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Abstract 

 

Increased levels of moderate-to-vigorous physical activity (MVPA) are associated with enhanced 

bone mass/density development in non-Hispanic children, which may prevent osteoporosis later 

in life. This relationship has not been established in Hispanic females; as osteoporosis rates 

increase, an understanding of this relationship across populations is vital. 

PURPOSE: To determine the impact of MVPA on bone density, content, structure and strength 

in young Hispanic girls.  

METHODS: Young, primarily Hispanic female subjects (N=320), ages 9-12, wore 

accelerometers for seven consecutive days. Femoral and tibial bone density, content, strength, 

and architecture were assessed using pQCT. Associations between each bone parameter and 

average daily MVPA were determined using multivariate regression, adjusting for different sets 

of covariates in five models. 

RESULTS:  Average height, weight and percent fat were 145.8±9.6cm, 44.1±14.7kg, and 

32.5±9.8%, respectively. Average daily MVPA was 22.3±63.1min. Multiple linear regression 

resulted in consistently significant (p≤ 0.05) or trends toward significant associations between 

bone parameters and daily MVPA. Models utilizing different variables as covariates 

demonstrated similar findings with varying levels of significance. 

CONCLUSION: There is a significant positive relationship between average daily MVPA and 

bone content/strength in Hispanic girls. Physical activity interventions could lead to enhanced 

bone development and strength, as shown in non-Hispanic populations. 

  



Introduction 

 

As the rate of osteoporosis in the United States continues to increase and disproportionately 

impact older women, the importance of finding methods for preventing the disease grows. One in 

three women will experience a fracture as a consequence of osteoporosis; by 2050, the incidence 

of osteoporotic fractures is expected to increase by 240% in women. [1] Osteoporosis is 

characterized by low bone mass and abnormal bone structure leading to compromised bone 

strength, thus increasing fracture risk. Bone health is dependent upon many factors, including 

exercise, diet, and family history. Studies have shown that implementing exercise into daily 

routines in female children decreases fracture risk by improving bone mineral density (BMD), 

which is thought to decrease the chance of developing osteoporosis by increasing peak bone 

mass. [2-5] 

 

Physical activity is important for health and fitness including promoting the development of 

healthy bones. Strong associations have been made between physical activity and several bone 

parameters in children. Increasing skeletal exposure to mechanical loading in children has been 

shown to optimize bone accrual. [6] Applying high magnitude loads frequently is more 

osteogenic than loads at lower magnitudes and rates. [7-8] Witzke et al suggests that any exercise 

that is high-impact and low-frequency, such as jumping or hopping for 10 minutes 3 times a 

week, is enough to increase BMD. [9] Stimulating bone mass development during childhood is 

particularly crucial, as substantial growth continues to through adolescence.  

 

There are a variety of techniques to measure physical activity, including indirect calorimetry, 

doubly-labeled water, questionnaires, accelerometers, and prescribed exercise routines. Each 

method has its advantages and disadvantages regarding measurement intervals, accuracy, and 

cost. For this study, accelerometers were selected due to their accuracy and ability to objectively 

differentiate levels of exercise intensity. In particular, moderate-to-vigorous physical activity 

(MVPA) is typically used to separate exercise from usual daily activity. This is important when 

determining the effect of varying levels of activity on bone. Previous studies have found that 

greater MVPA is associated with improved values for a variety of bone parameters. [10] Bone 

development metrics can also be measured using a variety of methods, but most commonly used 

are peripheral quantitative computed tomography (pQCT) and dual x-ray absorptiometry (DXA). 

Specifically, pQCT provides volumetric bone mineral density (BMD), while DXA measures 

areal BMD, limiting its ability to assess other bone parameters. In this study pQCT was utilized 

because it provides a thorough assessment of bone distribution, microarchitecture, and geometry. 

[18] pQCT involves 3-dimensional measuring techniques, allowing for true volumetric and 

geometric measurements, thus making it an optimal choice for measuring bone growth and 

development in younger populations. [11] 

 



Various studies have found a significant and positive relationship between physical activity and 

bone development parameters in both children and adults, but information specifically regarding 

young Hispanic girls is less substantial. The National Health and Nutrition Examination Survey 

III (NHANES III) reports that Hispanic women have experienced a similar rise in osteoporosis 

risk as Caucasian women. Among Mexican Americans, 49% of women over 50 had osteopenia 

at the femur neck, with 10% being osteoporotic. [12] As osteoporosis rates among Hispanic 

American women continue to rise, factors influencing bone development in Hispanic girls need 

to be more thoroughly studied. Physical activity is thought to be crucial for prevention of 

osteoporosis later in life, and interventions beginning in childhood may prove beneficial long 

term. The female Hispanic population is severely understudied in modern research regarding 

bone development and health. Study of potential indicators that suggest a difference in peak bone 

development compared to other ethnicities during childhood among this demographic could 

provide valuable insight regarding development of intervention strategies.  

 

Purpose 

 

The purpose of this study was to determine if there is a relationship between MVPA and bone 

development parameters in young Hispanic girls. Based on previous research involving other 

populations with girls of similar ages, higher daily minutes of MVPA was hypothesized to be 

associated with increased bone density, thickness, and strength among young Hispanic girls. 

 

 

Methods 

 

Study Participants 

The sample consisted of 320 healthy girls 9-12 years of age. Subjects were recruited from 

local schools, pediatric clinics, and wellness community events within Tucson, Arizona to 

participate in the Soft Tissue and Bone Development in Young Girls (STAR) Study.  

Potential participants were excluded based on the following factors: medications that affect 

bone/growth/diabetes, physical disability that limited activity, and learning disability that 

prevented completion of questionnaires. The protocol of this study was approved by the 

University of Arizona Human Subjects Protection Committee. A written informed consent form 

was signed by all participants and their parent/legal guardian. 

 

Accelerometry 

Actigraph GT3X+ (Pensacola, FL) accelerometers were utilized to objectively quantify physical 

activity. All subjects were instructed to wear the accelerometer seven consecutive days during 

waking hours. Accelerometers were set to collect data at a frequency of 30 Hz. All data were 

stored in 60 second epochs. Actigraph ActiLife software was used to analyze the data with 

established MVPA cut-points. Evenson cut-points were selected to estimate the total 7-day wear 



period MVPA for each subject. [22] Subjects with less than 4 days of at least 10 hours/day of 

wear time were excluded from portions of the analysis.  

 

Anthropometry 

Anthropometric measures were obtained using standardized protocols. Body weight was 

determined using a calibrated scale to the nearest 0.1 kg (Seca, Model 881, Hamburg, 

Germany). Standing height was determined during full inhalation to the nearest mm 

using a stadiometer (Shorr Height Measuring Board, Olney, MD). The same protocol was 

performed for sitting height. Leg length was determined by calculating the difference between 

standing height and sitting height. Waist circumference (WC) was measured at the umbilicus to 

the nearest half-centimeter using a flexible measuring tape. The means of two measurements for 

standing height, sitting height, weight, and WC, respectively were used in the analyses. 

Measurements were repeated if they differed by ≥0.3 kg for body mass, ≥0.5 cm for 

height, and ≥1 cm for WC. BMI was calculated as weight (kg) divided by height (m) 

squared. CDC growth charts were used to determine the normalized percentiles for 

age and gender as underweight (5th percentile or lower), normal weight (5-85th 

percentile), overweight (85-95th percentile), or obese (greater than 95th percentile). 

 

Peripheral Quantitative Computed Tomography (pQCT) 

Average femur 20%, tibia 4%, and tibia 66%, measured relative to the distal growth plate of each 

bone, were used in measurements. Bone strength index (BSI), stress strain index (SSI), total 

density, total area, trabecular density, cortical density, periosteal circumference, endosteal 

circumference, and cortical thickness were obtained using pQCT (XCT 3000; Stratec 

Medizintechnik, Pforzheim, Germany; Division of Orthometrix; White Plains, NY, USA). 

Trained operators performed all pQCT scans and scan analysis. 

 

Maturation 

A self-reported questionnaire of physical development using the indices of the Tanner stages was 

completed by all subjects. The questionnaire illustrates development based on sexual 

characteristics through images of breasts, genitals and development of pubic hair. Additionally, 

somatic maturation was also estimated for peak height velocity (PHV) using Mirwald’s gender 

specific equations (maturity offset), based on a six-year longitudinal study on boys and girls. [13]  

The equations use weight, height, sitting height, leg length and chronological age to estimate 

where a person is in relation to peak height velocity (PHV= (<0.0011882 * (leg length) * (sitting 

height)) + (0.0022 * (age) * (leg length)) + (0.005841 * (age) * (sitting height)) - (0.002658 * 

(age) * (weight)) + (0.07693 * (weight) / (height)) - 9.376).  

 

Diet 

Total micronutrient, macronutrient, and energy intake was estimated through the semi-

quantitative Harvard Youth/Adolescent Food Frequency Questionnaire (YAQ). The YAQ has 



been previously established as a valid and reproducible tool for children and adolescents. [14] 

The YAQ was completed with technical support from staff, as needed. Staff coded the YAQ 

following standard protocol. 

 

Statistical Analysis 

Data for 320 subjects who had complete data for all aforementioned measurements were 

included in the statistical analysis. Of the initial 354 subject population, 34 subjects were missing 

pQCT, anthropometric, or ethnicity data and were excluded from analyses. Descriptive statistics, 

including mean and standard deviation, were used to characterize the study sample.  

 

Multiple linear regressions were performed with each bone parameter as the dependent variable, 

and Evenson average minutes of MVPA per day, BMI, maturity offset, and ethnicity as 

independent variables in each analysis (Model 1). Dietary factors including calcium and vitamin 

D were tested as covariates but did not provide consistently significant results and therefore were 

not included in final regression models. Other variables were tested in separate regressions, 

including age (Model 2), fat free mass index (FFMI) (Model 3), and fat mass index (FMI) 

(Model 4). Selection of covariates was based primarily on partial correlations with the bone 

outcome of interest. Three sets of analyses were performed using different criteria for subject 

inclusion: all subjects (n=320), only subjects with at least four days of 10+ hours of 

accelerometer wear time (n=280) and the same 4-day criteria with a minimum of one weekend 

day with 10+ hours of wear time as well (n=265). The analyses were also repeated for a 

Hispanic-only sub-sample. 

 

Results 

 

Descriptive statistics of the study sample are shown in Table 1. Of the entire sample, 73 percent 

were Hispanic and 27 percent were non-Hispanic. The mean age of study participants was 

10.78±1.09 years. Average BMI of the study population was 20.4±5.0.   

  



 

Table 1: Study Population Descriptive Statistics (n=320) 

 Mean ± SD 

 Ethnicity (% Hispanic) 73%  

 Baseline Age (years) 10.78± 1.09 

 Maturity Offset Adjusted Age 10.29± 1.21 

 Average Height (cm) 145.76± 9.64 

 Average Weight (kg) 44.14± 14.67 

 Body Mass Index (kg/m2) 20.39± 4.99 

 Femur 20% Cortical Content (mg/mm) 196.46± 39.13 

 Femur 20% Cortical Density (mg/ccm) 1057.76± 28.39 

 Femur 20% Cortical Area (mm2) 185.47± 34.94 

 Femur 20% Periosteal Circumference (circular 
model) (mm) 

79.52± 9.06 

 Femur 20% Endosteal Circumference (circular 
model) (mm) 

63.18± 9.12 

 Femur 20% Cortical Thickness (circular model) 
(mm) 

2.60± 0.37 

 Femur 20% SSI (mm3) 1600.79± 475.06 

 Tibia 4% Average BSI (mg*mm) 56.96± 16.91 

 Tibia 4% Average Total Density (mg/cm3)  303.59± 37.32 

 Tibia 4% Average Trabecular Density (mg/cm3)  227.50± 27.62 

 Tibia 4% Average Cortical Density (mg/cm3)  303.63± 35.96 

 Tibia 4% Average Periosteal Circumference 
(circular model) (mm) 

87.46± 8.43 

 Tibia 4% Average Endosteal Circumference 
(circular model) (mm) 

77.09± 9.38 

 Tibia 4% Average Cortical Thickness (circular 
model) (mm) 

1.65± 0.712 

 Tibia 66% Cortical Content (mg/mm) 205.93± 44.26 

 Tibia 66% Cortical Density (mg/cm3) 1034.14± 37.85 

 Tibia 66% Periosteal Circumference (circular 
model) (mm) 

74.42± 7.32 

 Tibia 66% Endosteal Circumference (circular 
model) (mm) 

55.10± 7.28 

 Tibia 66% Cortical Thickness (circular model) (mm) 3.07± 0.50 

 Tibia 66% SSI (mm3) 1459.28± 414.27 

 

 

Physical activity characteristics are described in Table 2. Average daily minutes of sedentary, 

light, moderate, and vigorous activity were quantified during algorithmically validated wear time 

for all subjects regardless of total wear time compliance.  



 

Table 2: Descriptive statistics of physical activity for sample (n=320) 

Daily Average Physical Activity  Mean±SD 
(minutes)  

Percent of Total 
Wear Time 

Sedentary  360.56± 105.87 49.35% 

Light 325.55± 95.88 44.55% 

Moderate 17.86± 10.65 2.44% 

Vigorous 4.42± 5.50 0.60% 

MVPA 22.28± 63.14 3.04% 

 

Multiple linear regression using Evenson average daily minutes of MVPA, BMI, maturity offset, 

and ethnicity as independent variables resulted in consistently significant associations between 

bone parameters and daily MVPA (Table 3.1). This model (Model 1) was selected at the 

principal model for analysis due to the strength of its association with the tested bone parameters. 

Femur 20% periosteal circumference, stress-strain index (SSI), 4% tibia average bone strength 

index, average periosteal circumference, average cortical thickness, and 66% tibia cortical 

content, periosteal circumference, and SSI all had significant associations with average daily 

minutes of MVPA, while other pQCT measures approached significance. The variance explained 

by MVPA ranged from approximately 0% to 4.8% in the primary model for the total sample. 

Together, BMI, maturity offset, and ethnicity explained 2.6% to 70.2% of the variance in the 

bone parameters using regression model 1. The majority of the variance accounted for by the 

model was attributable to BMI. Analyses were also performed for five other sets of other 

covariates, including fat mass index (FMI), fat free mass index (FFMI), percent body fat, and age 

with varying degrees of model agreement.  

 

Multiple linear regressions were also run for all models using the 4+ days of 10+ hours of wear 

time and 4+ days, 10+ hours of wear time with at least one weekend day (included in Tables 3.1-

3.5). These adjustments did not strongly affect adjusted R
2
 values for bone parameter regression 

models (change of less than 0.05 for nearly all bone parameters across every model), but did tend 

to slightly increase the standardized β-coefficient values in most models. However, all three 

subgroups presented relatively consistent trends for their respective regression models, as is 

demonstrated by the lack of extreme changes in adjusted R
2
 and standardized β-coefficients 

outlined above. 

 

Five different sets of regressions were run correlating MVPA with all measured bone parameters. 

Trends between all regression models were relatively consistent in demonstrating a positive 

relationship between increased MVPA and improved bone strength, density, content, area, 

thickness, and periosteal circumference. The five models are summarized in Tables 3.1-3.5. For 

each regression set, three subject subpopulations were analyzed using the previously outlined 

wear time criteria. 

 



Model 1, summarized in Table 3.1, utilized BMI, maturity offset, and ethnicity as covariates with 

MVPA as the primary independent variable influencing each of the bone parameters. The model 

found MVPA to be significantly correlated with 8 of 20 bone parameters when the entire sample 

was considered. Stricter wear time criteria, which may be more representative of actual activity, 

increased R
2
 values for nearly all bone parameters. Standardized beta coefficients also increased 

with stricter inclusion criteria, suggesting a stronger association of MVPA on bone than the full 

sample model. Although most bone parameters that were not found to be significantly correlated 

with MVPA approached significance, endosteal circumferences consistently demonstrated the 

weakest associations with MVPA.  

 

Table 3.2 displays the results of the second model, which substituted age, a more easily 

assessable measure, for maturity offset as a covariate. Only 1 out of 20 bone parameters were 

significantly correlated with MVPA for the entire sample dataset, with fewer approaching 

significance than in the primary model. Although stricter wear time criteria resulted in more 

significant correlations with MVPA, associations were weaker for every bone parameter when 

compared to the primary model utilizing maturity offset as a covariate. This suggests that for the 

study population, maturity offset may be a better indicator of bone development than age, as it 

accounts for more of the variance in the sample not found in other covariates.  

 

Model 3, summarized in Table 3.3, substituted FFMI, a measure more strongly correlated with 

bone because it explains more variance, for BMI as a covariate in the regression. This resulted in 

reduced correlation for most bone parameters, with only 3 of 20 significantly correlated with 

MVPA. Adjusted R
2
 values for the model varied significantly for different bone parameters, with 

12 of 20 parameters experiencing increased correlation coefficients (although 7 of 20 actually 

dencreased). Standardized β-coefficients followed similar trends to other models, but also were 

found to be both higher and lower relative to other models depending on the bone parameter. As 

was the case with most models, more stringent wear time criteria increased association strength 

with MVPA for most parameters. 

 

Table 3.4 outlines the results from the fourth model, which substituted FMI for BMI as a 

covariate. The model experienced similar results to the primary model, suggesting that BMI and 

FMI accounted for similar levels of variance in the sample. For the entire subject population, 7 of 

20 bone parameters were significantly correlated with MVPA, with the majority of the other 

parameters approaching significance. Interestingly, reducing sample size through more stringent 

wear time criteria had a disproportionate effect on this model, leading to more bone parameters 

that were significantly correlated with MVPA than the primary model that utilized BMI when 

considering the strictest inclusion criteria. However, adjusted R
2
 values remained slightly 

stronger for almost all bone parameters in the primary model. Overall, however, these 

differences are fairly minimal (R
2
 difference of less than or equal to 0.05 for 17 of 20 bone 

parameters) when compared to the differences observed between other models.  



 

Model 5 employed the same regression as the primary model with an only-Hispanic sample, thus 

eliminating the need to control for ethnicity. Doing so reduced the sample size of the entire 

population to 234, consequently reducing the number of bone parameters significantly correlated 

with MVPA from eight to four (Table 3.5). Stricter wear time criteria that further reduced the 

population led to an increase in significantly correlated bone parameters, even more so than the 

primary model. Most of these changes appear to be attributable to a smaller sample size, and 

largely still follow the general trends found in each of the tested models. Standardized beta 

coefficient magnitudes of MVPA on bone parameters for the Hispanic-only sample varied 

slightly from the entire sample, with most parameters experiencing no major differences.   

 

 

 

 

 

 

 

 

  



Table 3.1: Independent associations of average daily minutes MVPA with selected femur and tibial measures using multivariate linear regression for different 
sample subgroups 

Dependent Variables: 

 Covariates: Evenson MVPA, BMI, Maturity Offset, Ethnicity 

Total Data Set 
Regressions (n=320)   

4-Day Sample 
Regressions (n=280)   

4-Day + 1 Weekend Day  
Regressions (n=265) 

ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 

pQCT Femur 20% Cortical Content 0.382 0.030 0.669 0.171 0.052 0.639 0.204 0.049 0.650 

pQCT Femur 20% Cortical Density 0.103 -0.091 0.105 0.051 0.075 0.109 0.225 -0.075 0.114 

pQCT Femur 20% Cortical Area 0.169 0.047 0.669 0.051 0.075 0.641 0.097 0.065 0.648 

pQCT Femur 20% Periosteal Circumference 0.028 0.080 0.624 0.013 0.097 0.623 0.106 0.009 0.624 

pQCT Femur 20% Endosteal Circumference 0.058 0.026 0.458 0.041 0.094 0.478 0.023 0.107 0.483 

pQCT Femur 20% Cortical Thickness 0.805 -0.013 0.184 0.921 0.006 0.158 0.817 -0.014 0.180 

pQCT Femur 20% SSI 0.040 0.062 0.741 0.012 0.084 0.722 0.015 0.085 0.722 

pQCT Tibia 4% Average Total Density 0.263 0.062 0.125 0.076 0.107 0.098 0.032 0.132 0.108 

pQCT Tibia 4% Average BSI 0.005 0.112 0.548 <0.001 0.153 0.527 <0.001 0.163 0.540 

pQCT Tibia 4% Average Trabecular Density 0.053 0.106 0.134 0.019 0.139 0.124 0.018 0.145 0.122 

pQCT Tibia 4% Average Cortical Density 0.267 0.061 0.126 0.076 0.106 0.099 0.032 0.132 0.110 

pQCT Tibia 4% Average Periosteal Circumference 0.037 0.091 0.449 0.038 0.096 0.463 0.100 0.078 0.466 

pQCT Tibia 4% Average Endosteal Circumference 0.625 0.025 0.273 0.714 0.020 0.284 0.940 -0.004 0.282 

pQCT Tibia 4% Average Cortical Thickness 0.040 0.120 0.028 0.038 0.130 0.018 0.029 0.141 0.019 

pQCT Tibia 66% Cortical Content 0.037 0.073 0.650 0.008 0.104 0.616 0.109 0.109 0.633 

pQCT Tibia 66% Cortical Density 0.138 -0.078 0.205 0.180 -0.075 0.205 0.298 -0.06 0.210 

pQCT Tibia 66% Periosteal Circumference 0.038 0.084 0.535 0.029 0.093 0.547 0.110 0.11 0.547 

pQCT Tibia 66% Endosteal Circumference 0.351 0.048 0.247 0.407 0.044 0.295 0.065 0.065 0.294 

pQCT Tibia 66% Cortical Thickness 0.09 0.084 0.293 0.030 0.120 0.235 0.11 0.11 0.251 

pQCT Tibia 66% SSI 0.013 0.082 0.688 0.007 0.099 0.670 0.113 0.113 0.682 
Footnote: Abbr: MVPA, moderate-to vigorous physical activity; BMI, body mass index;  pQCT, peripheral quantitative computed tomography; SSI, stress-strain index; BSI, bone strength index. Significance 
was set at p ≤ 0.05. 



 

Table 3.2: Independent associations of average daily minutes MVPA with selected femur and tibial measures using multivariate linear regression for different 
sample subgroups 

Dependent Variables: 

 Covariates: Evenson MVPA, BMI, Age, Ethnicity 

Total Data Set 
Regressions (n=320)   

4-Day Sample 
Regressions (n=280)   

4-Day + 1 Weekend Day  
Regressions (n=265) 

ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 

pQCT Femur 20% Cortical Content 0.918 0.004 0.568 0.605 0.023 0.517 0.613 0.023 0.526 

pQCT Femur 20% Cortical Density 0.126 -0.085 0.123 0.070 -0.108 0.127 0.309 -0.062 0.141 

pQCT Femur 20% Cortical Area 0.632 0.019 0.557 0.333 0.043 0.515 0.438 0.035 0.518 

pQCT Femur 20% Periosteal Circumference 0.257 0.047 0.506 0.167 0.062 0.501 0.121 0.072 0.503 

pQCT Femur 20% Endosteal Circumference 0.265 0.028 0.368 0.214 0.062 0.386 0.137 0.076 0.393 

pQCT Femur 20% Cortical Thickness 0.684 -0.022 0.163 0.948 -0.004 0.136 0.719 -0.022 0.155 

pQCT Femur 20% SSI 0.371 0.033 0.617 0.203 0.052 0.589 0.192 0.055 0.589 

pQCT Tibia 4% Average Total Density 0.220 0.068 0.127 0.069 0.109 0.099 0.029 0.135 0.110 

pQCT Tibia 4% Average BSI 0.023 0.095 0.506 0.003 0.134 0.477 0.002 0.147 0.485 

pQCT Tibia 4% Average Trabecular Density 0.060 0.104 0.133 0.024 0.134 0.125 0.025 0.138 0.122 

pQCT Tibia 4% Average Cortical Density 0.224 0.067 0.128 0.069 0.109 0.114 0.029 0.135 0.112 

pQCT Tibia 4% Average Periosteal Circumference 0.235 0.057 0.353 0.195 0.065 0.364 0.341 0.049 0.371 

pQCT Tibia 4% Average Endosteal Circumference 0.944 0.032 0.212 0.936 -0.004 0.225 0.644 -0.026 0.227 

pQCT Tibia 4% Average Cortical Thickness 0.053 0.113 0.024 0.050 0.123 0.014 0.038 0.135 0.015 

pQCT Tibia 66% Cortical Content 0.261 0.044 0.562 0.072 0.079 0.515 0.051 0.087 0.530 

pQCT Tibia 66% Cortical Density 0.098 -0.087 0.217 0.201 -0.071 0.216 0.375 -0.051 0.23 

pQCT Tibia 66% Periosteal Circumference 0.277 0.048 0.444 0.193 0.061 0.45 0.105 0.079 0.448 

pQCT Tibia 66% Endosteal Circumference 0.719 0.019 0.200 0.751 0.017 0.243 0.502 0.038 0.243 

pQCT Tibia 66% Cortical Thickness 0.185 0.068 0.258 0.059 0.107 0.212 0.084 0.100 0.216 

pQCT Tibia 66% SSI 0.204 0.048 0.587 0.108 0.067 0.561 0.053 0.084 0.566 
Footnote: Abbr: MVPA, moderate-to vigorous physical activity; BMI, body mass index;  pQCT, peripheral quantitative computed tomography; SSI, stress-strain index; BSI, bone 
strength index. Significance was set at p ≤ 0.05. 



 Table 3.3: Independent associations of average daily minutes MVPA with selected femur and tibial measures using multivariate linear regression for different 
sample subgroups 

Dependent Variables: 

 Covariates: Evenson MVPA, FFMI, Maturity Offset, Ethnicity 

Total Data Set 
Regressions (n=320)   

4-Day Sample 
Regressions (n=280)   

4-Day + 1 Weekend Day  
Regressions (n=265) 

ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 

pQCT Femur 20% Cortical Content 0.655 0.083 0.690 0.426 0.030 0.661 0.450 0.029 0.667 

pQCT Femur 20% Cortical Density 0.126 -0.086 0.113 0.109 -0.097 0.110 0.369 -0.055 0.123 

pQCT Femur 20% Cortical Area 0.351 0.030 0.697 0.191 0.048 0.668 0.286 0.040 0.671 

pQCT Femur 20% Periosteal Circumference 0.089 0.062 0.623 0.091 0.067 0.612 0.074 0.074 0.612 

pQCT Femur 20% Endosteal Circumference 0.132 0.067 0.446 0.157 0.067 0.454 0.115 0.077 0.456 

pQCT Femur 20% Cortical Thickness 0.706 -0.020 0.199 0.961 -0.003 0.166 0.767 -0.018 0.18 

pQCT Femur 20% SSI 0.005 0.080 0.756 0.083 0.057 0.734 0.091 0.058 0.732 

pQCT Tibia 4% Average Total Density 0.165 0.073 0.145 0.176 0.080 0.133 0.075 0.108 0.147 

pQCT Tibia 4% Average BSI 0.022 0.089 0.581 0.007 0.113 0.564 0.003 0.125 0.576 

pQCT Tibia 4% Average Trabecular Density 0.122 0.089 0.157 0.073 0.105 0.144 0.064 0.112 0.143 

pQCT Tibia 4% Average Cortical Density 0.379 0.048 0.146 0.177 0.080 0.134 0.074 0.108 0.148 

pQCT Tibia 4% Average Periosteal Circumference 0.087 0.075 0.455 0.116 0.074 0.453 0.263 0.054 0.449 

pQCT Tibia 4% Average Endosteal Circumference 0.816 0.012 0.269 0.951 0.003 0.270 0.695 -0.022 0.264 

pQCT Tibia 4% Average Cortical Thickness 0.048 0.116 0.035 0.050 0.123 0.025 0.037 0.135 0.026 

pQCT Tibia 66% Cortical Content 0.128 0.052 0.668 0.037 0.080 0.633 0.027 0.086 0.644 

pQCT Tibia 66% Cortical Density 0.127 -0.081 0.211 0.360 -0.052 0.204 0.524 -0.037 0.215 

pQCT Tibia 66% Periosteal Circumference 0.119 0.063 0.543 0.152 0.062 0.538 0.081 0.077 0.539 

pQCT Tibia 66% Endosteal Circumference 0.52 0.033 0.246 0.721 0.019 0.278 0.494 0.038 0.279 

pQCT Tibia 66% Cortical Thickness 0.158 0.070 0.313 0.055 0.105 0.259 0.078 0.098 0.269 

pQCT Tibia 66% SSI 0.058 0.075 0.698 0.079 0.064 0.670 0.036 0.078 0.675 
Footnote: Abbr: MVPA, moderate-to vigorous physical activity; BMI, body mass index;  pQCT, peripheral quantitative computed tomography; SSI, stress-strain index; BSI, bone 
strength index. Significance was set at p ≤ 0.05. 

 



Table 3.4: Independent associations of average daily minutes MVPA with selected femur and tibial measures using multivariate linear regression for different 
sample subgroups 

Dependent Variables: 

 Covariates: Evenson MVPA, FMI, Maturity Offset, Ethnicity 

Total Data Set 
Regressions (n=320)   

4-Day Sample 
Regressions (n=280)   

4-Day + 1 Weekend Day  
Regressions (n=265) 

ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 

pQCT Femur 20% Cortical Content 0.438 0.027 0.656 0.198 0.050 0.630 0.239 0.046 0.644 

pQCT Femur 20% Cortical Density 0.098 -0.093 0.102 0.042 -0.123 0.105 0.191 -0.082 0.108 

pQCT Femur 20% Cortical Area 0.208 0.044 0.652 0.061 0.073 0.628 0.116 0.063 0.638 

pQCT Femur 20% Periosteal Circumference 0.030 0.080 0.615 0.010 0.102 0.614 0.007 0.111 0.614 

pQCT Femur 20% Endosteal Circumference 0.055 0.084 0.453 0.030 0.101 0.474 0.017 0.115 0.477 

pQCT Femur 20% Cortical Thickness 0.732 -0.018 0.180 0.967 -0.002 0.160 0.695 -0.023 0.184 

pQCT Femur 20% SSI 0.048 0.062 0.726 0.012 0.087 0.709 0.015 0.087 0.711 

pQCT Tibia 4% Average Total Density 0.244 0.066 0.096 0.074 0.109 0.072 0.034 0.133 0.085 

pQCT Tibia 4% Average BSI 0.007 0.114 0.498 0.001 0.160 0.481 <.001 0.170 0.498 

pQCT Tibia 4% Average Trabecular Density 0.052 0.110 0.096 0.017 0.146 0.090 0.017 0.150 0.091 

pQCT Tibia 4% Average Cortical Density 0.248 0.065 0.098 0.074 0.109 0.074 0.034 0.133 0.087 

pQCT Tibia 4% Average Periosteal Circumference 0.044 0.090 0.437 0.028 0.103 0.455 0.074 0.086 0.460 

pQCT Tibia 4% Average Endosteal Circumference 0.643 0.024 0.268 0.622 0.026 0.284 0.947 0.004 0.284 

pQCT Tibia 4% Average Cortical Thickness 0.043 0.119 0.025 0.041 0.129 0.016 0.032 0.140 0.017 

pQCT Tibia 66% Cortical Content 0.061 0.069 0.622 0.008 0.108 0.594 0.006 0.112 0.614 

pQCT Tibia 66% Cortical Density 0.091 -0.090 0.205 0.160 -0.080 0.203 0.277 -0.063 0.207 

pQCT Tibia 66% Periosteal Circumference 0.045 0.083 0.516 0.021 0.101 0.529 0.009 0.118 0.528 

pQCT Tibia 66% Endosteal Circumference 0.344 0.049 0.245 0.330 0.052 0.292 0.186 0.073 0.289 

pQCT Tibia 66% Cortical Thickness 0.112 0.080 0.276 0.031 0.121 0.227 0.053 0.111 0.246 

pQCT Tibia 66% SSI 0.021 0.081 0.654 0.006 0.106 0.639 0.002 0.120 0.648 
Footnote: Abbr: MVPA, moderate-to vigorous physical activity; BMI, body mass index;  pQCT, peripheral quantitative computed tomography; SSI, stress-strain index; BSI, bone 
strength index. Significance was set at p ≤ 0.05. 

 



Table 3.5: Independent associations of average daily minutes MVPA with selected femur and tibial measures using multivariate linear regression for different 
sample subgroups 

Dependent Variables: 

Table 5: Hispanic Only Covariates: Evenson MVPA, BMI, Maturity Offset 

Total Data Set 
Regressions (n=234)   

4-Day Sample 
Regressions (n=202)   

4-Day + 1 Weekend Day  
Regressions (n=188) 

ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 ρ-value  

MVPA 
Standardized 

Beta 
Coefficient 

Overall 
Model 

Adjusted 
R2 

pQCT Femur 20% Cortical Content 0.834 0.008 0.704 0.587 0.023 0.680 0.673 0.018 0.700 

pQCT Femur 20% Cortical Density 0.012 -0.159 0.160 0.001 -0.227 0.178 0.011 -0.179 0.179 

pQCT Femur 20% Cortical Area 0.388 0.033 0.692 0.168 0.058 0.674 0.300 0.045 0.686 

pQCT Femur 20% Periosteal Circumference 0.168 0.057 0.634 0.045 0.091 0.631 0.028 0.104 0.633 

pQCT Femur 20% Endosteal Circumference 0.227 0.060 0.471 0.084 0.093 0.480 0.042 0.113 0.485 

pQCT Femur 20% Cortical Thickness 0.814 -0.015 0.181 0.821 -0.015 0.149 0.518 -0.045 0.179 

pQCT Femur 20% SSI 0.102 0.055 0.758 0.024 0.085 0.745 0.025 0.088 0.747 

pQCT Tibia 4% Average Total Density 0.648 0.029 0.115 0.546 0.042 0.102 0.359 0.066 0.112 

pQCT Tibia 4% Average BSI 0.039 0.095 0.549 0.009 0.129 0.557 0.005 0.142 0.575 

pQCT Tibia 4% Average Trabecular Density 0.113 0.100 0.145 0.058 0.128 0.160 0.059 0.133 0.159 

pQCT Tibia 4% Average Cortical Density 0.662 0.028 0.117 0.556 0.041 0.104 0.363 0.066 0.113 

pQCT Tibia 4% Average Periosteal Circumference 0.018 0.116 0.485 0.005 0.150 0.487 0.015 0.135 0.486 

pQCT Tibia 4% Average Endosteal Circumference 0.033 0.117 0.361 0.011 0.150 0.370 0.033 0.131 0.363 

pQCT Tibia 4% Average Cortical Thickness 0.929 0.005 0.356 0.847 0.012 0.340 0.57 0.035 0.358 

pQCT Tibia 66% Cortical Content 0.131 0.061 0.653 0.030 0.099 0.626 0.020 0.106 0.656 

pQCT Tibia 66% Cortical Density 0.120 -0.095 0.213 0.147 -0.095 0.221 0.264 -0.075 0.228 

pQCT Tibia 66% Periosteal Circumference 0.241 0.054 0.549 0.133 0.074 0.555 0.058 0.097 0.555 

pQCT Tibia 66% Endosteal Circumference 0.694 0.023 0.279 0.626 0.030 0.306 0.353 0.059 0.306 

pQCT Tibia 66% Cortical Thickness 0.202 0.076 0.253 0.093 0.111 0.206 0.154 0.096 0.225 

pQCT Tibia 66% SSI 0.104 0.061 0.699 0.042 0.084 0.690 0.014 0.104 0.701 
Footnote: Abbr: MVPA, moderate-to vigorous physical activity; BMI, body mass index;  pQCT, peripheral quantitative computed tomography; SSI, stress-strain index; BSI, bone 
strength index. Significance was set at p ≤ 0.05. 



 

Discussion 

 

In this study multiple bone development parameters were measured and their associations with 

average daily MVPA were analyzed. The results of the study indicate that higher levels of 

physical activity is significantly associated with more positive bone outcomes for many of the 

tested bone parameters when BMI, maturity offset, and ethnicity were considered as covariates. 

Many cortical and trabecular bone strength, structure, and density measures were significantly 

and positively correlated with daily MVPA levels for each of the three of the tested femur and 

tibia locations. In particular, BSI, SSI, and periosteal circumference measurements were 

positively correlated with MVPA and had relatively high whole-model adjusted R
2
 values. This 

relationship was strengthened when subjects with less than four days with at least 10 hours of 

wear time were removed from the sample, and further improved when subjects without a single 

weekend day were also removed. These strengthened relationships are likely attributable to a 

more representative sample for true wear time throughout the week. The increasing significance 

levels with more stringent wear time criteria suggests that subjects with greater compliance 

levels and consistent physical activity experienced a more defined relationship with the tested 

bone parameters. These findings support and build upon the research from previous studies that 

found a positive association between increased physical activity and bone development. [15-18] 

 

Previous studies have found similar results with physical activity having slightly different 

standardized beta coefficient magnitudes on bone development. [16,18-20] These differences are 

likely attributable to differing techniques of quantifying physical activity and bone development 

between studies. Several previous studies relied largely on questionnaire data to quantify 

physical activity [20-21]. Although these techniques have been validated as a measure of 

physical activity, their measurements can produce different estimates of physical activity when 

compared to more objective measures, such as accelerometry used in this study. Despite these 

differences, Farr et al found fairly similar magnitudes of relationship for bone parameters with 

PYPAQ data as was found using accelerometers in this study. [21] 

 

Accelerometers have been infrequently used in studies comparing physical activity and bone 

parameters. Tobias et al conducted a study involving accelerometer use in 11-year old children 

and also found a positive relationship between multiple bone parameters and physical activity 

with larger correlations than those shown in this study. [18] This is likely attributable to a variety 

of factors, including the sample containing both males and females, a different cut-point, the 

covariates considered, and use of DXA over pQCT. The demographics of the study may have 

also contributed to the differences, as the study consisted primarily of Caucasian English 

children. The unique demographics of the sample in our experiment may contribute to minor 

effect size differences when compared to previous studies with a more homogenous non-

Hispanic white subject population.   



 

The large Hispanic representation of the sample makes this study unique relative to previous 

studies that assessed physical activity and bone development. Therefore, the reported results are 

useful in more accurate analysis of the impact of physical activity on bone health parameters 

specifically among Hispanic females. Furthermore, this study also uses pQCT as opposed to 

DXA, providing a more valid measurement of bone density compared to the areal density 

provided by DXA. Bone parameter pQCT measurements were taken from trabecular and cortical 

bone at multiple locations, offering a complete assessment of the effects of physical activity on 

bone development. Physical activity was also able to be objectively quantified using 

accelerometers, which are more likely to accurately capture subject movement than 

questionnaires. 

 

Several cut-point methods are commonly used when analyzing accelerometer results for young 

girls, including those established by Evenson, Mattocks, and Freedson [19,22-23]. Evenson cut-

points were used in this study because they correlated most strongly with PYPAQ questionnaire 

data and the algorithm was calibrated using a similarly aged population [22]. Although other cut-

points are commonly utilized, data suggests that the Evenson cut-point technique provided 

highly accurate results. In a study testing different cut-points in children and adults, Evenson’s 

algorithm was found to be more accurate at predicting sedentary, light, moderate, and vigorous 

physical activity in children when compared to other algorithms in a calibration study. [24] 

Furthermore, other studies have demonstrated that both Evenson and Freedson cut-points provide 

more accurate measurements of MVPA compared to other methods, with Evenson found to be 

slightly more accurate. [23-24] Both of these studies support the use of Evenson cut-points as 

opposed to other options given the study population. 

 

In an effort to account for relatively high levels of variation in maturation despite consistent 

ages, two measures were employed: a self-reported questionnaire using Tanner stages and a 

maturity offset calculation. Maturity offset was ultimately used to account for maturation status 

in regressions models, while Tanner stages were not included due to similarity with maturity 

offset. In the models, maturity offset accounted for the largest adjustment in MVPA and allowed 

the effect of MVPA on bone parameters to be more clearly identified. Ethnicity was also used as 

a covariate to assess the Hispanic study population specifically. Other variables known to impact 

bone parameters, including vitamin D and calcium levels, were not included in regression 

models because they were not found to be significant in most models as covariates. 

 

Several limitations constrain the findings of this study. Although restricting sample size based on 

wear-time criteria provided a better representation of MVPA in the sample, the reduced sample 

size also impacted regression strength in models. Interpretation of study results is also limited by 

the age of the sample. The entire sample consisted of primarily Hispanic females age 9-13, 

making it difficult to extrapolate results to younger or older females or males of any age. 



Previous studies have already demonstrated that males and females of this age range have 

distinct relationships between physical activity and bone development, reaffirming this 

constraint. [25] The cross-sectional nature of this study also limits long-term interpretation of the 

results, and therefore causality cannot be inferred. However, longitudinal results will afford the 

opportunity for additional analysis utilizing study participants’ 24-month follow up data. 

 

Possible considerations for future research concerns tracking the study population over a period 

of multiple years and analyzing the effect of light and vigorous activity individually on bone 

development parameters. Conducting a longitudinal analysis of the study sample could provide 

further insight into the impact of sustained physical activity on bone development. Light and 

vigorous physical activity as individual metrics are largely understudied, as MVPA is frequently 

used as the standard measure for significant levels of physical activity in studies that utilize 

accelerometers. In young Hispanic girls, such a study does not currently exist. Associations 

between light and vigorous physical activity individually could be useful in the determination of 

optimal physical activity guidelines for young girls.  

 

This study found a significant positive association between higher levels of MVPA and a variety 

of cortical and trabecular bone parameters in Hispanic girls. These findings suggest that young 

Hispanic girls experience similarly positive outcomes from higher levels of physical activity as 

Caucasian girls, in which this relationship has already been strongly established. With increasing 

childhood obesity levels that continue to disproportionately afflict the Hispanic population and 

growing rates of osteoporosis, promoting a more physically active lifestyle among Hispanic girls 

is vital to support proper bone development and health.  
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