study with adults to 

determine within-subject (n = 29 per skeletal site) pQCT precision error (coefficient of 

variation: CV).  After subject repositioning, CVs calculated as described by Glüer et al.156 

for trabecular vBMD at the 4% femur and tibia were 0.5% and 0.8%, respectively.  CVs 

for femur and tibia periosteal circumference were 0.4% and 1.1%, respectively.  CVs for 

BSI at the 4% femur and tibia were 0.9% and 0.8%, respectively, while CVs for SSI at 

the 20% femur and 66% tibia were 0.9% and 0.9%, respectively.  

Total body mass, fat mass, percent total body fat, and lean soft tissue mass were 

obtained from DXA whole body scans using GE Lunar Prodigy (software version 

5.60.003) fan-beam densitometer (GE Lunar Corp, Madison, WI, USA).  Subjects were 

positioned using standard GE/Lunar protocols.  DXA CVs and BMD precision in our 

laboratory have been previously reported.140  
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Statistical analysis  

Data were checked for outliers and normality using histograms and all variables 

were tested for skewness and kurtosis.  BSI and SSI at all sites were modestly skewed.  

We ran both log transformed and untransformed analyses; all results were similar, thus, 

we report the untransformed data for clarity.  Quintiles of PYPAQ score divided the 

sample into five groups (fifths) and descriptive statistics were calculated for the total 

sample and for each fifth.  Differences in descriptive statistics among fifths of PYPAQ 

score were analyzed using ANOVA and χ
2 tests as appropriate.  We chose quintiles as 

group cut-offs to compare bone parameters across levels of PYPAQ score (i.e., fifths) for 

reasonable spread across groups, while also preserving adequate group sample size to 

detect significant between-group differences.  Bivariate correlations were computed using 

Pearson’s r to identify relationships among PA variables (duration, frequency, load, 

PYPAQ score) and between PA variables and bone parameters.  Significant independent 

relationships of bone parameters with PA duration, frequency, load, PYPAQ score, 

maturity offset, body mass, leg length, and ethnicity were assessed using stepwise 

multiple linear regression.  The percentage of variation (R2) in each bone parameter 

explained by PA duration, frequency, load, and PYPAQ score, together with all 

covariates, was calculated using the stepwise linear regression model.  The criterion for 

entry into the model was p ≤ 0.05, and the criterion for removal from the model was p ≥ 

0.10.  Prior to regression analyses, all variables were checked for normality, linearity, and 

homoscedasticity using residual plots.  Colinearity among covariates was tested in each 

regression model and was not observed in any of the final models.  Differences in bone 
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parameters (adjusted for maturity offset, body mass, leg length, and ethnicity) among 

fifths of each PA variable were tested using ANCOVA.  Bone parameters were similar 

among the middle 3 fifths of PYPAQ score; thus, we collapsed these fifths into a single 

group and used ANCOVA, with the same covariates, to determine whether there were 

differences between the middle group (average of the middle 3 fifths) and the lowest and 

highest fifths of PYPAQ score.  In Figure 1, outcome values were normalized to the 

middle group; thus, setting the middle group values to 1.0 and lower and higher values to 

<1.0 and >1.0, respectively.  Normalization of values was necessary due to the 

differences in units among pQCT outcome variables.  Given that mechanical loads in the 

lower limb are proportional to body mass and leg length,170 these measures were included 

as covariates in all regression and ANCOVA models.  Bonferroni post hoc tests were 

used to adjust for multiple comparisons.  All regression and ANCOVA analyses were 

repeated substituting maturity offset132 with Tanner stage.129  All results were similar, 

thus, we only report analyses that included maturity offset based on its higher relation 

with all bone parameters in this sample.119  All analyses were also performed within 

maturity offset and Tanner stage maturity categories (maturity offset < 0 years from PHV 

(PRE) and ≥ 0 years from PHV (POST); Tanner stage I (prepubertal), Tanner stage II–III 

(early pubertal), Tanner stage IV–V (late pubertal)).  A significance level of p = 0.05 was 

used in all tests.  All analyses were performed using The Statistical Package for the 

Social Sciences for Windows, Version 18.0 (SPSS, Chicago, IL, USA).  
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RESULTS 

Descriptive characteristics are shown in Table 1 for the total sample (n = 465) and 

for fifths of PYPAQ score.  Sample ethnicity was 22% Hispanic and 78% non-Hispanic; 

sample race was 88% white, 7% Asian, 3% black or African American, 0.5% Native 

American or Alaska Native, 0.5% Native Hawaiian or other Pacific Islander, and 1% 

other.  Tanner stage distributions for the total sample were 33% prepubertal (stage I, n = 

155), 60% early pubertal (stages II–III, n = 280), and 7% late pubertal (stages IV–V, n = 

30).  Maturity offset values indicated that girls were on average 1.1 years from PHV, with 

a range from 3.2 years prior to PHV to 1.4 years post PHV.  Based on U.S. National 

Center for Health Statistics/Center for Disease Control percentiles for body mass index 

(BMI, kg/m2) 124, 3.0% of the sample was underweight (BMI <5th percentile), 73.8% of 

the sample was healthy weight (BMI 5th–85th percentile), 15.1% of the sample was at-

risk for overweight (BMI 85th–95th percentile), and 8.1% of the sample was overweight 

(BMI >95th percentile).  

As expected, PYPAQ score was significantly (p < 0.001) correlated with duration 

(r = 0.63), frequency (r = 0.65), and load (r = 0.53).  Furthermore, PA duration, 

frequency, and load were significantly (p < 0.001) intercorrelated.  Load was highly 

correlated with duration (r = 0.71) and frequency (r = 0.69), while duration and frequency 

were moderately correlated (r = 0.48).  Bone parameters reflecting bone geometry 

(cortical area, EC, PC, cortical thickness) and strength (BSI, SSI) at metaphyseal (4%) 

and diaphyseal (20% femur, 66% tibia) sites were significantly correlated with duration, 

load, and PYPAQ score (r = 0.10–0.20).  Correlations between PYPAQ score and 
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trabecular vBMD were also significant, although lower overall (r = 0.10–0.12).  

Frequency was not significantly correlated with any bone parameter at any site, except 

femur and tibia SSI.  Also, PA components were not significantly correlated with cortical 

vBMD.  

Stepwise multiple linear regression was used to determine independent 

associations of PA duration, frequency, load, and PYPAQ score with bone parameters 

when all PA variables were included together in regression models, with covariates, 

maturity offset, body mass, leg length, and ethnicity (Table 2).  In this analysis, duration 

(minutes/session) was significantly and independently associated with 20% femur 

cortical area, PC, and SSI, 4% tibia BSI, and 66% tibia EC, PC, and SSI, while frequency 

(sessions/week) was significantly and independently associated with 20% femur cortical 

area and SSI and 4% tibia PC (Table 2).  Load (peak strain score) was significantly and 

independently associated with 4% femur PC, 20% femur SSI, 4% tibia BSI, and 66% 

tibia PC (Table 2).  PYPAQ score was significantly associated with all parameters 

reflecting bone geometry (cortical area, EC, PC) and strength (BSI, SSI), except 

diaphyseal cortical thickness and 4% femur PC, and explained 0.3–1.4% more variance 

in almost all bone parameters as compared to any individual PA component (Table 2).  

The single exception was that duration explained 5.9% of the variance in 66% tibia EC, 

while PYPAQ score explained 4.1% of the variance in the same parameter (Table 2).  PA 

duration, frequency, and load also explained between 0.4% and 2.3% of the variance in 

some, but not all bone parameters reflecting bone geometry (cortical area, EC, PC) and 

strength (BSI, SSI) at various sites (Table 2).  Duration, frequency, load, and PYPAQ 
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score were not significantly associated with cortical or trabecular vBMD (data not 

shown).  

Comparisons of bone parameters across fifths of PA duration, frequency, and 

load, as well as PYPAQ score, were performed using ANCOVA, adjusted for maturity 

offset, body mass, leg length, and ethnicity.  Although there were some significant 

differences between the lowest and highest fifths of PA duration for some bone 

parameters, the differences were not consistent across skeletal sites.  No significant 

differences in bone parameters were found across fifths of PA frequency and load.  In 

contrast, differences in bone geometric parameters and indices of bone strength between 

the highest and lowest fifths of PYPAQ score were all significant, except for 4% femur 

BSI, diaphyseal cortical area, and diaphyseal cortical thickness (Table 3).  A 2.7–3.8% 

greater PC and a 3.6–5.9% greater EC was observed in the highest as compared to the 

lowest fifth of PYPAQ score (Table 3).  Also, the highest fifth of PYPAQ score had 

greater BSI (6.5–8.7%) and SSI (7.5–8.1%) as compared to the lowest fifth (Table 3).  No 

significant differences in cortical or trabecular vBMD were observed among fifths of PA 

variables (Table 3).  Analyses within maturity categories (maturity offset < 0 years from 

PHV (PRE) and ≥ 0 years from PHV (POST); Tanner stage I (prepubertal), Tanner stages 

II – III (early pubertal), Tanner stages IV – V (late pubertal)) gave similar results and did 

not change the magnitude or direction of the observed relationships between PA duration, 

frequency, load, and total PYPAQ score and bone parameters.  

  Bone parameters were similar among the middle 3 fifths of PYPAQ score (Table 

3); thus, we collapsed these fifths into a single group and used ANCOVA (adjusted for 
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maturity, body mass, leg length, and ethnicity) to determine whether there were 

differences between the average of the middle 3 fifths and the lowest and highest fifths of 

PYPAQ score (Figure 1).  Because of differences in units among pQCT bone parameters, 

the results were normalized to the middle group, which was assigned a value of 1.0.  

Bone parameters for the highest fifth of PYPAQ score were not different from the 

average of the middle 3 fifths except for 66% tibia EC.  In contrast, all bone parameters 

were significantly reduced in the lowest fifth as compared with the average of the middle 

3 fifths of PYPAQ score, except for 4% femur BSI, diaphyseal cortical area, diaphyseal 

cortical thickness, and 66% tibia EC, showing that girls with low PYPAQ scores had 

smaller bone geometry (EC, PC) and less bone strength (BSI, SSI) compared to all other 

girls.  

DISCUSSION 

Unlike past studies which have been constrained by the limitations of DXA, we 

examined whether any individual component of PA (duration, frequency, load), as well 

as a total PA score representing the interaction among all three PA components (duration 

× frequency × load), was associated with vBMD, geometry, and indices of bone strength 

in young girls using pQCT to measure bone parameters.  PA duration, frequency, and 

load were all modestly and independently associated with bone geometry and strength, 

although duration was consistently the strongest predictor of bone parameters.  As could 

be expected, the interaction of PA subcomponents (PYPAQ score) was the strongest 

predictor of bone parameters.  Despite the heterogeneous cohort of pre- and peri-pubertal 

girls and inherent limitations in measuring PA in youth, PYPAQ score was a significant 
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predictor of bone geometric parameters and indices of bone strength.  These findings 

support the premise that mechanical loading during growth has the potential to optimize 

bone structure and produce worthwhile gains in bending, compressive, and torsional 

strength.92  If maintained, these gains have the potential to reduce fracture risk later in 

life.  

The influence of PA duration, frequency, and load on bone parameters has 

received little attention in youth.97, 144, 149  Karlsson et al.97 reported that weekly duration 

(hours/week) of exercise was associated with higher aBMD of adult male soccer players.  

Wang et al.144 used DXA and pQCT and reported that participation in high-impact 

activities (greater loads) was associated with greater diaphyseal tibia parameters (cortical 

vBMD, total cross-sectional area, polar moment of inertia) of pre-, but not early-pubertal 

girls.  More recently, Temaki et al.149 reported in boys and girls that frequency of sports 

club participation, independent of activity load or duration, was predictive of aBMD.  

Our results extend previous findings because we studied the independent association 

between each of the three PA components and bone parameters using a 3-dimensional 

imaging method (pQCT) that is appropriate for growing children.  Although we found 

independent associations between PA duration, frequency, load and bone geometry 

(cortical area, EC, PC) and indices of bone strength (BSI, SSI), these associations were 

modest and site specific.  The association of activity duration (minutes/session) with bone 

parameters was greater than that of frequency (sessions/week) and load (peak strain 

score) at most skeletal sites.  The potential importance of duration is consistent with 

studies of animals that have shown that prolonged loading sessions can continue to 
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stimulate bone formation as long as the distribution of strain is altered throughout the 

session.102  Human studies have emphasized PA load and frequency over duration.  One 

reason PA duration has received less attention may be because this term can interpreted 

meaning either duration of the average training session (minutes/session) or the length of 

training history (years).  While increasing the years of training history is known to be 

osteogenic,97, 98, 171 we found only one study that has addressed the question of whether 

increasing the duration of a typical training session is also osteogenic.99  Another reason 

this question has received insufficient attention may be because studies in animals have 

shown that the osteogenic response to loading saturates relatively quickly.100, 101  Based 

on these studies, prolonging the duration of a single training session is less likely to be 

osteogenic.  However, animal studies have also shown that increased duration (e.g., 

increased number of loading cycles) can continue to stimulate bone formation as long as 

the distribution of strain is altered throughout the loading session,102 which is 

predominately the case during most activities in free-living humans.  Thus, increasing the 

duration of the average training session may be an important osteogenic stimulus in 

humans that has been overlooked. 

 As expected, our findings showed that the interaction of PA duration, frequency, 

and load (total PYPAQ score) explained more variance in almost all bone parameters as 

compared to any individual PA component.  Parameters reflecting bone geometry and 

indices of bone strength were 2.7–5.9% and 6.5–8.7% greater, respectively, in the highest 

compared to the lowest fifth of PYPAQ score.  Nilsson et al.172 have recently reported in 

young adult men (~19 years of age) that previous sport activity during childhood and 
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adolescence was associated with increased PC of the tibial diaphysis compared with men 

who were inactive during growth.  In agreement with Nilsson and colleagues,172 our 

findings showed that low active girls (lowest fifth of PYPAQ score) compared with more 

active girls (average of the middle 3 fifths and the highest fifth of PYPAQ score), had 

lower values on almost all bone parameters reflecting bone geometry (EC, PC) and bone 

strength (BSI, SSI) at metaphyseal and diaphyseal sites of the femur and tibia.  

Furthermore, the differences between girls with high PA versus moderate PA were 

attenuated compared to differences between girls with low versus moderate PA.  These 

findings suggest that physical inactivity during growth may be detrimental for bone 

development.  

Exercise before and during puberty has been associated with greater bone size 

(i.e., periosteal expansion).113, 115, 172-174  In a randomized controlled trial in prepubertal 

children, Specker and Binkley reported increased PC in response to 12 months of 

exercise113 that persisted for 12 months post intervention.115  However, further studies are 

needed to confirm these results because, as reported by the authors pQCT scan quality 

was poor on a large proportion (51%) of the baseline measurements.113  Bass et al.174 have 

suggested that exercise before and during the early pubertal years enhances periosteal 

apposition, whereas when undertaken late in puberty, exercise results in endocortical 

contraction.  Thus, exercise during the pre- and/or early-pubertal years may be the most 

opportune time to modify bone strength, because periosteal expansion is a more effective 

means of increasing bone strength than endocortical contraction.24  Our findings were 

similar in pre- and early-pubertal girls and showed that exercise was associated with 
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periosteal and endosteal expansion during both periods, resulting in distribution of the 

cortex further from the center of the longitudinal axis of the bone.  Hence, the greater 

bone strength observed in girls in the highest compared to the lowest fifth of PYPAQ 

score independent of differences in cortical area and thickness.  Future prospective 

studies will be necessary to determine whether exercise during the late pubertal years 

continues to enhance periosteal and endosteal expansion or whether, after menarche, 

exercise works in concert with higher estrogen concentrations to promote endocortical 

contraction.  

Only one study has previously examined the relation between PA and cortical 

bone size and vBMD in young girls.144  Using pQCT, Wang et al.144 reported that weight-

bearing PA was associated with cortical bone size and vBMD of the diaphyseal tibia in 

pre-, but not in early-pubertal girls.  Our results confirmed the finding that PA is related 

to tibial cortical bone size, but do not support a significant association with cortical 

vBMD at diaphyseal sites of the femur and tibia.  One explanation for why we did not 

find a significant association between PA and cortical vBMD may be because most of the 

girls in our study were in an early pubertal (n = 280) stage of maturation.  It is possible 

that the higher estrogen levels associated with puberty attenuated the relationship 

between PA and cortical vBMD.  Our findings are consistent with other studies using 

pQCT in pre-pubertal gymnasts110 and adult women,175 suggesting that mechanical 

loading is associated with cortical bone size, but not cortical vBMD.  To date, the 

available data on the relationship between PA and trabecular vBMD at metaphyseal sites 

of weight-bearing bones are limited and conflicting.110, 172, 173, 175  Although we found a 
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significant correlation between PA and trabecular vBMD at the distal femur and tibia, the 

relationship was no longer significant after adjustment for covariates known to affect 

bone parameters (maturity, body mass, leg length, and ethnicity).  

Our study is not without limitations.  The main limitation is the difficulty in 

assessing PA in children and youth through a self-report questionnaire.  We sought to 

minimize this limitation by using a questionnaire that has been validated in youth,103 by 

encouraging guardian assistance with PA recall, and by limiting recall to past year 

leisure-time PA and sport participation.  Nevertheless, we acknowledge that this 

approach may be susceptible to reporting errors.  Another potential limitation of the 

PYPAQ is that it does not allow for the examination of the relationship between historical 

PA (previous years) and bone parameters.  For example, it is possible that older girls 

could have been physically active for more years.  However, as recently shown by 

Nilsson et al.,176 present PA (past year) and historical PA (previous years) are strongly 

interrelated, which suggests that present PA tends to be representative of historical PA.  

Thus, had we measured historical PA in addition to present PA, like Nilsson et al.,176 it is 

probable we would have found both present and historical PA to be related to bone 

geometry and strength.  Also, ground reaction forces (GRFs) associated with activities 

were not measured directly in our sample.  Similar to Shedd et al.104 and Wang et al.,144 

we assigned load (peak strain score) values to activities based on GRFs reported in the 

literature for young females.105  Another concern is that maturational differences may 

have influenced our study results.  Although we did not directly assess skeletal age, we 

did control for maturation using Tanner staging129 and maturity offset.132  Both methods 
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have limitations.  Tanner stage estimates were obtained from a self-report questionnaire, 

a potential limitation, although the questionnaire has been shown to agree well with 

physician exam and grading of sexual maturation.130  Maturity offset, defined as years 

from PHV, was estimated using the method of Mirwald et al.,132 who developed gender-

specific algorithms to predict years from PHV.  While PHV is best captured from 

longitudinal somatic measurements, the Mirwald equations132 were developed from a 

large sample of youth20 and have been shown to give reasonable estimates of maturity 

offset.131  Both methods gave similar results, suggesting maturity was adequately 

controlled.  Lastly, our cross-sectional analysis does not allow for determination of a 

causal relationship between PA and bone parameters.  Future longitudinal trials are 

needed to address this proposition.  

Despite these limitations, the study had several significant strengths, including the 

large sample of pre- and peri-pubertal girls and the use of pQCT, which has been used in 

only one previous study144 with a similar focus.  Furthermore, the inclusion of several 

sites at metaphyseal and diaphyseal regions of the femur and tibia provided a more 

detailed description of how PA duration, frequency, load, and PYPAQ score are related 

to vBMD, geometry, and indices of strength of weight-bearing bones.  Our results 

indicate that a higher PYPAQ score during growth is predominantly associated with 

greater periosteal expansion.  Since small changes in the shape of bone (e.g. an increase 

in the outer circumference) can dramatically increase bone strength and fracture 

resistance,24 these findings support the premise that loading exercises during growth may 

modify bone structure and reduce the risk of fracture later in life.  



226 
 

 
 

In conclusion, using pQCT in a large sample of pre- and peri-pubertal girls, we 

showed that PA duration, frequency, and load are associated with bone geometry and 

indices of strength, although their independent influence was modest and site specific.  

Contrary to our hypothesis based on findings from animal studies,106-108 PA duration 

(defined as average minutes/session) was a stronger predictor of bone parameters than PA 

frequency (sessions/week) and load (peak strain score105) at most skeletal sites, although 

the total PYPAQ score, which accounts for duration, frequency, and load, was a stronger 

predictor of bone geometry and strength than any individual component of PA.  Girls 

with low levels of bone-relevant activity clearly had less favorable bone geometric 

parameters and lower indices of bone strength than girls with moderate levels; the 

differences between girls with high versus moderate PA were attenuated compared to 

differences between girls with low versus moderate PA.  These results highlight the 

importance of identifying girls with low levels of PA and encouraging them to engage in 

bone-building PA.  
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TABLES 

 

PYPAQ score* 859.4± 913.0 192.8± 77.8
b,c,d

401.8± 51.6
f, g

618.9± 79.7
b,h,i

952.8± 119.7
c,f,h,j

2130.6± 1346.6
d,g,i,j

Duration† 411.7± 270.9 174.5± 94.9
a,b,c,d

289.0± 93.1
a,e,f,g

396.2± 173.1
b,e,h,i

525.7± 198.8
c,f,h,j

673.0± 270.9
d,g,i,j

Frequency‡ 14.1 ± 10.1 5.9± 3.7
a,b,c,d

9.3 ± 4.1
a,f,g

12.0 ± 6.1
b,h,i

17.0 ± 7.5
c,f,h,j

26.3 ± 11.8
d,g,i,j

Load§ 12.2 ± 6.8 6.0± 2.9
a,b,c,d

9.5 ± 3.5
a,e,f,g

11.9 ± 5.3
b,e,h,i

15.5 ± 5.9
c,f,h,j

18.2 ± 7.6
d,g,i,j

Ethnicity (%; Hispanic)

Age (years) 10.6± 1.1 10.5± 1.1 10.4± 1.0
f

10.7 ± 1.0 10.9± 1.1
f

10.8 ± 1.1

Tanner stage (%; 1/2/3/4/5)

Maturity offset (years) -1.1± 1.0 -1.2± 1.1 -1.4± 0.9
f

-1.1 ± 1.1 -0.9± 1.0
f

-1.1 ± 1.0

Body mass (kg) 39.2± 10.4 40.9± 12.4 37.1± 9.2 37.5± 9.2 41.2± 10.5 39.3± 9.8

Height (cm) 144.3± 9.8 143.8± 9.4 142.3± 9.0
f

145.0± 10.2 146.5± 10.1
f

144.0± 9.8

BMI (kg/m
2
) 18.6 ± 3.4 19.5± 4.1

a,b
18.1 ± 2.9

a
17.6 ± 2.7

b,h
19.0 ± 3.4

h
18.7 ± 3.2

Leg length (cm) 68.8± 5.7 68.5± 5.3 67.9± 5.4 69.4± 5.6 70.0± 6.4 68.3± 5.6

Femur length (cm) 34.0± 3.0 33.8± 2.8 33.4± 2.8
f

34.0 ± 2.9 34.9± 3.4
f

33.8 ± 3.0

Tibia length (cm) 33.2± 2.8 33.2± 2.8 32.8± 2.6 33.3± 2.9 33.8± 2.7 32.8± 2.9

Body fat (%) 27.8± 8.4 31.2± 9.0
a,b,d

27.5 ± 7.6
a

25.1 ± 7.6
b

28.1 ± 8.3 27.2± 8.4
d

† Duration = ∑n-1 (minutes/session) 

‡ Frequency = ∑n-1 ([months/12] x (days/week)) 

§ Load = ∑n-1 (peak strain score) 

  33/33/27/5/2     29/43/22/6/0     43/28/24/4/1     30/34/27/7/2     28/29/36/5/2     37/31/28/2/2

Third                                  
(n = 93)

Values are presented as mean ± SD or percentage

* PYPAQ score = ∑n-1 (Duration (minutes/session) x Frequency ([months/12] x (days/week)) x Load (peak strain score))

Fifth                                   
(n = 93)

Fourth                            
(n = 93)

          22             24             20

Significant (p  ≤ 0.05) difference between fifths: 
a
first vs. second, 

b
first vs. third, 

c
first vs. fourth, 

d
first vs. fifth, 

e
second vs. third, 

f
second 

vs. fourth, 
g
second vs. fifth, 

h
third vs. fourth, 

i
third vs. fifth, 

j
fourth vs. fifth, ANOVA

Table 1.  Descriptive characteristics of all girls and by fifths of past year physical activity questionnaire (PYPAQ) score

 First                                  
(n = 93)

Fifths of past year physial activity questionnaire (PYPAQ) score

Total sample               
(n = 465)

            17             30             19

Second                             
(n = 93)
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β p R
2
 (%) β p R

2
 (%) β p R

2
 (%) β p R

2
 (%)

pQCT Femur

   4% PC      −      −      −      −      −      −    0.06   0.030    0.6%      −      −      −

   4% BSI      −      −      −      −      −      −      −      −      −    0.08   0.028    1.4%

   20% Crt Area    0.05   0.047    0.4%    0.05   0.032   0.4%      −      −      −    0.07   0.003    0.7%

   20% EC      −      −      −      −      −      −      −      −      −    0.07   0.050    1.0%

   20% PC    0.05   0.047    0.4%      −      −      −      −      −      −    0.08   0.004    0.7%

   20% Crt Thk      −      −      −      −      −      −      −      −      −      −      −      −

   20% SSI    0.06   0.006    0.5%    0.06   0.013    0.4%    0.05   0.033    0.4%    0.08 <0.001    0.8%

pQCT Tibia

   4% PC      −      −      −    0.05   0.048    0.5%      −      −      −    0.07   0.012    0.8%

   4% BSI    0.11   0.002    2.3%      −      −      −    0.09   0.006    1.9%    0.13 <0.001    3.3%

   66% Crt Area      −      −      −      −      −      −      −      −      −    0.08   0.002    0.9%

   66% EC    0.14 <0.001    5.9%      −      −      −      −      −      −    0.12   0.003    4.1%

   66% PC    0.11 <0.001    1.8%      −      −      −    0.06   0.047    0.5%    0.12 <0.001    2.1%

   66% Crt Thk      −      −      −      −      −      −      −      −      −      −      −      −

   66% SSI    0.06   0.010    0.5%      −      −      −      −      −      −    0.11 <0.001    1.5%

Table 2.  Significant associations between duration, frequency, load, past year physical activity questionnaire (PYPAQ) score 
and pQCT bone parameters in young girls (n = 465)

Duration† Frequency‡ Load§ PYPAQ score*

Standized regression coefficients (β), p  values, and variances (R
2
) in bone parameters explained by significant (p  < 0.05) 

physical activity components from stepwise multiple linear regression models.  Variances (R
2
) shown are for each seperate 

physical activity component when all physical activity components (duration, frequency, load, and PYPAQ score) and 
covariates (maturity offset, body mass, leg length, and ethnicity) were included in regression models

PC = periosteal circumference (mm); BSI = bone strength index (mg
2
/cm

4
); Crt Area = cortical area (mm

2
); EC = endosteal 

circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
)

§ Load = ∑n-1 (peak strain score) 

− nonsignificant contribution to the regression model (p  > 0.05) 

‡ Frequency = ∑n-1 ([months/12] x (days/week)) 

* PYPAQ score = ∑n-1 (Duration (minutes/session) x Frequency ([months/12] x (days/week)) x Load (peak strain score))

† Duration = ∑n-1 (minutes/session) 
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pQCT Femur 

    4% Trab vBMD 234.5± 3.2 235.4± 3.2 235.6± 3.2 239.6± 3.2 239.4± 3.2

    4% PC 122.7± 0.8
d

125.5± 0.8 124.9± 0.8 125.7± 0.8 126.1± 0.8
d

    4% BSI 91.5± 2.2 94.7± 2.2 95.6± 2.2 98.7± 2.2 97.6± 2.2

    20% Crt vBMD 1043.8± 2.3 1046.8± 2.3 1051.7± 2.3 1045.8± 2.3 1042.9± 2.3

    20% Crt Area 171.1± 1.8 177.1± 1.8 174.0± 1.8 176.5± 1.8 176.7± 1.8

    20% EC 60.4± 0.6
d

61.7± 0.6 62.0± 0.6 62.5± 0.6 62.6± 0.6
d

    20% PC 75.8± 0.5
c,d

77.5± 0.5 77.7± 0.5 77.8± 0.5
c

78.3± 0.5
d

    20% Crt Thk 2.5± 0.03 2.6± 0.03 2.5± 0.03 2.5± 0.03 2.5± 0.03

    20% SSI 1265.9± 19.4
a,b,c,d

1345.6± 19.4
a

1350.3± 19.4
b

1360.7± 19.4
c

1363.9± 19.4
d

pQCT Tibia

    4% Trab vBMD 219.6± 2.7 219.4± 2.7 222.7± 2.7 225.4± 2.7 226.2± 2.7

    4% PC 84.6± 0.5
d

85.7± 0.5 86.0± 0.5 86.5± 0.5 87.0± 0.5
d

    4% BSI 49.2± 1.0
c,d

51.0± 1.1 52.5± 1.1 53.5± 1.1
c

53.7± 1.1
d

    66% Crt vBMD 1025.3± 2.9 1024.7± 2.9 1036.4± 2.9 1028.1± 2.9 1026.9± 2.9

    66% Crt Area 185.1± 2.1
c

189.5± 2.1 189.8± 2.1 194.2± 2.1
c

190.7± 2.1

    66% EC 51.0± 0.6
d

52.6± 0.6 51.9± 0.6 52.9± 0.6 54.1± 0.59
d

    66% PC 70.3± 0.5
c,d

71.7± 0.5 71.7± 0.5 72.2± 0.5
c

73.0± 0.5
d

    66% Crt Thk 3.0± 0.04 3.1± 0.04 3.1± 0.04 3.1± 0.04 3.0± 0.04

    66% SSI 1115.9± 18.0
c,d

1163.6± 18.0 1186.8± 18.0 1199.8± 18.0
c

1209.5± 18.0
d

* PYPAQ score = ∑n-1 (Duration (minutes/session) x Frequency ([months/12] x (days/week)) x Load (peak strain score))

Fifth                                   
(n = 93)

Fourth                                 
(n = 93)

Significant (p  ≤ 0.05) difference between fifths: 
a
first vs. second, 

b
first vs. third, 

c
first vs. fourth, 

d
first vs. fifth, ANCOVA

Table 3.  pQCT bone parameters of girls by fifths of past year physical activity questionnaire (PYPAQ) score

 First                                  
(n = 93)

Fifths of past year physial activity questionnaire (PYPAQ) score*

Trab vBMD = trabecular volumetric bone mineral density (mg/cm
3
); PC = periosteal circumference (mm); BSI = bone strength index 

(mg
2
/cm

4
); Crt vBMD = cortical volumetric bone mineral density (mg/cm

3
); Crt Area = cortical area (mm

2
); EC = endosteal 

circumference (mm); Crt Thk = cortical thickness (mm); SSI = strength-strain index (mm
3
)

Second                             
(n = 93)

Third                                  
(n = 93)

Values are presented as estimated marginal means ± SE adjusted for maturity offset, body mass, leg length, and ethnicity
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FIGURES 

Figure 1a  
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FIGURE LEGENDS  

  

Figure 1.  Femur (a) and tibia (b) pQCT estimated marginal means ± SE for the lowest, 

average of the middle 3, and the highest fifths of past year physical activity questionnaire 

(PYPAQ) score normalized to the middle 3 fifths.  Outcome values were normalized to 

the middle group; thus, setting the middle group values to 1.0 and lower and higher 

values to <1.0 and >1.0, respectively.  Normalization of values was necessary due to the 

differences in units among pQCT outcome variables.  Differences in outcome values 

were evaluated by ANCOVA using maturity offset, body mass, leg length, and ethnicity 

as covariates.  PC = periosteal circumference (mm); BSI = bone strength index 

(mg2/cm4); EC = endosteal circumference (mm); SSI = strength-strain index (mm3). a p < 

0.05 (lowest vs. middle); b p < 0.01 (lowest vs. middle); c p < 0.05 (lowest vs. highest); d 

p < 0.01 (lowest vs. highest); e p < 0.001 (lowest vs. highest); f p < 0.05 (middle vs. 

highest).  
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QUESTIONNAIRES 
 
 

HEALTH HISTORY QUESTIONNAIRE 
 
 

1. Has your daughter ever been diagnosed by a medical professional (doctor, nurse-
practitioner, physician’s assistant), psychologist, or psychiatrist as having any of the 
following illnesses?  
 

2. Has your daughter ever had any broken bones?  Yes ____No  ____  
 

Name Date Surgery needed? 
Example: Right lower leg May 1990 No 
   
   
   

 
 

3. Has your daughter ever had any surgery?  Yes  __  No  ____ If yes, please describe below: 
 

Type of Surgery Date Why 
Example: Tonsillectomy July 1993 Frequent infections 
   
   
   

 
 

Does your child have any of 
the following diseases or 

conditions? 
(CIRCLE ONE)  

Disease/Condition Does your child take 
medication for this 

disease or condition? 
(CIRCLE ONE)  

Name of 
medication 

Amount How often How long 

Yes or No or Don’t Know Example: Asthma Y Advair  50 mg 3 x’s a day 2 years 
Y or N or Don’t Know  Anorexia Y or N     
Y or N or Don’t Know  Bulimia Y or N     
Y or N or Don’t Know  Allergies Y or N     
Y or N or Don’t Know  Asthma Y or N     
Y or N or Don’t Know  Autoimmune disorder (i.e. AIDS, 

Lupus, etc.) 
Y or N     

Y or N or Don’t Know  Bipolar (Manic-depressive) disorder Y or N     
Y or N or Don’t Know  Depression Y or N     
Y or N or Don’t Know  Brittle bones (osteogenesis imperfecta) Y or N     
Y or N or Don’t Know  Cancer Y or N     
Y or N or Don’t Know  Crohn’s disease Y or N     
Y or N or Don’t Know  Cushing’s Syndrome Y or N     
Y or N or Don’t Know  Heart disease Y or N     
Y or N or Don’t Know  Hypertension      
Y or N or Don’t Know  Hodgkin’s disease Y or N     
Y or N or Don’t Know  Hyperparathyroidism Y or N     
Y or N or Don’t Know  Kidney disease Y or N     
Y or N or Don’t Know  Leukemia Y or N     
Y or N or Don’t Know  Lymphoma Y or N     
Y or N or Don’t Know  Rheumatoid arthritis Y or N     
Y or N or Don’t Know  Seizure disorder Y or N     
Y or N or Don’t Know  Thyroid disease Y or N     
Y or N or Don’t Know  Ulcerative colitis Y or N     
Y or N or Don’t Know  Blood Disorder (i.e. hemophelia, sickle 

cell trait or disease) 
Y or N     

Y or N or Don’t Know  Other? Y or N     
Y or N or Don’t Know  Other? Y or N     
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4. Has a doctor ever told you that your daughter has a heart problem, such as congenital heart 

disease, or any other heart related problem? 

Yes ____  No ____ 

If yes, please describe below: 

             

 

 

5. Does your daughter have any condition that interferes with her ability to run, play, exercise, or 

participate in PE?   

Yes ____  No ____ 

If yes, please describe below: 

             

 

 

6. Does your daughter have to sit out during PE or other organized exercise program for any 

specific activities?  

Yes  ____No ____ 

If yes, please describe below: 

             

 

 

7. Is your daughter able to read and understand English?   

Yes ____No ____ 

If not, please explain below: 
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TANNER QUESTIONNAIRE 

 
 

Between the ages of 8 and 18 your body goes through many physical changes.  The 
following questions will help us understand your current state of physical development. 
 
1. Have you started your period? 

 
�  No (Please go to question 2A) 
 
�  Yes (Please answer 1a and 1b below) 
 
1a. When was your first period?      /    
    Month  Year 
 
1b. How old were you?    (age in years) 
 
2a. Look at the pictures below of the upper body and circle the number next to the picture 
that most resembles you.  You only need to circle one number (the one on the left). 
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TOBBACO QUESTIONNAIRE 

 
 
As part of the “Jump In - Building Better Bones” project conducted by the University of 
Arizona, we need to know about smoking and tobacco use.  Your answers will be kept 
confidential so that no one can find out who you are and what your answers are.  If you 
do not want to answer a question please circle the number next to the answer that says 
“do not want to answer”. 
 
 
Please circle the number next to the answer of each question.   
 
 
A. Tobacco use  

 
The following questions are about cigarette smoking.   

 
1. Have you ever tried smoking cigarettes, even a few puffs? 

1. Yes (continue with questions 2-5) 
2. No (skip to Section B) 

 
2. How old were you when you smoked your first whole cigarette? 

    
  Enter age in years_____________________ 

 
3. Have you smoked at least 100 cigarettes in your life? 

1. Yes 
2. No 

 
4. Think about the last 30 days.  On how many of these days did you smoke? 

 
 Enter number________________ 
 

 
5. On the days that you did smoke, how many cigarettes did you usually smoke? 

 
 Enter number________________ 
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B. Exposure 2nd-hand smoke 
 

1. Do you live with anybody who smokes? 
1. Yes 
2. No (skip to Section C) 

 
2. When smokers in your home smoke, do they smoke:  

1. Wherever they want 
2. Only in certain rooms 
3. Don’t smoke inside home 

 
C. Family and friends 
 

1. Does your mother or stepmother live with you?  
1. Yes 
2. No 

 
2. Does she smoke? 

1. Yes 
2. No 

 
3. As far as you know, does/did she smoke everyday? 

1. Yes 
2. No 

 
4. Does she ever smoke around you? 

1. Yes 
2. No 
 

5. Does your father or stepfather live with you? 
1. Yes 
2. No 

 
6. Does he smoke? 

1. Yes 
2. No 

 
7.  As far as you know, does/did he smoke everyday? 

1. Yes 
2. No 

 
8. Does he ever smoke around you? 

1. Yes 
2. No 
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9. How many brothers and sisters live with you? 

 
Enter Number___________________ 

 
10. How many of them smoke? 

 
Enter Number________________________ 
 

11. Do they ever smoke around you? 
1. Yes 
2. No 

 
12. About how many close friends do you have? 

 
Enter Number_______________________ 
 

13. Of your close friends, how many have had at least one cigarette in the past 30 
days as far as you know? 

 
            Enter Number ______________________ 
 

14. How many of them smoke almost every day? 
 

Enter Number__________________________ 
 

15. Do they ever smoke around you? 
1. Yes 
2. No 

 
 



238 
 

 
 

3-DAY PHYSICAL ACTIVITY RECALL QUESTIONNIARE 
 

 

Instructions: 

The purpose of this questionnaire is to approximate the amount of physical activity that 

you perform.  The name of each day that you will describe is located in the top left-hand 

corner of each time sheet. 

1. For each time period, write in the activity number that corresponds to the main 

activity you actually performed during that particular time period.  The activity 

numbers are found on the Coding Instructions Sheet.  Note that the first twenty 

(20) activities are shaded. 

2. If the activity is shaded on the Coding Instructions Sheet then you do not need to 

fill out any of the remaining columns and you should go to the next time period.  

Otherwise, proceed with 3-4 below.   

3. For activities 21-71, rate how physically hard each activity was.  Place a “����” in the 

timetable to indicate one of the following intensity levels for each non-shaded 

activity.  

4. Indicate where you performed each non-shaded activity by writing in the 

corresponding number found on the Coding Instructions Sheet. 

Intensity Scale: 

• Light  - Slow breathing, little or no movement. 

• Moderate - Normal breathing and some movement. 

• Hard - Increased breathing and moderate movement. 

• Very Hard  - Hard breathing and quick movement. 
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Coding Instructions Sheet 
‘Activity’ Numbers: 

 
EATING 
1. Eating a meal 
2. Snacking 
 
AFTER SCHOOL/SPARE 

TIME/HOBBIES 
3. Church 
4. Hanging around 
5. Homework 
6. Listening to music 
7. Marching band/flag line 
8. Music lesson/playing instrument 
9. Playing video games/surfing internet 
10. Reading 
11. Shopping 
12. Talking on phone 
13. Watching TV or movie 
 
SLEEP/BATHING 
14. Getting dressed 
15. Getting ready (hair, make-up, etc.) 
16. Showering/bathing 
17. Sleeping 

SCHOOL 
18. Club, student activity 
19. Lunch/free time/study hall 
20. Sitting in class 
21. P.E. Class 
 
TRANSPORTATION 
22. Riding in a car/bus 
23. Travel by walking 
24. Travel by bicycling 

 
WORK 

25. Working (e.g., part-time job, child care) 
26. Doing house chores  
27. Yard Work (e.g., mowing, raking) 

 
PHYSICAL ACTIVITIES 

28. Aerobics, jazzercise, taebo 
29. Basketball 
30. Bicycling, mountain biking 
31. Bowling 
32. Broomball 
33. Calisthenics / Exercises  
34. Cheerleading  

 
35. Dance  
36. Exercise machine  
37. Football 
38. Frisbee 
39. Ultimate Frisbee 
40. Golf / Mini-golf 
41. Gymnastics / Tumbling 
42. Hiking 
43. Rock climbing 
44. Hockey (ice, field, street, or floor) 
45. Horseback riding 
46. Jumping rope 
47. Kick boxing 
48. Lacrosse  
49. Martial arts (karate, judo, tai kwan do) 
50. Playground games  
51. Playing catch 
52. Playing with younger children 
53. Roller blading, ice skating, roller skating 
54. Riding scooters 
55. Running / Jogging 
56. Skiing  
57. Skateboarding 
58. Sledding, tobogganing, bobsledding 
59. Snowboarding 
60. Soccer 
61. Softball/baseball 
62. Surfing (body or board)  
63. Swimming (laps) 
64. Swimming (play, pool games) 
65. Tennis, racquetball, badminton  
66. Trampolining 
67. Track & field 
68. Volleyball 
69. Walking for exercise 
70. Weightlifting 
71. Wrestling 
72. Yoga, stretching 
73. Other ________________________ 
 

‘Where’ Numbers: 
1 – HOME / NEIGHBORHOOD   
2 – SCHOOL  
3 – COMMUNITY FACILITY   
4 – OTHER OUTDOOR PUBLIC AREA  
5 – CLUB 
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______________________ 
DAY OF THE WEEK  

 

 

 

 

 

 

 

 

  
Activity 
Number Light Moderate Hard Very Hard Where 

7:00-7:30         
7:30-8:00             
8:00-8:30             
8:30-9:00             
9:00-9:30             
9:30-10:00             

10:00-10:30             
10:30-11:00             
11:00-11:30             
11:30-12:00             
12:00-12:30             
12:30-1:00             
1:00-1:30             
1:30-2:00             
2:00-2:30             
2:30-3:00             
3:00-3:30             
3:30-4:00             
4:00-4:30             
4:30-5:00             
5:00-5:30             
5:30-6:00             
6:00-6:30             
6:30-7:00             
7:00-7:30             
7:30-8:00             
8:00-8:30             
8:30-9:00             
9:00-9:30             
9:30-10:00             

10:00-10:30             
10:30-11:00             
11:00-11:30       
11:30-12:00             

To be completed by Jump In staff: 
ID:  _________________ 

Form Code: PAR Date : ______/______/ 20____ ____ 



241 
 

 
 

 
______________________ 
DAY OF THE WEEK  

  
Activity 
Number Light Moderate Hard Very Hard Where 

7:00-7:30         
7:30-8:00             
8:00-8:30             
8:30-9:00             
9:00-9:30             
9:30-10:00             

10:00-10:30             
10:30-11:00             
11:00-11:30             
11:30-12:00             
12:00-12:30             
12:30-1:00             
1:00-1:30             
1:30-2:00             
2:00-2:30             
2:30-3:00             
3:00-3:30             
3:30-4:00             
4:00-4:30             
4:30-5:00             
5:00-5:30             
5:30-6:00             
6:00-6:30             
6:30-7:00             
7:00-7:30             
7:30-8:00             
8:00-8:30             
8:30-9:00             
9:00-9:30             
9:30-10:00             

10:00-10:30             
10:30-11:00             
11:00-11:30       
11:30-12:00             

To be completed by Jump In staff: 
ID:  _________________ 

Form Code: PAR Date : ______/______/ 20____ ____ 
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______________________ 
DAY OF THE WEEK  

  
Activity 
Number Light Moderate Hard Very Hard Where 

7:00-7:30         
7:30-8:00             
8:00-8:30             
8:30-9:00             
9:00-9:30             
9:30-10:00             

10:00-10:30             
10:30-11:00             
11:00-11:30             
11:30-12:00             
12:00-12:30             
12:30-1:00             
1:00-1:30             
1:30-2:00             
2:00-2:30             
2:30-3:00             
3:00-3:30             
3:30-4:00             
4:00-4:30             
4:30-5:00             
5:00-5:30             
5:30-6:00             
6:00-6:30             
6:30-7:00             
7:00-7:30             
7:30-8:00             
8:00-8:30             
8:30-9:00             
9:00-9:30             
9:30-10:00             

10:00-10:30             
10:30-11:00             
11:00-11:30       
11:30-12:00             

To be completed by Jump In staff: 
ID:  _________________ 

Form Code: PAR Date : ______/______/ 20____ ____ 
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PAST YEAR PHYSICAL ACTIVITY QUESTIONNAIRE 

 

Page 1: Instructions 

The Past Year Physical Activity Questionnaire is to be filled out during an interview with 

the subject by Jump-In research staff or by a parent/guardian.  The purpose of this 

questionnaire is to assess the physical activities that the subject has engaged at various 

times throughout the past year along with the frequency and duration of those activities.   

Page 2: The subject is asked 4 multiple choice questions that assess “hard and light 

exercise” over the past two weeks, daily television watching, and competitive athletic 

participation.  This is followed by listing the specific competitive/organized athletics in 

which the subject regularly engages.   

Page 3: The subject is instructed to identify all leisure activities from a list in which she 

participated in at least 10 times in the past year (as the interviewer checks all positive 

responses).  Record the total number of activities at the bottom of this page.   

Page 4: After the list has been read and all of the positive responses have been checked, 

the interviewer writes down each activity that was identified on page 3 in the “Activity” 

column provided.  Estimates of frequency and duration are then obtained for each of 

these activities.  Specifically, for each activity, each month that the activity was 

performed over the past year (past 12 months) is checked and the total is recorded, 

followed by the average number of days per week, and the average minutes per day 

which are all entered in the appropriate columns.   



244 
 

 
 

1.  How many times in the past 14 days have you done at least 20 minutes of exercise 
hard enough to make you breathe heavily and make your heart beat fast? (Hard exercises 
include, for example, playing basketball, running, or fast bicycling; please do not include 
time in physical education class).  

o None  
o 1 to 2 days  
o 3 to 5 days  
o 6 to 8 days  
o 9 or more days  

 
2. How many times in the past 14 days have you done at least 20 minutes of light 
exercise that was not hard enough to make you breathe heavily and make your heart beat 
fast? (Light exercises include, for example, household chores, walking, or slow bicycling; 
please do not include time in physical education class). 

o None  
o 1 to 2 days  
o 3 to 5 days  
o 6 to 8 days  
o 9 or more days  

 
3. During a normal week, how many hours a day do you watch television and movies, or 
play computer or video games before or after school?   
None  

o 1 hour or less   
o 2 to 3 hours  
o 4 to 5 hours  
o 6 or more hours   

 
4. During the past year, how many team or individual sports or activities did you 
participate in on a competitive level, such as school-based team sports, intramurals, or 
other organized teams, clubs or programs?  

o None  
o 1 activity  
o 2 activities  
o 3 activities  
o 4 or more activities    

 
Please list all of the competitive activities that you competed in?  
 
 1. ____________________   2. ____________________  
 
 3. ____________________   4. ____________________  
 
 5. ____________________   6. ____________________  
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Check all activities (do not include activities during physical education classes) from the 
list below in which the subject participated in at least 10 times in the past year (past 12 
months) by checking the appropriate circles.  
 
  
 o  Aerobics, Jazzercise, Taebo   o Roller Blading / Skating  

 o Basketball     o Riding Scooters 

 o Bicycling, Mountain Biking    o Running / Jogging  

 o Bowling     o Skateboarding  

 o Calisthenics / Exercises   o Snow Skiing / Boarding  

 o Cheerleading, Drill Team   o Soccer  

 o Dance      o Softball / Baseball  

 o Exercise Machine    o Surfing / Body Boarding 

 o Football     o Swimming (Laps)  

 o Frisbee     o Swimming  

 o Garden / Yard Work    o Tennis / Racquetball  

 o Golf / Mini-golf    o Trampolining 

 o Gymnastics / Tumbling   o Track & Field  

 o Hiking     o Volleyball  

 o Hockey     o Walking for Exercise  

 o Horseback Riding    o Water Skiing  

 o Jumping Rope    o Weightlifting  

 o Kick Boxing     o Wrestling  

 o Lacrosse     o Yoga / Stretching  

 o Martial Arts     o __________________ 

 o Playing Games    o __________________ 

 o Rock Climbing    o __________________ 
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Please read all instructions carefully before filling out the table.  

1. List each activity that the subject engaged in Column A of the table below.   

2. Check the months within the past year that the subject regularly participated in each 

activity.   

3. Add the number of months for each activity and record the total number of 

months/year in Column B.   

4. Record the average number of days per week in which the subject regularly 

participated in each activity in Column C.   

5. Record the average number of minutes per day in which the subject regularly 

participated in each activity in Column D.  

 
    A:                  B:    C:    D: 

Activity Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Mon/
Year 

Days
/wk 

Min/
day 

1. 
                

2.   
                

3.  
                

4.  
                

5.  
                

6.  
                

7.  
                

8.                

9.                

10                

11.                

12.                

13                

14.                

15. 
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