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Statement of Purpose: 

For my Honor Thesis, I worked with Dr. Scott Going on a research project called ‘Jump 
In’.  I learned a lot from this thesis such as how to be part of a research team.  I learned how to 
thoroughly research a topic using primary literature sources and also how to critically analyze 
data.  I did this by using search engines such as PubMed and Web of Science, and narrowing my 
searches to appropriate titles.  I read the abstracts of hundreds of papers to find the ones with 
relevant information about the topics of this study.  I learned how to record measurements in the 
lab and also how to keep files uniform and organized.   This project also taught me how to 
evaluate data and postulate possible reasons for findings.  The strategy I used for this was to 
make a web of possibilities for each major finding and branch out by asking myself ‘how’ and 
‘why’ certain aspects were found.   My thesis was based upon the primary analysis of a small 
subset of the main data, so none of the findings are significant yet.  The data was found to be 
heading in the right direction though, which indicates that implementing a high-intensity 
jumping intervention in young girls leads to an increase in bone strength.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

THE EFFECTS OF HIGH IMPACT EXERCISE ON BONE GROWTH AND  

DEVELOPMENT IN YOUNG GIRLS 

By 

ALISON ELISABETH BACON 
 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: 

Intro: The Jump In study seeks preventative options for osteoporosis through high impact 
exercise in young girls.  This preliminary analysis examines the changes in bone growth and 
development of girls after 1 year of the jumping intervention vs. a control group. Methods: This 
paper focuses on 78 girls, half of whom were involved in 1 year of a school-based jumping 
exercise intervention.  The girls bone strengths were measured along the femur and tibia using 
DXA and pQCT, and values were compared between the intervention and control groups.  
Results:  The preliminary findings showed a greater increase in strength values at the sites on the 
tibia for the intervention group over the control group, although most of these values were not 
yet considered significant.  The trends were the same for the femur although the changes were 
not as pronounced.  Conclusion: It was predicted that weight-bearing exercise is osteotrophic and 
will elicit significant increases in bone mass, trabecular and cortical densities, and bone strength 
in pre-pubescent and early pubescent girls, and although these increases are not statistically 
significant yet, it is likely that the full-scale data analysis will fully support this hypothesis. 



INTRODUCTION: 
 

Osteoporosis is a disease in which bones become fragile and easy to break.  It is 
estimated to affect over 200 million people worldwide and is responsible for millions of fractures 
annually.  Osteoporosis is defined by the World Health Organization (WHO) in women as a bone 
mineral density 2.5 standard deviations below peak bone mass.  It can greatly affect the quality 
of life as well as life expectancy, so with the vast number of people affected by this disease it is 
important to seek new preventions and treatment options.  

Increasing evidence supports exercise during growth as having the greatest potential to 
prevent osteoporosis, which is why this study focuses on 4th and 6th grade girls.  The Jump-In 
study seeks preventative options for osteoporosis through high impact exercise in young girls.  
Studies have shown that children who participate in high impact activities such as gymnastics, 
ballet, racket sports and weight training have an increased BMD at the loaded sites when 
compared to control subjects. Mechanical loading on bones that is greater than what is habitually 
encountered activates new bone formation on both the cortical and trabecular surfaces which 
increases bone strength due to adaptations in the geometric dimensions of the bone. Studies vary 
as to whether the effects of high impact exercise are greater for pre or post pubescent girls, so 
this study tests both. If osteoporosis can be prevented at a young age by significantly increasing 
BMD, it could potentially save billions of dollars annually in health care costs, and improve the 
lives of millions of Americans.  Although several similar studies have been done in the past on 
this subject, the data is conflicting.  Most previous studies were limited by two dimensional 
imaging methods, whereas this study is not.  Jump In utilizes data from both DXA and pQCT to 
achieve better results.  In this study, it is hypothesized that: 

1. Weight-bearing exercise is osteotrophic and will elicit significant increases in bone 
mass, trabecular and cortical densities, and bone strength in pre-pubescent and early 
pubescent girls.  

2. Adaptations in bone mass, density, and strength will be greater in early pubertal girls 
compared to pre-pubertal girls.   

These two hypotheses apply to the large scale Jump In Intervention; this paper will 
examine only the first hypothesis.   

Scope: The Jump In study will focus on 4th and 6th grade girls in elementary schools in Tucson 
AZ.  The intervention exercises will be high impact loading in nature.  The intervention will be 
school based which is most efficient, however the effectiveness is not as great as it would be in a 
lab.   

 

 

 

 

 

 



BACKGROUND AND SIGNIFICANCE: 
 
Osteoporosis Epidemiology: 

Osteoporosis is a disease in which bones become fragile and more susceptible to 
fractures.  The bone weakening is due to decreased bone mineral density, disruption of bone 
micro-architecture, and an alteration in the amount and variety of non-collagenous proteins.  It is 
defined in women as bone mineral density 2.5 standard deviations below peak bone mass.  There 
are no symptoms of osteoporosis other than bone fracturing at times when healthy people would 
not fracture a bone, although it can be diagnosed with a bone scan.   

Osteoporosis is most common in older women.  It is estimated that 1 in 3 women and 1 in 
12 men over the age of 50 have this disease.  There are currently over 26 million white, 
postmenopausal women in the United states who are suffering from osteoporosis or osteopenia 
(precursor to osteoporosis).  The estrogen drop during menopause is highly correlated with a 
rapid decrease in BMD, and therefore increased risk of osteoporosis.  Those of European or 
Asian descent also have a greater risk.  There is a genetic component to osteoporosis as well; 
there are over 30 genes associated with the disease.  There are many modifiable risk factors as 
well. Alcohol consumption, smoking, malnutrition, physical inactivity, and Vitamin D deficiency 
all increase the risk of developing osteoporosis.   

Osteoporosis affects both the quality of life and the life expectancy.  Common bone 
fractures in osteoporotic patients occur in the vertebral column, rib, hip and wrist.  Vertebral 
collapses cause sharp nerve pain and can lead to reduced height due to hunching.  Hip fractures 
generally require immediate surgery which has many risk factors, including death.  Many 
individuals who incur a hip fracture require long term nursing care, and most do not fully recover 
and suffer from chronic pain, disability and depression. 

There are several different treatment options for osteoporotic patients.  Medications 
include Biphosphonates, Teriparatide, and Strontium Ranelate.  Other treatment options include 
hormone replacement therapy and selective estrogen receptor modulator. Hormone replacement 
therapy was a popular method until studies in 2002 revealed that it led to an increased risk of 
breast cancer, heart disease and stroke.  Evista is an osteoporosis drug that acts similarly to 
estrogen without the risk of cancer; it can however cause blood clots leading to a stroke or MI.  
There are several other drugs available to help treat osteoporosis in several ways, but none are 
close to perfect.  The drugs are expensive and have common undesirable side effects such ulcers, 
skin rashes, leg cramps, and nausea. Recent studies estimate the annual cost of osteoporosis in 
the US to be $10-20 billion dollars.   

As of now, osteoporosis prevention methods include a lifestyle that excludes modifiable 
risk factors such as smoking and alcohol consumption.  Proper nutrition and exercise at a young 
age are also seen as prevention methods.  A diet sufficient in calcium and vitamins C and D are 
also important.  Although there are some helpful lifestyle changes, the increased life expectancy 
and growing number of women with low BMD will lead to a substantial increase in osteoporosis 
patients unless an effective prevention/treatment method is developed. 

 
 

Effects of Impact Exercise on bone development in young girls: 

 Exercise has been shown to enhance bone structure at all ages, however the farther from 
puberty the subject is, the smaller the effects of the exercise are.  Data from previous studies 



indicates that the greatest potential for intervention methods to be effective occurs during the two 
years before and after puberty.  Children who participate in high-impacts sports such as 
gymnastics, weight training, racket sports and ballet show increased BMD at the loaded sites in 
comparison with control subjects.   This indicates that large forces from these high impact sports 
help to increase bone density which could make them a preventative measure for osteoporosis.   
 Studies have also been conducted to see how age and maturation level affect the impact 
of exercise.  These studies have shown that the implementation of a racquet-sport training 
program had a significantly larger change in BMD for pre-pubertal girls than post-pubertal girls.  
These results indicate that age and maturation level is an important factor for selecting bone 
intervention programs. (15) 

Evidence from animal studies has shown that growing bone has a greater capacity to 
respond to mechanical stress than non-growing bone. This trend was consistent in studies done 
on a variety of animals including horses, pigs and rats, so it likely has relevance for humans as 
well.   
 Many studies have linked increased physical activity of children to increased BMD.  One 
6 year longitudinal study annually measured the bone mineral accrual rates at the femoral neck, 
lumbar spine and total body of both active and inactive children.  Those who were active 
accumulated 20% more bone mineral in 2 years than those who were inactive. (2) There is no 
doubt that physical activity at a young age increases bone mineral density.  It is now important to 
find what types of exercise and what age of children can make the greatest difference in an 
intervention program. 
 A jumping study very similar to that of Jump In was completed several years ago with 
positive results.  The implementation of a jumping program consisting of more than 200 jumps 
per week at forces of over 3.5 times the body weight showed a significant increase in BMD over 
control subjects.  At the time this study took place, the BMD was measured but the bone 
geometry and structure were not.  These factors influence bone strength just as much as density 
does, so they will be accounted for in the Jump In study (6). 
  

Effects of physical activity and mechanical stress on bone development: 

Bone is a dynamically interactive material that can respond to an external mechanical stressor by 
changing its structural organization.  It is believed that the mechano-sensors in the bone that 
control the osteoblast and osteoclast activity are the osteocytes.  Bone remodeling results from 
the activities of osteoclasts and osteoblasts, which are linked through the production of 
cytokines, growth factors and prostaglandins.  The production of many of these factors is 
controlled by mechanical stress, and different stressors elicit different responses.   According to a 
study on bone compression, when loading was applied at a large amplitude during locomotion, 
there was a strong release of protoglandins and other factors.  This study supports that 
mechanical stress leads to bone remodeling.  (19) 

How the bone senses and processes a load is largely unknown, however many studies are being 
conducted the cellular basis of mechanotransduction likely involves the integration of diffusion-
controlled signaling pathways with a solid-state scaffold linking the cell membrane to the genes. 
(18) 

Mechanical loading on bones that is greater than what is habitually encountered effects 
adaptations in cortical and cancellous bone, reduces the rate of bone turnover, and activates new 



bone formation on both the cortical and trabecular surfaces.  This leads to an increase in bone 
strength due to adaptations in the geometric dimensions of the bone, which in turn decreases the 
risk of fracture. 

According to a study done on humans who lost bone mass due to inactivity, exposure to low 
magnitude, high frequency activity was shown to normalize and prevent bone loss.  While the 
findings of this study were clear, the reasons remained unknown(26).  Although this study 
showed that low magnitude, high frequency activity helped prevent bone loss, it did not explore 
the effects of different loading magnitudes.   

Another study done on mechanotransduction evaluated the effects of different loads on cortical 
bone, and showed a dose-response relationship between load and bone adaption up to 10Hz. The 
study evaluated the bones response to frequencies of 1, 5, 10, 20 and 30Hz.  This study was 
performed on mice, and in the first part, the ulna was studies when loaded at 120 cycles/day for 3 
days at one of several frequencies and loads.  It was found in this study that frequency 
significantly increased at 10Hz over all other frequencies. Overall it was found that cortical bone 
adaptations to mechanical loading increase with increasing frequency up to 5-10Hz. 

In order to obtain bone reinforcement, the frequency and amplitude of vibration should not 
exceed specified levels. Furthermore, low-frequency vibration does not stimulate the bone 
sufficiently to cause significant remodeling 

Rational for prevention efforts in children: 

Osteoporosis is a disease that affects adults, so why is this study focused on children? 
Osteoporosis can be thought of as a disease that begins silently during childhood and manifests 
itself in adulthood.  Children grow, not adults, so this is the time when bones are changing in 
both size and density.  Bone density increases significantly during childhood and young 
adulthood, and levels off until women reach menopause where there is a steep decline.  This 
study hopes to find a way to increase bone density during childhood so that when it declines 
following menopause, the bones are still strong and osteoporosis can be prevented.  

o Physical activity on bone development in children: 

Physical activity has many effects on bone development in children, and the effects vary based 
on the type of physical activity.  Regular weight-bearing exercise is widely reported to have 
positive effects on bone density.  Participation in high-impact physical activities has been linked 
to enhanced bone formation on the periosteal and/or endosteal surfaces of long bones at loaded 
skeletal sites.  From the little data available, it can be inferred that the effects of exercise on bone 
formation is dependent on both sex and maturation level.  The Jump In study focuses exclusively 
on girls (since osteoporosis is more common in women).  Studies have shown that exercise 
increases periosteal apposition in pre-pubescent girls while it affects endocortical contraction in 
post-pubescent girls.  There is still debate as to what the optimum years are for intervention. (7) 

o Geometry vs. bone mass, density: 

One important aspect of a healthy bone is it strength, which is determined by mass, and 
geometry. The basic morphology of the skeleton is genetically determined, however its final 
mass and architecture can be modulated by mechanical loading via physical activity.  The ability 



of bones to sustain themselves from damage due to mechanical loading is based on its mass, 
density, and structural geometry. The skeleton responds to mechanical loading through bone 
remodeling; this structural addition of bone results in increased density, and therefore greater 
mass.  The bones geometry is underappreciated in clinical evaluation of bone strength because it 
is not detected by absorptiometry.  Small differences in bone geometry can make the bone much 
stronger and less susceptible to fracture.  For example, for the same bone area and density, small 
increases in the diaphyseal radius have a disproportionate influence on the torsional strength of 
bone.  With new technologies available such as MRQ, HSA and pQCT, the three dimensional 
geometry of bone can be studied so bone intervention programs can be conducted and the results 
of these studies can be assessed. (10)  

o Hormonal effects and-optimal intervention window: 

Although osteoporosis is a disease that affects adults, it is widely believed that it is actually 
an adolescent disease that manifests itself in adults.  There are countless studies on osteoporosis 
prevention techniques and while many agree that preventative exercise should be done at a 
young age, the optimal window is still heavily debated.   

"Adolescence is the most critical period across the life span for bone health because more 
than half of PBM [peak bone mass] is accumulated during the teenage years," the authors 
conclude. "Recent and ongoing studies have highlighted the increasing number of clinical 
settings in which an adolescent may potentially lose bone density and are beginning to fill gaps 
in knowledge regarding the roles of physical activity and calcium and vitamin D intake in 
healthy adolescents, as well as the appropriate use of pharmacologic skeletal agents in those with 
chronic illness. Unfortunately, research has not yet generated evidence to identify appropriate 
candidates for both baseline bone density screening and continued monitoring." (7) 

The effects of physical exercise on bone are different in pre and post pubescent girls.  One 
reason for this difference is hormones.  Growth hormone (GH) exerts important influences on 
bone throughout the lifespan.  During childhood, GH is very important in the acquisition of bone 
mass while in adulthood it is important for bone remodeling and maintenance of bone mineral 
density (BMD).  GH is present in high concentrations at birth and decreases with age.  Plasma 
levels increase in pre-pubescent girls and decrease with age as well.   
 Thyroid and sex hormones (androgens and estrogens) are also important during this stage 
of development for optimal bone growth.  The sex hormones are particularly crucial during the 
pubertal growth spurt and fusion of the epiphyseal plates, and have both a direct and indirect 
affect on longitudinal bone growth.  Sex hormones also affect the secretion of GH.   
 The affects of exercise in conjunction with secretion of these hormones at pre vs. post-
pubescent stages in girls are not fully understood, which has is why the optimal intervention time 
window is not agreed upon yet.  (12) 

o Exercise Types and Effectiveness: 

Studies have shown that children who participate in high impact activities such as 
gymnastics, ballet, racket sports and weight training have an increased BMD at the loaded sites 
when compared to control subjects.  Activities that do not involve high impact compressions 
such as swimming show very little or no affect on BMD.  For the maximum skeletal results, the 



exercise intervention should be weight-bearing in nature with large forces.  The benefits must 
also be sustained through growth in order to be preventative for osteoporosis. (16) 
 

Similar Studies: 

A study similar to that of Jump In was completed in 2003 in schools in British Columbia.  
This intervention was known as “Bounce at the Bell” and was the first long term study done to 
evaluate the effects of high impact activity on bone development.  The program implemented 
high impact jumping for 10 minutes a day, 3 times a week for 20 months in 10 year girls, and 
measured the changes in bone mineral content (BMC).  

The BMC was measured for total body, lumbar spine and proximal femur in both the 
intervention and control groups.  There was no significant difference between the growth and 
development patterns between the two groups throughout the 10 months There was a 
substantially larger change in BMC at the femoral neck and lumbar spine in the intervention 
group.  From this study it was concluded that three brief sessions of high impact exercise 
implemented over 2 years in elementary school elicits a substantial bone mineral accrual 
advantage in pubertal girls. (30) 

 

METHODS: 

D. Research Design and Methods. 

Study Design.  

The ‘Jump In’ intervention program is a school-based, group-randomized, controlled trial of the 
effects of two years of exercise on bone macro-architecture and bone strength in pre-pubescent 
and early girls.  Eight schools, matched on school demographics (SES, enrollment, mobility rate 
and ethnicity), will be randomized to intervention or control within matched pairs.   In addition, 
each girl in an intervention school will be matched (race/ethnicity, age, maturation, height and 
weight) with a girl in the matched control school.  Following baseline assessments (age and 
maturation; bone mass, density, structural parameters; body size and composition; diet and 
physical activity), a standard exercise intervention, lasting 5-10 minutes/session, will be 
delivered 3 times per week in PE class and/or recess, depending on school schedules.  The 
intervention will be delivered over two school years, with additional assessments.  This is how 
the large scale project will be carried out, but this paper will be analyzing the changes in bone 
macro-architecture and bone strength after only one year of the intervention.  The data that will 
be obtained will be a small subset of the full pool of data (78 girls) and will give some insight as 
to the progress of the intervention. 

Schools:  

The schools were recruited from four Tucson area school districts: Marana, Flowing Wells, 
Amphi and Catalina Foothills.  Collectively, these districts contain 40 elementary and middle 
schools serving 5,969 4th and 6th grade girls.  These schools were selected for their significant 
Hispanic populations, low mobility rates, proximity (within 20 mile radius of UA), and because 



students in these schools move on to different middle and high schools, thereby avoiding mixing 
intervention and control girls.  The girls that are included in this primary analysis are from 14 
different schools.  

Participants and Exclusion Criteria.  

A cohort of 560 pre-pubescent (total n=280, grade 4 at baseline; Tanner stage 1) and early 
pubescent (total n=280; grade 6 at baseline, Tanner stages 2-3) girls were recruited for the large 
scale study. This paper focuses on 78 of these girls who have completed their one year 
measurements.  Girls with severe learning disabilities (identified by schools) who are unable to 
complete questionnaires or otherwise unable to comply with assessment protocols were 
excluded. Some girls were ineligible due to medical conditions, medications, and disabilities that 
would limit participation in physical exercise. The American Academy of Pediatrics (AAP) lists 
conditions and disabilities that are contraindicative of physical activities (Appendix D), and girls 
were not eligible if they suffered from any of them.  Girls excluded by the school from PE were 
excluded from the study.  Girls who were taking medications that would alter bone mineral 
accrual were excluded from the measurements could still participate in intervention activities.  

Assignment of Participants to Experimental Condition: 

Girls within schools randomized to intervention and control conditions were defined as 
intervention and control participants.  Girls who changed schools within Tucson were followed 
and considered in their original condition, following the intent-to-treat model. 

Recruitment, Retention and Tracking: 

There were 560 girls enrolled at the start of the study with equal numbers in 4th and 6th grade.  
There were 32 4th grade girls and 46 6th grade girls analyzed in this paper.  Recruitment was not 
difficult because volunteers received handsome monetary incentives and the number recruited 
represents only 25% of the available girls from the targeted schools.  All volunteers meeting 
inclusion criteria were enrolled. Volunteers did not receive monetary incentives for consent but 
did receive incentives for completing tests at each measurement period (increasing in amount, to 
promote retention). Initially, presentations were given at school to teachers and students, and 
letters and consent forms (English/Spanish) describing the study were sent home to 
parents/guardians. These letters were distributed to girls in their PE classes with PE teachers 
serving as an advocate and contact. Study liaisons (PE teacher, or other teachers) assisted with 
recruitment/retention activities. PE teachers encouraged girls to return the forms (whether or not 
they volunteer to participate) and teachers received a small incentive for their assistance.  

INTERVENTION PLAN 

The intervention began in the fall of the 4th grade (pre-pubertal) and 6th grade (early-pubertal) 
and continued through the spring of 4th and 6th grade, respectively.  All girls and boys (in co-ed 
classes) who were not excluded by the school from physical education class were allowed to 
participate in intervention activities. 

Weight-Bearing Exercise Intervention: 



This school-based program emphasizes jumping activities designed to elicit ground reaction 
forces of ~3-8 times body weight.  This method was chosen because studies have shown that 
jumping activities with moderate-to-high ground reaction forces (GRF) have been related to 
positive bone adaptations in children and adolescents [3, 11, 25, 34, 27, 15]. 

The program was modeled after earlier school-based programs [13, 14, 20, 21, 24, 27].  Activity 
circuits consist of 5 age-appropriate activities designed to stress bones in diverse ways. Activities 
were designed by Jennifer Reeves, elementary school PE specialist, former leader of the 
American Alliance for Health, Physical Education and Dance, Physical BEST program, and 
creator of Pyramid Power.  Ms. Reeves also oversaw the intervention and training of teachers 
and staff.  The program was delivered three times per week, by teachers (with assistance from 
study staff) in PE class, recess, or other times, depending on the school schedule.  Program 
content, duration and progression was standardized and documented for all sessions.  The 
training stimulus progressed systematically by increasing the duration (from ~5 up to 10 
mins/session), intensity (ground reaction forces, GRF: initially, 3-4 progressing to up to 8 times 
body weight) and type of activities.  Initially, 10 repetitions (“jumps”) were completed at each 
station (50 total repetitions) which progressed to 20 repetitions (100 total).  Activity circuits were 
changed about every 4-6 weeks to maintain children’s interest and motivation and to load the 
skeleton in diverse ways.   

To document compliance and dose, attendance was taken at all sessions, repetitions were 
recorded, and the requirements of each activity were standardized (for example, by using 
standard foam hurdle height, standard box height, etc.) and documented.  The ground reaction 
forces elicited by most of the activities have been reported [11, 24, 34].  Nevertheless, to 
document the GRFs in this study, force plate measurements of ground reaction forces were made 
(Galileo Force Plate, Stratec, Inc.; Pforzheim, Germany) elicited by the activities in both years of 
the intervention in randomly drawn subsets (n=25 per grade) of girls from each grade. 

Intervention Quality Control and Process Evaluation.  The aim of this study was to test the 
effects of a regular dose of specific exercise on bone development in growing girls, so it was 
important to monitor and promote and document intervention fidelity and dose.  Trained teachers 
delivered the intervention, assisted by staff, and intervention was evaluated throughout and 
adjusted (e.g., additional training, more staff support; more frequent change in activities to 
maintain girls’ interests) as needed to insure a high quality intervention. 

Two forms of evaluation were used in this study.  The first form of evaluation was used to 
monitor the intervention and to maintain adherence with the intervention protocol. Assessment 
for intervention adherence took place at the intervention sites and provided information for 
quality control of the intervention. The second form of evaluation was used to understand the 
extent to which secular trends such as changes in policy and procedures that could affect the 
primary outcomes are occurring in both the intervention and control sites.  For example, changes 
in school policies that change the PE curricula or other activity-related opportunities (e.g., after-
school sports) were important to document for understanding the potential impact on study 
outcomes.   

For monitoring intervention protocol adherence, three components of process were evaluated: 
fidelity--how well it was implemented, dose--how much was done, and reach --how many 
received it. Fidelity assessment examined whether recommended activities were delivered. 



Dosage assessment monitored whether activities were being implemented with sufficient 
frequency, intensity and duration.  Reach was assessed by examining attendance records to see 
how many of the eligible participants were actually involved.  Regular assessments of fidelity, 
dose and reach provided the necessary information to interpret the response of bone parameters 
to the intervention.  

 

ASSESSMENT PLAN 

Health History Questionnaire: 

Girls were screened for severe learning disabilities (identified by schools) and medical 
conditions and disabilities that would limit participation in some physical activities (American 
Academy of Pediatrics guidelines). This level of screening was done by the schools, so this study 
did not exclude students who had not already been excluded from PE class.  In addition, girls 
who were taking medications that would alter bone mineral accrual were excluded from the 
assessments. Age, medical history and medications were assessed by a brief parent phone 
interview conducted by bilingual (English/Spanish) staff after parental consent and child assent 
for participation in the study were obtained. The Health History Questionnaire, modified from 
TAAG, was also completed at each follow-up period to ascertain changes in medical conditions 
and medications that could affect outcomes of interest. 

Smoking: 

Smoking history and initiation of smoking during the study were made available from the 
Healthy History Questionnaire.  In addition, exposure to second hand smoke using the Arizona 
Youth Tobacco Survey was obtained, as was a validated questionnaire designed to assess sources 
and degree of exposure. 

Maturational Status: 

Maturational status was assessed by a self-assessment questionnaire with illustrations and written 
descriptions of Tanner’s breast/genital and pubic hair descriptions at baseline and all follow-up 
periods [32]. This method has been shown to be strongly correlated to pubertal staging by a 
physician [8, 23]. Moreover, Tanner staging by self-assessment has been shown to have 
approximately the same degree of precision as assessing developmental age with hand-wrist 
radiographs [8, 22].  This approach was chosen because of past experience that physical 
examination for sexual maturation in this context is viewed as overly intrusive by many girls and 
their parents, which may limit recruitment/retention. The questionnaire was administered in a 
private setting during the laboratory visit for the DXA/pQCT scan with a female technician 
available to give assistance. Menstrual history was also assessed. This approach was noninvasive 
and has been used successfully to grade sexual maturation in other studies of bone development 
in multiethnic samples of girls [4, 33].  Changes in maturation assessed in this way were highly 
predictive of changes in bone.  This approach has also been used successfully in past studies of 
exercise and bone development, supporting its utility and providing a basis for comparison with 
other work.  Multiple height measurements were also taken. 

Bone Mineral Mass, Density (BMD) and Structural Geometry: 



 Whole body and regional (proximal femur and lumbar spine) bone mineral mass, areal bone 
mineral density (aBMD) and hip structural properties (with future supplemental funding) were 
estimated by dual energy x-ray absorptiometry (DXA).  Tibial and femoral mass, volumetric 
density (vBMD) and structural and biomechanical properties were measured by peripheral 
quantitative computed tomography.  pQCT provided the primary outcome bone macro-
architectural measures.  However, since DXA was used to measure body composition, DXA 
estimates of bone were also obtained.  We recognize the limitations of aBMD and HSA.  
Nevertheless, DXA is widely used (more so than pQCT), it measures sites not measured by 
pQCT, and could provide a comparison with results from other studies.   

DXA.  All DXA scans were made using GE/Lunar Radiation Corp (Madison, WI) PRODIGY.  
All scans were obtained by a certified technician using the same standard subject positioning and 
data acquisition protocols at baseline and follow-up. All scan analyses were done by the same 
trained technician using the extended research mode analysis feature of the most current software 
available at the time of baseline assessments. Radiation exposure is very low. The skin entrance 
exposures for the PRODIGY are 0.4 µGy for total body and 9 -83 µGy for femur or spine. 
Regional and total-body BMD were measured with 0.5% precision in vitro and 1% precision in 
vivo.  

DXA Quality Control.  Due to the longitudinal nature of this study, a rigorous QA program is 
essential for obtaining DXA-derived measurements with optimal precision. The UA DXA 
Quality Control officer and lead DXA technician work together to monitor DXA operator and 
machine performance, to analyze and monitor DXA scans, and to manage DXA-derived 
databases. Baseline DXA scans and follow-up scans were done on the same DXA machine and 
at the same time of the year.  DXA QA includes monitoring: 

1. Operator performance --- Each DXA operator has been trained and certified by the DXA 
manufacturer (complete manufacturers training program) and the UA DXA QA officer, who 
provides training in specific study protocol, after certification by manufacturer. Standardized 
scanning and analysis procedures are used for total body, hip and spine DXA scans. All scans 
were analyzed by the lead technician (Mr. Blew).  Scans that pose difficulty for positioning or 
analyzing were flagged by the operator for priority review (within 3 days), so that an attempt 
could be made to rescan subjects if needed. In addition, the QA officer (Z. Chen) reviewed a 
random sample (10% of all the scans) for quality control. The DXA technicians and Dr. Chen 
were blinded on the group assignment for each participant. 

2. Machine Performance --- Daily QA phantom scans were conducted using spine and linearity 
(block) phantoms. To accurately assess absolute variation in scanner performance throughout the 
study "gold standard" phantoms, including spine, femur, linearity, and total body phantoms, were 
scanned. The lead DXA technician reviewed daily QA plots and updated the QA database. The 
DXA QA officer was contacted when there were machine, software and service problems so that 
problems could be resolved in collaboration with the manufacturer so that potential impact could 
be monitored and adjustments derived should it be necessary. 

3. Scan Analysis --- In order to minimize the impacts of DXA operator variations in scan 
analysis on DXA results, the lead DXA technician (Mr. Blew) analyzed all the scans in this 
study. The analysis was done according to standardized analysis procedures using a 
manufacturer approved DXA work station. Mr. Blew is certified to operate and analyze scans 



from all GE/Lunar machines, and has over 10 years experience in this role.  To monitor his 
performance, a random sample of the scans (10%) were reviewed by the QA officer, Dr. Chen 
who is certified and a recognized expert with both Lunar and Hologic machines. 

4. Scan Data Management --- Participants and calibration phantom biographies, and DXA scan 
data was backed up daily.  After central scan analysis and QA was completed, scan imaging and 
the DXA-derived measurements were saved in separate databases in the UA Body Composition 
Research Laboratory, where scans and analyses are done. DXA-derived variables were 
transferred weekly to the lead data manager, to be merged with other study data.  

Peripheral Quantitative Computed Tomography. Bone mass, volumetric densities (vBMD) 
and structural parameters were measured at standard sites at the distal epiphyses and mid-shafts 
of the tibia and femur using the Stratec XCT 3000 scanner (Stratec Medical, Pforzheim, 
Germany), which linearly transforms x-ray attenuation into hydroxapatite  (HA) densities.  
Unlike other pQCT scanners, the XCT 3000 is calibrated with respect to water, which is set at 60 
mg HA, so that fat results in 0mg HA [132]. HA equivalent densities are automatically 
calculated from attenuation coefficients, by employing the manufactuer’s phantom which itself is 
calibrated with respect to the European Forearm Phantom (EFP, QRM, Erlangen, Germany HA, 
38KeV) [132]. The pQCT scanner is similar in principle to a QCT scanner but is much smaller 
and the radiation dose is on the order of 1,000 times less.  The potential effect of radiation 
exposure is also reduced (compared with QCT) because the pQCT can only scan peripheral sites 
(legs and arms) and thus does not expose any of the organs in the abdomen, chest or head. The 
radiation dose as whole-body equivalence is 0.001 mSv for pQCT compared to 0.4 mSv for axial 
CT [133].  Prior to scanning, bone lengths (tibia and femur) were measured with a measuring 
tape using standard anatomical landmarks.  Scout views of the distal ends of the tibia and femur 
were performed to locate the joint cleft and place a reference line on the distal end of the more 
proximal processus of the considered bone.  Scans were performed in the distal epiphyses of the 
tibia and femur at 4% of the bone’s length.  Diaphyseal scans were performed at 66% of the bone 
length from the distal end of the tibia and 25% and 50% for the femur.  Slice thickness was set at 
2mm, and voxel size at an edge length of 0.5 mm in the tibia and 0.3 mm in the femur because of 
a very thin cortical shell in the distal femur.  At the 4% sites, the periosteal surface of each bone 
epiphysis was found by a contour algorithm based on thresholding at 180 mg/cm3 for the tibia 
(manufacturer’s standard procedure) and at 150 mg/cm3 for the femur [134].  Mass per 
centimeter of slice thickness and total volumetric BMD are determined. Compressional bone 
strength index (BSIc) was estimated as the product of the square of total density and total cross-
sectional area (CSA).  Concentric pixel layers were peeled off from the bone’s perimeter until a 
central area covering 45% of the total CSA was left.  From this central area, trabecular BMD 
(BMD trab) was determined.  At the diaphyseal sites, the periosteal surface of the bone’s 
diaphlysis was found by a contour algorithm based on a threshold of 280 mg/cm3.  Mass, 
periosteal and endosteal circumferences, total cross-sectional area (CSAtot), and the polar bone 
strength strain index (SSIpol) are calculated [135].  Cortical bone is selected by thresholding at 
710mg/cm3 and in the selected area, cortical bone CSA (CSAcort) and cortical bone mineral 
density (BMDcot) were calculated.  Reported coefficients of variation for repeat measures by the 
same operator in osteoporotic and non-osteoporotic adults range from 0.24 to 2.23% across the 
proposed measures [9,31], and 0.48% (cortical density), 1.9% (cortical area) and 1.4% 
(periosteal circumference) [5] in children.   



Anthropometry. In addition to mechanical loading, measures of bone morphology and 
biomechanical indices may be influenced by inter-individual variation in both bone size and 
body mass.  Moreover, there are significant differences in axial and appendicular growth at 
different maturational stages.  Increases in height may be due to growth of the tibia, femur or the 
axial skeleton, with periosteal expansion of the corresponding region.  Thus, in addition to 
standing height and weight, we obtained measures of axial (sitting height) and appendicular 
(tibia and femur lengths) growth.   Standing height and sitting height were measured to the 
nearest 0.1 cm with a Shorr stadiometer and weight was measured to the nearest 0.1 kg with a 
Secca model 880 digital scale.  Tibia (proximal end of the medial border of the tibia to the distal 
tip of the medial malleolus) and femur (greater trochanter to distal tip of the lateral epicondyle) 
lengths were measured with a Harpendon (sliding) anthropometer.  All anthropometry was done 
following standard protocols outlined in the Anthropometric Reference Standardization manual 
[137]. The average of two trials for each variable was used as the criterion measures. The body 
mass index (kg/m2) was derived from height and weight.  Anthropometric measures were 
obtained during planned laboratory visits.    

Assessment of Physical Activity Levels.  Physical activity (PA) levels were assessed at each 
interval by both accelerometer and questionnaire (PAQ).  This approach provides a state-of-the-
art objective measure of PA (accelerometer) while also providing important information on 
activity mode (e.g., sports, weight-bearing, impact) and context that may be important for 
understanding the intervention response and describing and co-varying activity between 
conditions. 

Accelerometry. Accelerometer-based estimates of PA were obtained using the MTI-Actigraph 
(formerly, Computer Science Applications-CSA) monitor. The Actigraph is a small (5.1 x 3.8 x 
1.5 cm), durable, lightweight (45g), uniaxial accelerometer that is worn on a belt snugly around 
the waist to objectively assess physical activity.  It is small enough so it does not hinder 
movement.  The Actigraph is initialized and downloaded via PC and can store data for an 
extended period. The small size makes the Actigraph acceptable for large, representative samples 
of youth and it has been shown to give valid estimates of children’s PA in laboratory and field 
settings [138, 139].  Girls wore the Actigraph for seven consecutive days at each measurement 
interval.  

PA Questionnaire. While the Actigraph provides an objective measure of duration of PA at 
various intensities, it gives no information on activity type and context. Given that resistance and 
impact activities are thought to stimulate bone more so than other activities, an assessment of 
activity type is desirable.  Based on our pilot work comparing questionnaires (preliminary 
studies) we used the Three-Day Physical Activity Recall (3DPAR) questionnaire to assess PA 
type (active and sedentary categories of activities, e.g., eating, sleeping/bathing, school activities, 
transportation, work/chores, hobbies and 43 physical activities), intensity (light, moderate, hard 
and very hard), and context (where and with whom) from 7:00 a.m. to midnight on each of 3 
randomly-selected days.  The standard 3DPAR activity list was revised based on formative 
assessment to include the activities reported by a multi-ethnic sample of girls (6th and 8th grade) 
from TAAG study sites in six regions of the U.S., including the southwest.  The responses can be 
summarized to estimate time spent in activity by intensity level and, ultimately, energy 
expenditure (daily kilocalorie expenditure relative to body weight).  The questionnaire also 
provides information quantifying participation in the activities that are not assessed accurately by 



the Actigraph (e.g., cycling) or that are performed when the monitor cannot be worn (e.g., 
swimming).  Descriptive data are also obtained for total activity, sports-related activity, as well 
as weight-bearing and non-weight-bearing activities. 

 
Dietary Intake by Food Frequency Questionnaire.  In growing girls, energy and nutrient 
intakes play a significant role in overall health and changes in body weight and composition, 
including bone mineral mass and density.  We assessed energy and nutrient intakes (fat, 
carbohydrate, protein, calcium, magnesium, vitamin D, etc.) at baseline and follow-up periods 
using the semi-quantitative Harvard Youth/Adolescent Questionnaire (YAQ) [140] (Appendix 
D). This questionnaire was derived from the validated Nurses’ Health Study Food Frequency 
Questionnaire (FFQ) and was developed and validated to measure the eating habits and nutrient 
intakes of multiethnic girls and boys between the ages of 10 to 18 years . To improve the quality 
of the energy data collected, individuals with reported energy intakes using the FFQ that are 
lower than estimated resting metabolic rate (RMR) values were not used, since energy values 
this low are not representative of typical energy intakes. The questionnaire also provided 
information on food selection and types of meals consumed (e.g. eating breakfast, eating out, fast 
food use, meals prepared at home) and nutrients consumed in vitamin and mineral supplements. 
This was helpful in tracking changes in food selection through the study and addressing the level 
of bone nutrients consumed in supplements versus food. 

 The YAQ is a 12-page self-administered questionnaire that requires ~15-20 minutes to 
complete. The questionnaire was self-administered (with assistance available) during the 
laboratory visit for DXA/pQCT and checked by a trained technician.  All technicians undewent 
central training, standardization, and certification including interview technique before collecting 
data. After the questionnaires are coded, they were sent to Harvard for analysis and the digital 
data sent back to the investigators for analysis.  

Statistical Analysis Plan.  This large scale study will use a paired group-randomized design, 
with matching at both the school and student level, to evaluate changes in bone strength and 
macro-architecture following 2 years of exercise.  The data analyzed in this paper after 1 year of 
intervention does not use this matching technique.   

Estimates of bone strength (SSIpol at diaphyseal sites and BSIc at epiphyseal sites) from 
pQCT is the primary outcome.  Other strength indices (including SSIpol at epiphyseal sites) are 
available as secondary strength indices, and structural parameters and vBMD provide additional 
information pertaining to potential adaptations that underlie changes in bone strength.  For each 
bone strength index and macro-architectural outcome, the basic analysis strategy is the same.  
Let ∆y stand for the difference between the change score (baseline to one-year, for example) in 
the intervention girl, minus the corresponding change in her matched control.  Let ∆y0 stand for 
the difference between the baseline values of the bone measurements, again intervention girl 
minus control girl (these differences should be small, but perfect matching is not anticipated).  
Let ∆x stand for a control value (such as menarcheal age), again intervention girl minus control 
girl.  We will center ∆y0 and ∆x at their grand means (the mean over the whole sample of pairs), 
and then employ the linear model ∆y = β0 + β1∆y0 + β2∆x + v + e, where the β’s are fixed-effect 
coefficients, v is a random effect (mean zero) associated with the school-pair, and e is a random 
effect (mean zero) associated with the student-pair.   Under the usual model assumptions, β0 



measures the intervention effect.  We use the customary two-sided hypothesis test (null 
hypothesis β0=0) at the 0.05 level of significance.  We employ the Heirarchical Linear Model 
software (HLM5) [28].  

In order to assess the effect of pubertal status, a variable z (Tanner stage 1 for pre-pubertal 
girls; Tanner stages 2 and 3 for early pubertal girls) measuring this factor will be added to the 
above model, and its coefficient will be a (fixed-effect) evaluation of the effect of pubertal status 
on the effectiveness of the intervention.  In all primary analyses, we control only for factors not 
plausibly affected by the intervention (e.g., baseline bone variable; change in height, sitting 
height, tibia or femur length, depending on bone site; change in maturation).  In primary 
analyses, we did not control physical activity (the intervention target) and diet.  Since the activity 
intervention is delivered in PE class and both intervention and control schools will have PE, 
presumably total minutes of activity will be equivalent across condition (although mode of 
activity will differ, with intervention receiving the impact, activity circuits).  However, it is 
possible that total activity (or other components, e.g., MVPA, VPA, sports participation) could 
be influenced.  Similarly, although we are not seeking to change diet, dietary factors could 
change as an unintended consequence of intervention.  Thus, in secondary analyses, we added 
covariates to the model and explored the influence of physical activity (e.g., total activity, 
MVPA, VPA, weight-bearing sports participation) and diet (e.g., energy, calcium) on bone 
outcomes.  We were also interested in the bone outcome - physical activity “dose-response” and 
will use the compliance data to calculate and describe the intervention dose received and relate 
dose to intervention outcome.   

 Multiple test issues.  Each bone outcome was analyzed on their own – there are no 
multiple testing adjustments.  With our sample size, multiple adjustments would reduce the 
power of the tests to the point that they would not be of much use.  To compensate for this, all 
results were reported, with p-values sufficiently accurate to permit multiple-testing adjustment 
by readers who believe it is warranted.  pQCT estimates of bone strength were selected (e.g., 
SSIpol and BSIc) as the primary outcome measures for reporting our results as a clinical trial, 
and estimates of structural parameters (e.g., periosteal and endosteal circumferences; CSA) and 
volumetric density (total, cortical and trabecular vBMD) as secondary measures that provide 
additional information pertaining to potential adaptations underlying changes in bone strength. 

Sample size and power computations.  It is well-known that conventional formulas (based on 
independent observations) for detectable effects do not carry over to group randomizations.  The 
rationale for the computations in this application is presented here.  The conventional model for 
outcome yij of the j-th person in the i-th group is yij = xij + gi + eij, where xij consists of one or 
more linear, fixed-effects terms, gi is a random component associated with the group, and eij is a 
random component associated with the individual.  The g and e components are assumed 
independent, with means zero and variances v and w, respectively.  With k groups and m persons 
per group, the variance of a group mean is v+w/m, and the variance of the overall mean is v/k + 
w/km.  Letting r denote the within-group correlation, r = v/(v+w), we have the variance of a 
grand mean as v/k+w/km = (1+(m-1)r)(v+w)/km.  Since v+w is the variance of an outcome, this 
provides the usual method for factoring an “independent observations” sample size (km) for a 
grand mean up to the sample size having the same detectable effect for the grouped observations 
((1+(m-1)r)km).  When applied to differences between treatment means in a group 



randomization situation, variance of the effect measure is thus 2(1+(m-1)r)(v+w)/km  (with k 
groups per treatment arm). 

In this application we proposed to improve the efficiency of the statistical analysis by 
matching groups (one group in each pair receives the treatment at random), and matching 
individuals across the paired groups.  This is how the full body of data will be analyzed in a few 
years, however this matching technique has not been used in the primary analysis in this paper. 
The conventional model described above carries over as follows: yij becomes the difference 
between the outcome of the j-th treated individual and the outcome of their matched person in 
the matched group; xij becomes the difference between the fixed-effects terms for these 
individuals; v becomes 2(1-rb)v, where rb is the correlation between the g-terms due to matching; 
and w becomes 2(1-rw)w, where rw is the correlation between the e-terms due to matching.  The 
variance of the effect measure (mean of paired differences, for k pairs) is then 2[1+(m-1)r) – 
mrbr – rw(1-r)](v+w)/km (k groups per treatment arm), which is always smaller than the variance 
for the unpaired mean difference, computed in the preceding paragraph.  Thus, any reasonable 
matching of groups and individuals will improve efficiency. 

Effect size determination.  We do not know the matching-induced correlations rb or rw, but it is 
not unreasonable to expect that they would both be above a modest 0.5.  When they are both 0.5, 
the computations in the preceding paragraph then show that the within-paired-groups correlation 
of differences remains equal to r (the within-group correlation of outcomes), and so the only way 
in which the effect size changes from the conventional group-randomization calculation is by 
multiplying the effect size by  0.71 (=1/ 2 ).  These matching correlations will be analyzed in the 
full study data analysis, but do not apply to this smaller data subset analysis. 

Timeline.  Staff was hired, and school recruitment was finalized during the spring 2007. 
Recruitment began in late spring and girls were scheduled for testing in July of 2007.  
Assessments began in July 2007, and one pair of matched schools were completed per month 
(July-Oct).  This required testing ~35 girls per week. Intervention training occurred in early 
August, just prior to the start of the fall semester.  Measurements were staggered, completing 
measurements in matched pairs of schools, at a rate of approximately one pair per month.  
Intervention began as soon as measurements of all girls within the pair of schools was 
completed.  Baseline measurements were completed during July to October, and intervention 
duration (with similar staggered follow up) was ~6 months in each intervention school at the first 
follow-up.  This primary data analysis is looking at the data of those who have completed their 
one year measurements (n=78) by the early spring of 2009. 

Strength and Limitations. This main study has several strengths, including a focus on two 
maturation groups representing important developmental stages, an exercise intervention based 
on experimental findings from animal studies and supported by observations in children and 
adults, and state-of-the-art measures of bone strength and macro-architectural adaptations (mass, 
density and structure) along with diet and physical activity.  The proposed sample size is another 
strength, exceeding past prospective studies by 2-5 times at each interval, however this is not a 
strength for the primary analysis which only contains 78 girls.  Like any study, there are also 
potential limitations.  It would be attractive to measure growth hormone, IGFs, and sex steroids 
to investigate their response to exercise and their associations with bone adaptations.  To our 
knowledge, skeletal loading intervention studies have not thus far investigated the hormonal 



mechanisms underlying modeling changes in immature bones.  However, repeated blood draws 
in this population would likely severely limit recruitment and retention.  Thus, we have chosen 
not to study hormonal mechanisms.  Once the “window of opportunity” for adaptations is better 
defined, follow-up studies would be appropriate to investigate hormonal mechanisms.  Similarly, 
it would be desirable to assess sexual maturation by physician exam.  However, we know from 
past experience in this population that the exam is seen as overly intrusive by many parents and 
girls and would limit participation.  Self-assessment of maturity is strongly correlated with 
staging assigned by an endocrinologist [8, 23] and is practical to use with children in a school-
based setting.  Moreover, self-assessment has proved useful in numerous past studies and has 
been shown to appropriately group girls into stages that strongly relate to bone development.   

 

RESULTS: 

The baseline characteristics of the girls who have completed the 1 year measurements are 
shown in Table 1.  The main Jump In project involves over 500 girls, but as of now, there are 78 
girls who have completed their one year measurements, so this paper is analyzing data from this 
subset.  All of the girls in this data subset were between the ages of 9.3-12.4 at baseline with no 
significant difference in the mean age between the control and intervention groups. Over 90% of 
the girls are white while a small percent are Asian or African American, and there was not a 
significant race difference between the control and intervention groups. Less than 20% of 
participating girls were Hispanic, and there is no significant difference between the number of 
Hispanic girls in the control vs the intervention group.  The levels of upper Tanner development 
in the control group were fairly evenly distributed between levels 1, 2, and 3-5 while the 
intervention girls had slightly fewer girls of level 2 development and more in the 3-5 range.  The 
lower Tanner levels in the control group were evenly distributed between 1 and 2, while the 
intervention group had 17% fewer level 2 girls and 17% more levels 3-5.  These results indicate 
that overall the intervention group contained slightly more physically mature girls than the 
control group, although the differences were not significant (p<0.05). 
 There was no significant difference between mean height, weight or femur length values 
of the control group vs. intervention group.  The mean BMI of the control group was slightly 
lower than that of the of the intervention group. The mean tibia length of the control group was 
slightly longer than that of the intervention group, but neither of these differences were quite 
significant (p>0.05).  Overall this table indicated no significant differences in mean 
characteristics of the girls in the control group and intervention group, although the slight 
differences between the girls will be adjusted in the later models to see if the intervention at 1 
year is showing any significant changes.   

 

 

 

 

 



Table 1. General Baseline Characteristics of Jump-In girls who completed 1-Year measurements  
  All (n=78) Control (n=36) Intervention (n=41)*   

   mean ± SD(range) or n(%) 
 mean ± SD or 

n(%)  mean ± SD or n(%) p** 
Age (years) 10.9±1.0 (9.3-12.4) 11.1±0.9 10.8±1.0 0.23 
Grade 0.25 
     4th 32 (41.0%) 12(33.3%) 19 (46.3%)   
     6th 46 (59.0%) 24(66.7%) 22(53.7%)   
School p<0.001 
     BE 4(5.1%) 4(11.1%) 0(0.0%)   
     CT 17(21.8%) 0(0.0%) 17(41.5%)   
     CV 2(2.6%) 0(0.0%) 2(4.9%)   
     ECMS 6(7.7%) 0(0.0%) 6(14.6%)   
     EE 1 (1.3%) 0(0.0%) 1(2.4%)   
     EE -was at IE 
(excluded)* 1 (1.3%)   
     IE 3 (3.8%) 3(8.3%) 0(0.0%)   
     ME 3 (3.8%) 3(8.3%) 0(0.0%)   
     OGMS 22(28.2%) 22(61.1%) 0(0.0%)   
     QR 2(2.6%) 2(5.6%) 0(0.0%)   
     QR - was at IE 1 (1.3%) 1(2.8%) 0(0.0%)   
     SE 1 (1.3%) 1(2.8%) 0(0.0%)   
     TP 11(14.1%) 0(0.0%) 11(26.8%)   
     VV 4(5.1%) 0(0.0%) 4(9.8%)   
Race 0.54 
     White 71(91.0%) 33(91.7%) 37 (90.2%)   
     Asian 3(3.8%) 2(5.6%) 1(2.4%)   
     African American 4(5.1%) 1(2.8%) 3(7.3%)   
Ethnicity 0.51 
     Non-Hispanic 65(83.3%) 31(86.1%) 33(80.5%)   
     Hispanic 13(16.7%) 5(13.9%) 8 (19.5%)   
Tanner Upper 0.80 
     1 25 (32.1%) 11(30.6%) 13(31.7%)   
     2 24(30.8) 13(36.1%) 11(26.8%)   
     3-5 29(33.3)(only 3 in 4,5) 12(33.4%) 17(41.4%)   
Tanner Lower*** 0.06 
     1 38(48.7%) 17(48.6%) 20(48.8%)   
     2 32 (41.0%) 18(51.4%) 14(34.1%)   
     3-4 7(9.0%) 0(0.0%) 7(17.1%)   
Height (cm) 146.3±10.1 (123.9-171.1) 147.0±12.1 145.3±9.5 0.27 
Weight (Kg) 39.4±9.9(19.3-62.9) 38.8±9.4 40.1±10.5 0.56 
BMI (Kg/m²) 18.1±3.0 (12.4-26.9) 17.5±2.7 18.7±3.1 0.08 
Tibia Length (cm) 33.6±2.7 (27.7-40.7) 34.2±2.8 33.1±2.5 0.07 
Femur Length (cm) 34.9±3.1 (28.1-43.1) 35.6±3.1 34.4±2.9 0.11 
*one excluded due to change from intervention to control school; **value for difference between intervention and control by 
t-test or chi-square; ***1 missing 

 

The Anthropometric and pQCT measurement changes between baseline and year one of 
the intervention are shown in Table 2.  Anthropometrically, the only significant difference 
between the two groups was in the change in femur length (p=0.01).  The change in femur length 
of the intervention group was significantly higher than that of the control group. 

 
 



Table 2. Anthropometric and pQCT measurement changes by Intervention Status (n=77) 
  Baseline   1 Year   Change   
Anthropometry    mean  ± SD P  mean  ± SD P  mean  ± SD P* 
Height (cm) Cntl 147.0 ± 12.1 0.43 154.8 ± 11.2 0.24 7.8 ± 5.6 0.29 
  Int 145.0 ± 9.4 152.1 ± 9.1 6.8 ± 2.3   
Weight (kg) Cntl 38.8 ± 9.4 0.63 45.1 ± 10.8 0.74 6.3 ± 2.4 0.50 
  Int 39.9 ± 10.4 45.9 ± 12.3 5.8 ± 3.4   
BMI Cntl 17.8 ± 3.3 0.26 18.6 ± 2.9 0.18 0.7 ± 1.8 0.70 
  Int 18.7 ± 3.1 19.6 ± 3.7 0.9 ± 1.1   
Tibia Length (cm) Cntl 34.2 ± 2.8 0.07 35.8 ± 2.8 0.15 1.6 ± 1.0 0.24 
  Int 33.1 ± 2.5 34.9 ± 2.2 1.9 ± 0.9   
Femur Length 
(cm) Cntl 35.6 ± 3.1 0.11 36.0 ± 3.1 0.48 0.4 ± 1.0 0.01 
  Int 34.4 ± 2.9 35.5 ± 2.7 1.1 ± 1.2   
pQCT                           
Tibia MCSA Cntl 3,296.9 ± 537.2 0.65 3,706.2 ± 662.3 0.88 409.3 ± 240.9 0.11 
  Int 3,357.9 ± 609.2 3,682.9 ± 660.9 327.9 ± 191.6   
Tibia BSI at 4% Cntl 52.7 ± 13.6 0.24 59.5 ± 16.7 0.25 6.8 ± 5.6 0.33 
  Int 56.9 ± 16.7 64.4 ± 19.9 8.0 ± 4.8   
Tibia BA at 50% Cntl 62.7 ± 5.6 0.94 65.6 ± 5.8 0.63 2.9 ± 1.0 0.23 
  Int 62.8 ± 5.4 66.2 ± 5.2 3.2 ± 1.3   
Tibia BA at 66% Cntl 72.9 ± 6.9 0.74 76.3 ± 7.0 0.66 3.4 ± 2.3 0.08 
  Int 72.4 ± 6.3 76.9 ± 5.8 4.3 ± 2.4   
Tibia SSI at 50% Cntl 1,045.3 ± 266.1 0.98 1,225.0 ± 315.8 0.75 179.7 ± 76.3 0.45 
  Int 1,043.6 ± 280.3 1,247.7 ± 306.3 192.4 ± 68.0   
Tibia SSI at 66% Cntl 1,201.9 ± 339.9 0.69 1,414.5 ± 392.8 0.47 212.6 ± 110.7 0.31 
  Int 1,233.5 ± 343.7 1,478.2 ± 373.6 235.8 ± 87.2   
Femur MCSA Cntl 3,772.0 ± 743.1 0.33 4,107.8 ± 874.7 0.64 335.8 ± 274.9 0.54 
  Int 3,951.9 ± 841.9 4,207.7 ± 943.6 295.1 ± 292.5   
Femur BSI at 4% Cntl 102.2 ± 27.1 0.37 114.7 ± 31.9 0.45 12.5 ± 13.3 0.93 
  Int 108.3 ± 31.9 120.6 ± 35.6 12.7 ± 12.7   
Femur BA at 20% Cntl 78.9 ± 8.3 0.77 84.7 ± 8.7 0.92 5.7 ± 2.1 0.37 
  Int 79.5 ± 8.8 84.9 ± 9.0 5.3 ± 2.2   
Femur SSI at 20% Cntl 1,420.5 ± 392.8 0.85 1,709.0 ± 485.3 0.95 288.4 ± 141.4 0.64 
  Int 1,439.5 ± 453.8 1,716.3 ± 506.1 274.2 ± 120.3   
MCSA:  muscle cross-sectional area; BSI:  bone strength index; BA:   bone area; SSI:  strength strain index; *for change 
from baseline to 1 year; **n=77 - one girl excluded for change from intervention to control school. 

 
 
 From the pQCT measurements it can be seen that the change in the bone area (BA) of 

the tibia at 66% was higher for the intervention group than the control group.  The change is 
considered statistically significant (p<0.10), and it is headed in the direction expected.  Nearly all 
of the BA values, bone strength indexes (BSI) and strength strain indexes (SSI) were slightly 
higher in the intervention groups than in the control groups.  Although the changes are not 
statistically significant, the increase in these values is what is expected in this study.  Perhaps 
these values will become significant and support the hypothesis with more time in the 
intervention.  The exception to the increased intervention values was both tibia and femur 
MCSA.  Both of these values increased more in the control group than in the intervention group.   

 



Table 4a examines different models relating the changes in tibia muscle cross sectional 
area (MCSA) over 1 year in the intervention vs. the control group.  Several models were 
constructed using a variety of factors that could have had an effect on the change other than just 
the intervention, including age, baseline tibia MCSA, and tanner scores.  The best model was 
model 3, which included 2 factors: baseline tibia MCSA, and baseline upper tanner score.  Both 
of these factors has a significant effect on the tibia MCSA change (p<0.05), and were therefore 
factored into the model as variables.  From this model, it can be seen that the effects of the 
intervention do have a significant effect on the tibia MCSA (p<0.1).  Also, this model shows the 
intervention to be having a negative effect on tibia MCSA; this can be inferred from the negative 
B value.  The B value represents the slope of the line that best correlates the data.  The values in 
this table indicate that the tibia MCSA increased a greater amount in the control group over one 
year than in the intervention group in this same year.   

 

Table 4a. Backward Regression Model by Change in Tibia MCSA (n=77) 

Model B 
Std. 
Error Beta t Sig. 

1 (Constant) -136.16 323.23 -0.42 0.68 
adj R2 
0.14 Intervention vs Control -73.85 49.75 -0.17 -1.49 0.14 

Baseline Age (yrs) 22.69 35.66 0.10 0.64 0.53 
Baseline Tibia Muscle Cross-sectional Area at 66% site 0.15 0.05 0.39 2.77 0.01 
Baseline Upper Tanner Score -94.22 37.94 -0.40 -2.48 0.02 
Baseline Lower Tanner Score -1.14 45.37 0.00 -0.03 0.98 

2 (Constant) -134.86 316.81 -0.43 0.67 
adj R2 
0.15 Intervention vs Control -74.05 48.80 -0.17 -1.52 0.13 

Baseline Age (yrs) 22.57 35.06 0.10 0.64 0.52 
Baseline Tibia Muscle Cross-sectional Area at 66% site 0.15 0.05 0.39 2.84 0.01 
Baseline Upper Tanner Score -94.62 34.25 -0.40 -2.76 0.01 

3 (Constant) 47.09 142.52 0.33 0.74 
adj R2 
0.16 Intervention vs Control -82.40 46.85 -0.19 -1.76 0.08 

Baseline Tibia Muscle Cross-sectional Area at 66% site 0.16 0.05 0.42 3.41 0.00 
Baseline Upper Tanner Score -83.46 29.42 -0.35 -2.84 0.01 

 
 

Table 4b takes a closer look at the change in Tibia bone strength index (BSI) at 4% in the 
intervention vs. control groups.  The data was analyzed in a way to see how factors such as age 
and tanner scores affected the data.   There are two significant factors affecting the change other 
than the intervention: baseline lower tanner score and baseline tibia BSI at 4% (p<0.05). These 
factors both have a positive effect on the data, meaning a higher baseline value for either lower 
tanner score or baseline BSI correlates with a positive change in tibia BSI at 4%.  From this data, 
the intervention does not show a significant effect on the change in tibia BSI at 4% (p>0.10).  
The data does however show a positive intervention effect (B>0), which means that the tibia BSI 
at 4% increased more in the intervention group than it did in the control group.  Although the 
increase is not considered significant, it is moving in the direction expected.  This data is a 
preliminary analysis, so these values may become significant as the intervention continues over 
the next few years. 



 

Table 4b. Backward Regression Model by Change in Tibia BSI at 4% (n=77) 
Model B Std. Error Beta t Sig. 

1 (Constant) -7.63 10.21 -0.75 0.46 
adj R2 0.24 Intervention vs Control 0.30 1.18 0.03 0.26 0.80 

Baseline Age (yrs) -0.35 0.76 -0.07 -0.45 0.65 
Baseline Tibia Bone Strength Index at 4% site 0.12 0.05 0.34 2.48 0.02 
Baseline Tibia Length (cm) 0.26 0.28 0.14 0.93 0.36 
Change in Tibia 0-12 0.43 0.57 0.08 0.75 0.46 
Baseline Upper Tanner Score -0.04 0.84 -0.01 -0.04 0.97 
Baseline Lower Tanner Score 1.88 1.04 0.26 1.80 0.08 

2 (Constant) -7.49 9.55 -0.78 0.44 
adj R2 0.25 Intervention vs Control 0.30 1.16 0.03 0.26 0.80 

Baseline Age (yrs) -0.36 0.68 -0.07 -0.52 0.60 
Baseline Tibia Bone Strength Index at 4% site 0.12 0.05 0.34 2.50 0.02 
Baseline Tibia Length (cm) 0.26 0.27 0.13 0.94 0.35 
Change in Tibia 0-12 0.43 0.57 0.08 0.76 0.45 
Baseline Lower Tanner Score 1.86 0.96 0.26 1.94 0.06 

3 (Constant) -6.53 8.73 -0.75 0.46 
adj R2 0.26 Baseline Age (yrs) -0.39 0.67 -0.08 -0.59 0.56 

Baseline Tibia Bone Strength Index at 4% site 0.12 0.04 0.35 2.68 0.01 
Baseline Tibia Length (cm) 0.24 0.26 0.12 0.91 0.37 
Change in Tibia 0-12 0.45 0.56 0.09 0.80 0.43 
Baseline Lower Tanner Score 1.93 0.92 0.27 2.10 0.04 

4 (Constant) -9.10 7.55 -1.20 0.23 
adj R2 0.27 Baseline Tibia Bone Strength Index at 4% site 0.12 0.04 0.34 2.64 0.01 

Baseline Tibia Length (cm) 0.20 0.25 0.10 0.79 0.43 
Change in Tibia 0-12 0.46 0.56 0.09 0.83 0.41 
Baseline Lower Tanner Score 1.77 0.88 0.24 2.02 0.05 

5 (Constant) -3.43 2.39 -1.44 0.16 
adj R2 0.27 Baseline Tibia Bone Strength Index at 4% site 0.13 0.04 0.39 3.41 0.00 

Change in Tibia 0-12 0.37 0.54 0.07 0.69 0.50 
Baseline Lower Tanner Score 1.92 0.85 0.27 2.25 0.03 

6 (Constant) -2.48 1.94 -1.28 0.21 
adj R2 0.27 Baseline Tibia Bone Strength Index at 4% site 0.13 0.04 0.38 3.40 0.00 

Baseline Lower Tanner Score 1.76 0.82 0.24 2.15 0.04 
 
 

Table 4c examines several different models to see the change in tibia bone area (BA) at 
50%.  Factors tested for significance include age, change in tibia length, and baseline values of 
tibia BA, tibia length, and upper and lower tanner scores.  The factors that were significant 
included the baseline upper tanner score and change in tibia length, (both p<0.05). The change in 
tibia length had a positive effect on the change in tibia BA (B>0).  This means that the overall, 
the greater the change in tibia length over 1 year, the greater the change in tibia BA at 50%.  
Baseline upper tanner score had a negative effect (B<0), indicating that the lower the baseline 
upper tanner score was, the greater the change in tibia BA at 50% was. From these values, the 
intervention did not show a significant effect on tibia BA at 50%, however the intervention did 
have a positive effect (B>0).  This indicates that the intervention group had a greater increase in 
tibia BA at 50% over one year than the control group.  Again, this is a preliminary data analysis, 



so there results may become significant as the study continues; as of now, the values are headed 
in the expected direction (intervention having a greater effect). 

Table 4c. Backward Regression Model by Change in Tibia BA at 50% (n=77) 
Model B Std. Error Beta t Sig. 

1 (Constant) 1.63 1.89 0.87 0.39 
adj R2 0.43 Intervention vs Control 0.18 0.23 0.08 0.76 0.45 

Baseline Age (yrs) -0.03 0.15 -0.03 -0.23 0.82 
Baseline Tibia Bone Area at 50% site 0.01 0.04 0.04 0.22 0.82 
Baseline Tibia Length 0.02 0.08 0.04 0.22 0.82 
Change in Tibia 0-12 0.70 0.11 0.59 6.12 0.00 
Baseline Upper Tanner Score -0.41 0.17 -0.32 -2.44 0.02 
Baseline Lower Tanner Score 0.17 0.20 0.11 0.85 0.40 

2 (Constant) 1.64 1.88 0.88 0.38 
adj R2 0.44 Intervention vs Control 0.19 0.22 0.08 0.85 0.40 

Baseline Age (yrs) -0.03 0.15 -0.03 -0.21 0.83 
Baseline Tibia Length 0.03 0.05 0.07 0.63 0.53 
Change in Tibia 0-12 0.70 0.11 0.59 6.25 0.00 
Baseline Upper Tanner Score -0.41 0.17 -0.32 -2.45 0.02 
Baseline Lower Tanner Score 0.18 0.20 0.11 0.86 0.39 

3 (Constant) 1.41 1.53 0.93 0.36 
adj R2 0.44 Intervention vs Control 0.20 0.22 0.09 0.92 0.36 

Baseline Tibia Length 0.03 0.05 0.07 0.61 0.55 
Change in Tibia 0-12 0.70 0.11 0.59 6.29 0.00 
Baseline Upper Tanner Score -0.42 0.15 -0.33 -2.83 0.01 
Baseline Lower Tanner Score 0.17 0.20 0.10 0.85 0.40 

4 (Constant) 2.31 0.39 5.89 0.00 
adj R2 0.45 Intervention vs Control 0.16 0.21 0.07 0.79 0.43 

Change in Tibia 0-12 0.69 0.11 0.59 6.29 0.00 
Baseline Upper Tanner Score -0.40 0.14 -0.31 -2.78 0.01 
Baseline Lower Tanner Score 0.20 0.19 0.12 1.05 0.30 

5 (Constant) 2.33 0.39 5.99 0.00 
adj R2 0.45 Change in Tibia 0-12 0.71 0.11 0.60 6.55 0.00 

Baseline Upper Tanner Score -0.40 0.14 -0.31 -2.79 0.01 
Baseline Lower Tanner Score 0.22 0.19 0.14 1.19 0.24 

6 (Constant) 2.52 0.36 7.03 0.00 
adj R2 0.45 Change in Tibia 0-12 0.68 0.11 0.58 6.43 0.00 

Baseline Upper Tanner Score -0.30 0.11 -0.23 -2.60 0.01 
 

 Table 4d examines the change in tibia BA at 60%, and also tests several factors that may 
have accounted for the change other that the intervention.  The best fit model is model 3, which 
accounts for four significant factors: baseline age, baseline tibia bone area at 66%, baseline tibia 
length, and change in tibia length (all p<0.05).  All of these variables (except for baseline tibia 
BA) are positively correlated with the change in tibia BA at 66% (B>0); baseline tibia BA at the 
66% site was negatively associated with the data (B<0). With these variables factored in, the data 
shows a strong, significant association between the intervention and a change in tibia BA at 66% 
(p<0.05).  The correlation is positive (B>0), which indicates that the increase in tibia BA at 66% 
in the intervention group is greater than that of the control group.  This data indicates that the 



intervention is significant at one year.  This result supports what was expected to occur with the 
fill intervention.   

Table 4d. Backward Regression Model by Change in Tibia BA at 66% (n=77) 
Model B Std. Error Beta t Sig. 

1 (Constant) -1.84 3.00 -0.61 0.54 
adj R2 0.66 Intervention vs Control 0.61 0.36 0.13 1.70 0.09 

Baseline Age (yrs) 0.30 0.24 0.12 1.28 0.21 
Baseline Tibia Bone Area at 66% site -0.11 0.04 -0.31 -2.81 0.01 
Baseline Tibia Length 0.19 0.10 0.21 1.79 0.08 
Change in Tibia 0-12 1.99 0.18 0.82 11.11 0.00 
Baseline Upper Tanner Score 0.06 0.26 0.02 0.24 0.81 
Baseline Lower Tanner Score 0.32 0.32 0.10 1.00 0.32 

2 (Constant) -2.10 2.79 -0.75 0.46 
adj R2 0.66 Intervention vs Control 0.63 0.35 0.13 1.77 0.08 

Baseline Age (yrs) 0.32 0.21 0.13 1.53 0.13 
Baseline Tibia Bone Area at 66% site -0.11 0.04 -0.31 -2.84 0.01 
Baseline Tibia Length 0.19 0.10 0.21 1.84 0.07 
Change in Tibia 0-12 1.98 0.18 0.82 11.19 0.00 
Baseline Lower Tanner Score 0.35 0.30 0.10 1.18 0.24 

3 (Constant) -3.45 2.55 -1.35 0.18 
adj R2 0.66 Intervention vs Control 0.75 0.34 0.16 2.24 0.03 

Baseline Age (yrs) 0.42 0.20 0.17 2.11 0.04 
Baseline Tibia Bone Area at 66% site -0.11 0.04 -0.30 -2.77 0.01 
Baseline Tibia Length 0.21 0.10 0.24 2.09 0.04 
Change in Tibia 0-12 1.94 0.17 0.80 11.16 0.00 

 

Table 4e takes a look at several models in order to analyze the effect of the intervention 
program on the change in tibia SSI at 50%.  Several factors were analyzed and those that were 
found to be significant include the baseline tibia length and the change in tibia length (p<0.10).  
Both of these variables had were positively associated to the change in tibia SSI (B>0).  The 
effect of the intervention on this change were not significant (P>0.10), but the intervention did 
have a positive effect (B>0).  This indicates that the change in tibia SSI at 50% increased more in 
the intervention group than in the control group.  Although the increase is not considered 
significant, it is headed in the expected direction and may become significant as the intervention 
continues.   

Table 4e. Backward Regression Model by Change in Tibia SSI at 50% (n=77) 
Model B Std. Error Beta t Sig. 

1 (Constant) -236.78 160.50 -1.48 0.15 
adj R2 0.27 Intervention vs Control 12.51 15.79 0.09 0.79 0.43 

Baseline Age (yrs) -2.03 10.31 -0.03 -0.20 0.84 
Baseline Tibia Stength-Strain Index at 50% site 0.05 0.05 0.18 0.96 0.34 
Baseline Tibia Length 10.16 4.87 0.38 2.09 0.04 
Change in Tibia 0-12 31.53 7.90 0.44 3.99 0.00 
Baseline Upper Tanner Score -12.00 11.55 -0.16 -1.04 0.30 
Baseline Lower Tanner Score 12.85 14.16 0.13 0.91 0.37 



2 (Constant) -254.22 132.94 -1.91 0.06 
adj R2 0.28 Intervention vs Control 13.22 15.26 0.09 0.87 0.39 

Baseline Tibia Stength-Strain Index at 50% site 0.05 0.05 0.17 0.95 0.35 
Baseline Tibia Length 10.13 4.83 0.38 2.10 0.04 
Change in Tibia 0-12 31.55 7.84 0.44 4.02 0.00 
Baseline Upper Tanner Score -12.91 10.51 -0.17 -1.23 0.22 
Baseline Lower Tanner Score 12.46 13.92 0.12 0.90 0.37 

3 (Constant) -216.67 125.44 -1.73 0.09 
adj R2 0.28 Baseline Tibia Stength-Strain Index at 50% site 0.05 0.05 0.20 1.11 0.27 

Baseline Tibia Length 8.85 4.59 0.33 1.93 0.06 
Change in Tibia 0-12 32.25 7.78 0.45 4.14 0.00 
Baseline Upper Tanner Score -12.66 10.49 -0.16 -1.21 0.23 
Baseline Lower Tanner Score 14.77 13.63 0.15 1.08 0.28 

4 (Constant) -215.44 125.59 -1.72 0.09 
adj R2 0.28 Baseline Tibia Stength-Strain Index at 50% site 0.06 0.05 0.23 1.30 0.20 

Baseline Tibia Length 9.00 4.59 0.34 1.96 0.05 
Change in Tibia 0-12 30.75 7.67 0.43 4.01 0.00 
Baseline Upper Tanner Score -7.33 9.27 -0.09 -0.79 0.43 

5 (Constant) -216.37 125.25 -1.73 0.09 
adj R2 0.29 Baseline Tibia Stength-Strain Index at 50% site 0.05 0.04 0.18 1.11 0.27 

Baseline Tibia Length 8.86 4.58 0.33 1.94 0.06 
Change in Tibia 0-12 31.91 7.51 0.44 4.25 0.00 

6 (Constant) -302.77 98.10 -3.09 0.00 
adj R2 0.28 Baseline Tibia Length 12.90 2.77 0.49 4.67 0.00 

Change in Tibia 0-12 32.77 7.48 0.46 4.38 0.00 
 

Table 4f formulated several models for the change in tibia SSI at 66% between the 
intervention and control group.  Model 3 had the strongest data correlation (r2=0.18) although it 
had 4 factors: baseline tibia length, change in tibia length, baseline upper tanner and baseline 
lower tanner scores.  The effect of the intervention neared significance for this model (p<0.15).  
Model 5 was also a good model, and although the data was slightly less correlated (r2=0.16), it 
had the same significance as model 5 with only two variables (baseline tibia length and change in 
tibia length).  Both of these variables were positively associated with the change in tibia SSI 
(B>0).  The intervention had a positive effect on this change as well (B>0), so the intervention 
group had a greater increase in tibia SSI at 66% than the control group.  This data is headed in 
the expected direction, and is very close to being considered significant.  More time may show 
the intervention to significantly increase the tibia SSI. 

Table 4f. Backward Regression Model by Change in Tibia SSI at 66% (n=77) 

Model B 
Std. 
Error Beta t Sig. 

1 (Constant) -420.82 227.95 -1.85 0.07 
adj R2 0.15 Intervention vs Control 34.73 23.63 0.18 1.47 0.15 

Baseline Age (yrs) 3.05 15.47 0.03 0.20 0.84 
Baseline Tibia Stength-Strain Index at 66% site 0.01 0.05 0.03 0.17 0.87 
Baseline Tibia Length 17.12 6.42 0.47 2.67 0.01 
Change in Tibia 0-12 22.00 11.94 0.22 1.84 0.07 
Baseline Upper Tanner Score -29.60 17.22 -0.28 -1.72 0.09 
Baseline Lower Tanner Score 20.84 21.25 0.15 0.98 0.33 



2 (Constant) -440.73 193.40 -2.28 0.03 
adj R2 0.16 Intervention vs Control 35.53 22.98 0.18 1.55 0.13 

Baseline Age (yrs) 3.54 15.09 0.04 0.24 0.82 
Baseline Tibia Length 17.79 5.00 0.48 3.56 0.00 
Change in Tibia 0-12 22.45 11.55 0.23 1.94 0.06 
Baseline Upper Tanner Score -29.31 17.01 -0.27 -1.72 0.09 
Baseline Lower Tanner Score 21.35 20.88 0.15 1.02 0.31 

3 (Constant) -414.73 157.38 -2.64 0.01 
adj R2 0.18 Intervention vs Control 34.43 22.33 0.17 1.54 0.13 

Baseline Tibia Length 18.04 4.85 0.49 3.72 0.00 
Change in Tibia 0-12 22.49 11.47 0.23 1.96 0.05 
Baseline Upper Tanner Score -27.62 15.31 -0.26 -1.80 0.08 
Baseline Lower Tanner Score 22.13 20.47 0.16 1.08 0.28 

4 (Constant) -442.53 155.45 -2.85 0.01 
adj R2 0.17 Intervention vs Control 39.65 21.83 0.20 1.82 0.07 

Baseline Tibia Length 19.44 4.68 0.53 4.15 0.00 
Change in Tibia 0-12 20.29 11.31 0.20 1.80 0.08 
Baseline Upper Tanner Score -19.49 13.35 -0.18 -1.46 0.15 

5 (Constant) -381.37 150.89 -2.53 0.01 
adj R2 0.16 Intervention vs Control 33.42 21.58 0.17 1.55 0.13 

Baseline Tibia Length 16.34 4.20 0.44 3.89 0.00 
Change in Tibia 0-12 23.05 11.24 0.23 2.05 0.04 

6 (Constant) -328.72 148.44 -2.22 0.03 
adj R2 0.14 Baseline Tibia Length 15.24 4.18 0.41 3.64 0.00 

Change in Tibia 0-12 24.23 11.32 0.24 2.14 0.04 
 

Table 5a shows the backward regression model for the change in femur MCSA.  Several 
potential factors were examined to find which had significant effects on this change.  Of the 
factors tested, baseline femur MCSA was found to be a significant and positive influence on this 
change.   The intervention however did not have a significant effect on the change in femur 
MCSA (p>0.10).  The intervention had a negative effect on this change (B<0), indicating that 
this increase in femur MCSA was greater after one year for the control group than for the 
intervention group.  This was not the expected result, but it correlates with the tibia MCSA 
which also had this negative intervention association.   

Table 5a. Backward Regression Model by Change in Femur MCSA (n=77) 

Model B 
Std. 
Error Beta t Sig. 

1 (Constant) -143.31 442.08 -0.32 0.75 
adj R2 0.02 Intervention vs Control -50.91 68.86 -0.09 -0.74 0.46 

Baseline Age (yrs) 22.52 48.63 0.08 0.46 0.65 
Baseline Femur Muscle Cross-sectional Area at 4% site 0.10 0.05 0.29 2.00 0.05 
Baseline Upper Tanner Score -58.38 51.69 -0.19 -1.13 0.26 
Baseline Lower Tanner Score -15.05 61.05 -0.04 -0.25 0.81 

2 (Constant) -126.69 433.92 -0.29 0.77 
adj R2 0.03 Intervention vs Control -53.60 67.52 -0.10 -0.79 0.43 

Baseline Age (yrs) 20.38 47.52 0.07 0.43 0.67 
Baseline Femur Muscle Cross-sectional Area at 4% site 0.10 0.05 0.28 2.00 0.05 
Baseline Upper Tanner Score -63.87 46.31 -0.21 -1.38 0.17 



3 (Constant) 45.75 162.08 0.28 0.78 
adj R2 0.05 Intervention vs Control -62.11 64.16 -0.11 -0.97 0.34 

Baseline Femur Muscle Cross-sectional Area at 4% site 0.11 0.05 0.31 2.37 0.02 
Baseline Upper Tanner Score -53.34 39.03 -0.18 -1.37 0.18 

4 (Constant) 25.82 160.69 0.16 0.87 
adj R2 0.05 Baseline Femur Muscle Cross-sectional Area at 4% site 0.11 0.05 0.30 2.31 0.02 

Baseline Upper Tanner Score -53.88 39.01 -0.18 -1.38 0.17 
5 (Constant) 22.86 161.69 0.14 0.89 

adj R2 0.03 Baseline Femur Muscle Cross-sectional Area at 4% site 0.08 0.04 0.22 1.88 0.07 
 

Table 5b shows several models including different factors that could have affected the 
change in femur BSI at 4%.  The two factors that had a significant influence on the change in 
femur BSI were upper and lower tanner scores (p<0.05). The baseline upper tanner score had a 
negative correlation with this change (B<0) while the lower baseline tanner score had a positive 
correlation with the femur BSI change.  The intervention did not have a significant effect on the 
change in femur BSI at 4% (p>0.1).  Although the difference is not significant, the intervention 
did have a slightly negative effect on the change (B<0), meaning the increase in femur BSI at 4% 
over one year was slightly greater in the control group than in the intervention group.  This is just 
the preliminary findings, so it is likely that with more time, this finding will change.   

Table 5b. Backward Regression Model by Change in Femur BSI at 4% (n=77) 
Model B Std. Error Beta t Sig. 

1 (Constant) -4.05 26.09 -0.16 0.88 
adj R2 0.08 Intervention vs Control -1.24 3.32 -0.05 -0.37 0.71 

Baseline Age (yrs) -1.52 2.21 -0.12 -0.69 0.50 
Baseline Femur Bone Strength Index at 4% site 0.03 0.06 0.06 0.39 0.70 
Baseline Femur Length 0.87 0.65 0.21 1.35 0.18 
Change in Femur 0-12 1.01 1.34 0.09 0.75 0.46 
Baseline Upper Tanner Score -5.64 2.32 -0.41 -2.42 0.02 
Baseline Lower Tanner Score 7.55 2.79 0.42 2.71 0.01 

2 (Constant) -7.79 23.92 -0.33 0.75 
adj R2 0.09 Baseline Age (yrs) -1.27 2.09 -0.10 -0.60 0.55 

Baseline Femur Bone Strength Index at 4% site 0.02 0.06 0.04 0.30 0.76 
Baseline Femur Length 0.92 0.63 0.22 1.46 0.15 
Change in Femur 0-12 0.87 1.28 0.08 0.68 0.50 
Baseline Upper Tanner Score -5.77 2.28 -0.42 -2.53 0.01 
Baseline Lower Tanner Score 7.36 2.72 0.41 2.71 0.01 

3 (Constant) -9.87 22.77 -0.43 0.67 
adj R2 0.11 Baseline Age (yrs) -1.08 1.99 -0.08 -0.54 0.59 

Baseline Femur Length 0.98 0.60 0.24 1.63 0.11 
Change in Femur 0-12 0.87 1.27 0.08 0.68 0.50 
Baseline Upper Tanner Score -5.81 2.26 -0.42 -2.56 0.01 
Baseline Lower Tanner Score 7.48 2.67 0.42 2.80 0.01 

4 (Constant) -16.98 18.53 -0.92 0.36 
adj R2 0.11 Baseline Femur Length 0.88 0.57 0.21 1.54 0.13 

Change in Femur 0-12 0.83 1.26 0.08 0.66 0.51 
Baseline Upper Tanner Score -6.29 2.07 -0.45 -3.03 0.00 



Baseline Lower Tanner Score 7.31 2.64 0.41 2.77 0.01 
5 (Constant) -12.36 17.08 -0.72 0.47 

adj R2 0.12 @0Femur 0.76 0.54 0.18 1.41 0.16 
Baseline Upper Tanner Score -6.24 2.07 -0.45 -3.02 0.00 
Baseline Lower Tanner Score 7.30 2.62 0.41 2.78 0.01 

6 (Constant) 11.16 3.84 2.91 0.01 
adj R2 0.11 Baseline Upper Tanner Score -5.39 1.99 -0.39 -2.71 0.01 

Baseline Lower Tanner Score 8.18 2.57 0.46 3.19 0.00 
 

Table 5c shows several models with factors that could have had an effect on the change 
in femur BA at 20%.  Of the factors tested, the baseline lower tanner score and the baseline 
femur length were both found to have a significant effect on the change in BA (p<0.05). The 
baseline femur length was positively associated with the change (B>0) while the baseline upper 
tanner score was negatively associated with the change (B<0). The intervention however did not 
have a significant effect on this change (p>0.1), and the B value was very close to 0, indicating 
no difference in the change in femur BA at 20% between the intervention and control group.   

Table 5c. Backward Regression Model by Change in Femur BA 20% (n=77) 
Model B Std. Error Beta t Sig. 

1 (Constant) -3.04 3.98 -0.77 0.45 
adj R2 0.11 Intervention vs Control -0.07 0.53 -0.02 -0.13 0.90 

Baseline Age (yrs) 0.07 0.34 0.03 0.20 0.84 
Baseline Femur Bone Area at 20% site -0.03 0.05 -0.13 -0.68 0.50 
Baseline Femur Length 0.36 0.13 0.52 2.68 0.01 
Change in Femur 0-12 0.24 0.22 0.13 1.08 0.28 
Baseline Upper Tanner Score -0.87 0.39 -0.38 -2.27 0.03 
Baseline Lower Tanner Score -0.26 0.45 -0.09 -0.58 0.56 

2 (Constant) -3.21 3.75 -0.86 0.40 
adj R2 0.12 Baseline Age (yrs) 0.08 0.33 0.04 0.24 0.81 

Baseline Femur Bone Area at 20% site -0.03 0.05 -0.13 -0.71 0.48 
Baseline Femur Length 0.36 0.13 0.52 2.78 0.01 
Change in Femur 0-12 0.23 0.21 0.13 1.09 0.28 
Baseline Upper Tanner Score -0.88 0.38 -0.38 -2.31 0.02 
Baseline Lower Tanner Score -0.28 0.44 -0.09 -0.63 0.53 

3 (Constant) -2.69 3.06 -0.88 0.38 
adj R2 0.14 Baseline Femur Bone Area at 20% site -0.03 0.05 -0.13 -0.70 0.48 

Baseline Femur Length 0.37 0.13 0.53 2.91 0.01 
Change in Femur 0-12 0.23 0.21 0.13 1.11 0.27 
Baseline Upper Tanner Score -0.84 0.35 -0.37 -2.41 0.02 
Baseline Lower Tanner Score -0.26 0.43 -0.09 -0.61 0.55 

4 (Constant) -2.41 3.01 -0.80 0.43 
adj R2 0.14 Baseline Femur Bone Area at 20% site -0.04 0.05 -0.14 -0.78 0.44 

Baseline Femur Length 0.36 0.12 0.52 2.88 0.01 
Change in Femur 0-12 0.24 0.21 0.13 1.13 0.26 
Baseline Upper Tanner Score -0.95 0.31 -0.41 -3.09 0.00 

5 (Constant) -2.67 2.98 -0.90 0.37 
adj R2 0.15 Baseline Femur Length 0.29 0.09 0.42 3.23 0.00 

Change in Femur 0-12 0.20 0.21 0.11 0.99 0.33 



Baseline Upper Tanner Score -1.03 0.29 -0.45 -3.58 0.00 
6 (Constant) -1.54 2.76 -0.56 0.58 

adj R2 0.15 Baseline Femur Length 0.26 0.09 0.38 3.07 0.00 
Baseline Upper Tanner Score -1.02 0.29 -0.44 -3.54 0.00 

 

Table 5d shows several models with factors that could have had an effect on the change 
in femur SSI at 20%.  While the intervention itself was not significant in this change (p>0.1), 
there were other factors that did affect it.  The change in femur length, baseline femur length and 
baseline upper tanner score were all found to be significant to this change (p>0.1).  The change 
in femur length and baseline femur length were positively associated with the femur SSI change 
(B>0) while the baseline upper tanner score was negatively correlated (B<0).  The intervention 
had a slightly negative effect on the change (B<0), indicating that the increase in femur SSI at 
20% was greater in the control group than in the intervention group; this difference was not 
significant though.  This was not the expected result, however it is just a preliminary finding, 
which may change as the intervention continues.   

Table 5d. Backward Regression Model by Change in Femur SSI 20% (n=77) 
Model B Std. Error Beta t Sig. 

1 (Constant) -748.02 256.74 -2.91 0.01 
adj R2 0.32 Intervention vs Control -8.39 28.61 -0.03 -0.29 0.77 

Baseline Age (yrs) 19.87 18.63 0.15 1.07 0.29 
Baseline Femur Stength-Strain Index at 20% site 0.04 0.06 0.12 0.63 0.53 
Baseline Femur Length 22.78 7.06 0.54 3.23 0.00 
Change in Femur 0-12 36.99 11.68 0.34 3.17 0.00 
Baseline Upper Tanner Score -35.77 20.43 -0.25 -1.75 0.09 
Baseline Lower Tanner Score 8.84 25.08 0.05 0.35 0.73 

2 (Constant) -776.46 236.08 -3.29 0.00 
adj R2 0.33 Baseline Age (yrs) 21.35 17.81 0.16 1.20 0.24 

Baseline Femur Stength-Strain Index at 20% site 0.03 0.06 0.11 0.58 0.56 
Baseline Femur Length 23.26 6.82 0.55 3.41 0.00 
Change in Femur 0-12 36.09 11.19 0.33 3.23 0.00 
Baseline Upper Tanner Score -36.37 20.19 -0.26 -1.80 0.08 
Baseline Lower Tanner Score 7.65 24.57 0.04 0.31 0.76 

3 (Constant) -775.98 234.50 -3.31 0.00 
adj R2 0.34 Baseline Age (yrs) 21.69 17.66 0.16 1.23 0.22 

Baseline Femur Stength-Strain Index at 20% site 0.04 0.05 0.12 0.71 0.48 
Baseline Femur Length 23.15 6.76 0.55 3.42 0.00 
Change in Femur 0-12 36.01 11.11 0.33 3.24 0.00 
Baseline Upper Tanner Score -34.11 18.71 -0.24 -1.82 0.07 

4 (Constant) -867.47 195.10 -4.45 0.00 
adj R2 0.34 Baseline Age (yrs) 24.32 17.21 0.18 1.41 0.16 

Baseline Femur Length 26.24 5.15 0.62 5.10 0.00 
Change in Femur 0-12 36.27 11.07 0.33 3.28 0.00 
Baseline Upper Tanner Score -30.20 17.81 -0.21 -1.70 0.09 

5 (Constant) -711.24 161.92 -4.39 0.00 
adj R2 0.33 Baseline Femur Length 28.61 4.90 0.68 5.84 0.00 

Change in Femur 0-12 37.13 11.13 0.34 3.34 0.00 
Baseline Upper Tanner Score -17.77 15.60 -0.13 -1.14 0.26 



6 (Constant) -653.81 154.20 -4.24 0.00 
adj R2 0.33 Baseline Femur Length 25.90 4.30 0.62 6.03 0.00 

Change in Femur 0-12 36.69 11.14 0.34 3.29 0.00 
 

DISCUSSION: 

Jump In is a two year intervention program designed with the aim that weight-bearing 
exercise will elicit significant increases in bone mass, trabecular and cortical densities, and bone 
strength in pre-pubescent and early pubescent girls.   This study is aimed at finding a way to 
increase bone strength in young girls with the hope that it will help prevent osteoporosis in their 
futures.  The full scale Jump In intervention program is still in progress, so this paper is 
examining a small subset of the data from the girls who have already finished their one year 
measurements.  While the data does not show many significant changes in bone between the 
control and intervention groups yet, it does appear that the data is shifting in the direction 
expected.  This may indicate that significant changes will result from the final, large-scale 
analysis. 

The data analyzed in this preliminary study includes the change in tibia and femur 
MCSA, and BSI at 4%, tibia BA at 50% and 66%, tibia SSI at 50% and 66%, and femur BA and 
SSI at 20%.  Other changes were monitored such as height, weight, BMI, and tibia and femur 
lengths so that the changes analyzed could have these variables factored out in order to obtain a 
more significant result. 

The only significant change in anthropometry between the two groups was the change in 
femur length, which was significantly greater in the intervention group than the control group.  
The intervention group had a slightly lower height change than the control group. Although this 
change was not significant, it was interesting that the group with less overall growth had a 
greater, positive change in femur length and tibia length, although the former was not considered 
significant.  A greater change in bone length due to the intervention was not an expected result, 
and is not justified by previous studies as a change that this type of intervention would elicit.  
This factor is likely unrelated to the study and is only important for factoring its effects out of the 
results. 

The tibia MCSA for the control group had a significantly greater increase than that of the 
intervention group. MCSA determines the amount of force that can be generated at that location, 
and is related to the amount of sarcomeres that operate in parallel at that location.  The femur 
MCSA also had a greater increase in the control group than in the intervention group.  Although 
this change was not considered significant, it had the same trend at both locations.  This was one 
of the only measurements that had a greater increase in the control group than in the intervention 
group, and this was not the change expected.  It is logical to predict that the group receiving the 
exercise intervention would have just as great or a greater increase in strength as the group 
without this intervention, but this was not the case.  This finding was not expected, and there is 
not a clear reason why this occurred.  Looking at the variable factors for MCSA, it can be seen 
that baseline cross sectional area for the tibia and femur were both significant factors in these 
models.  The intervention group had a slightly higher baseline MCSA for both the femur and the 
tibia.  Children in this age group are constantly growing, so it is possible that the lower baseline 
MCSA indicated that the control group was slightly behind the intervention group in terms of 



previous muscle growth. It is possible that this greater change was due to normal growth-spurt 
patterns, and the controls were just slightly behind the intervention group, so their measurements 
showed a greater rate of change.  This data may indicate a regression model, which means that 
the group that starts higher has a smaller change than the group that starts with a lower value.  
This model is common in physiology. Another explanation for this finding could be related to the 
greater growth rate of the tibia and femur length in the intervention group.  Muscle and bone 
growth is related since the two are connected, so it is plausible that since the intervention group 
had a greater increase in bone length, the muscle was stretched out and the MCRA did not 
increase as great as in those with less bone growth. 

Bone strength index (BSI) combines bone mineral and bone biomechanical properties to 
measure resistance to bending.  It is the product of volumetric cortical bone mineral density 
(BMD) and cross sectional moment of inertia within a region of interest.  The BSI for the femur 
and the tibia at 4% increased more in the intervention group than in the control group.  These 
increases were not significant in either case, but the change in tibia BSI at 4% was approaching 
significance, and may reach it as the intervention continues.  An increase in BSI is one of the 
changes expected by the intervention.  Studies have shown that the exercises in the intervention 
have been successful at increasing bone density, and bone density is an aspect of BSI so this 
result is logical.  Like the other bone changes in this study, the change was more pronounced in 
the tibia measurements than in the femur.  This may be due to the types of high impact exercises 
that the intervention imposes.  It also may be due to the fact that the tibia is a thinner bone than 
the femur, and perhaps changes to its structure can occur more rapidly and are more noticeable 
because it is smaller. 

Bone Area (BA) is highly correlated with BMD and can be used as a predictor of 
osteoporosis.  The smaller the BA, the smaller the BMD, and the higher the detection rate is for 
osteoporosis.  The intervention uses high impact exercise in order to increase BMD and lower 
bone deterioration, so it is expected that BA will increase with the intervention.  The tibia BA 
was measured at 50% and 66%, and both groups had a slightly greater increase in the 
intervention group than the control group.  These results are not quite significant yet, but they are 
close.  The change in BA for the femur showed a greater increase in the control group than in the 
intervention group. 

The last aspect of the bone that was analyzed was the strength strain index (SSI), which is 
an indicator of bone strength.  The aim of the intervention was to increase bone strength, so the 
SSI was expected to increase.  The SSI did increase greater in the intervention group than control 
group for both the tibia measurements (50% and 66%). Although these results are not significant, 
this could indicate that the intervention is beginning to increase bone strength as predicted.  This 
result was not consistent for the femur however.  The SSI increased greater in the control than 
the intervention group, which was the opposite of what was expected.  The changes in bone 
structure in the femur were not as great or expected as those in the tibia.   The reasons will 
become clearer as the intervention progresses and more long term data becomes available. 

Overall, the changes elicited in bone from the intervention were not as pronounced in the 
femur as they were in the tibia, which may be due to several reasons.  First, the femur is the 
largest and longest bone in the human body, so it is possible that the intervention will take longer 
to show a change in this area. It is also possible that the forces induced in the high impact 
intervention exercises are not great enough to alter the structure of this large bone.  Another 



possible reason for this finding is that the high impact exercises in this intervention involve 
jumping and landing, and the tibia is closer to the point of impact than the femur is.  The force 
from hitting the ground dissipates and is absorbed as it moves up the leg, especially from the 
knee which absorbs a lot of the force.  This means that the femur is not as affected by the 
exercises as the tibia is, so the changes expected here are not as great. 

A large source of error in this study comes from the fact that it is community based 
instead of lab based.  This means that the exercises and adherence to the intervention are not as 
well monitored as they could be.  For example, upon observation of the intervention at one 
school, it was found that instead of students jumping off a box 40 times, the instructor allowed 
them to jump up onto the box and then off of it only 20 times.  Jumping up onto the box does not 
elicit the same effect on bone that jumping off of it does because there is not a significant force 
upon landing.  The instructor was recording that the students did the 40 jumps, when actually 
they only did 20 each time.  Situations such as this may explain why the changes are not as 
significant yet as expected. 

Several studies similar to this have already been conducted, although this is one of the 
first long-term studies done that uses both DXA and pQCT to achieve better results. The study 
‘Jump Starting Skeletal Health’ assessed bone mineral content in several places in the body over 
4 years following a 7 month jumping intervention. The results showed a greater increased BMC 
at all locations tested compared to the control group.  The effects were greatest right after the 
intervention but were still detectable 3 years later.  It was concluded that short-term high impact 
exercise in children has an effect over and above the normal growth and development (1). 
Another study conducted followed the followed the changes in BMC of girls in a 9 month 
jumping intervention vs. a control group.  It was concluded that although the greatest proportion 
of bone mineral accrual was due to normal growth, an additional bone gain was achieved by the 
jumping intervention.  A study very similar to Jump In called ‘Bounce at the Bell’ was a jumping 
study that used pQCT measures of bone strength to measure the effects of jumping at the distal 
tibia.  This study concluded that a simple jumping exercise routine implemented daily enhances 
the bone strength in the distal tibia of pre-pubescent boys (24).  All of these studies have found a 
correlation between jumping interventions and increased BMC or bone strength, so the 
preliminary findings of this study are congruent with others. Jump In is unique in that it is one of 
the largest studies of this type done, and also is more long-term than most.  The large scale study 
is also looking at two age groups of girls which will give incite as to what the most successful 
age is for this type of intervention.  The large scale and the new use of pQCT technologies will 
hopefully help further this type of study so that the best intervention style can be implemented 
for the prevention of osteoporosis. 

Jump In is a two year intervention study with three years of additional follow up 
measurements.  Bone is a slow growing organ, so the effects due to a one year of the intervention 
will not be as suggestive as those taken after a greater time.  This primary analysis indicates that 
changes in BA, SSI and BSI for the tibia may be positively impacted by the high impact exercise 
intervention.   These changes will become more significant as the intervention continues.  Also, 
the matching process has not been done in this primary analysis.  This may help to clear up some 
of the changes and will certainly make the data more valuable as it will have fewer variables, so 
the changes in bone measurements will be more accurate. 

 



CONCLUSION: 

The Jump In study seeks preventative options for osteoporosis through high impact 
exercise in young girls.  In this preliminary analysis, it was predicted that weight-bearing 
exercise is osteotrophic and will elicit significant increases in bone mass, trabecular and cortical 
densities, and bone strength in pre-pubescent and early pubescent girls. From the data analyzed 
in this subset, the hypothesis is on its way to being supported.  The bone mass and strength have 
increased more in the intervention group than in the control group.  Although these increases are 
not statistically significant yet, with more time and implementation of the matching procedures 
and other statistical analysis techniques, it is very likely that the full-scale data will fully support 
the hypothesis. 
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