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and if the relationship is different than the relationship between muscle volume and cortical bone 
architecture. 
Materials and methods: Forty typically developing children (20 boys and 20 girls; 6 to 12 y) were 
included the study.  Measures of trabecular bone architecture [apparent trabecular bone volume to 
total volume (appBV/TV), trabecular number (appTb.N), trabecular thickness (appTb.Th), and 
trabecular separation (appTb.Sp)] in the distal femur, cortical bone architecture [(cortical volume, 
medullary volume, total volume, polar moment of inertia (J) and section modulus (Z)] in the midfemur, 
muscle volume in the midthigh and femur length were assessed using magnetic resonance imaging.  
Total and moderate-to-vigorous physical activity were assessed using an accelerometer-based activity 
monitor worn around the waist for four days.  Calcium intake was assessed using diet records.  
Relationships among the measures were tested using multiple linear regression analysis. 
Results:  Muscle volume was moderately-to-strongly related to measures of trabecular bone 
architecture [appBV/TV (r = 0.81, appTb.N (r = 0.53), appTb.Th (r = 0.67), appTb.Sp (r = -0.71; all p < 
0.001] but more strongly related to measures of cortical bone architecture [cortical volume (r = 0.96), 
total volume (r = 0.94), Z (r = 0.94) and J (r = 0.92; all p < 0.001)].  Similar relationships were observed 
between femur length and measures of trabecular (p < 0.01) and cortical (p < 0.001) bone architecture.  
Sex, physical activity and calcium intake were not related to any measure of bone architecture (p > 
0.05).  Because muscle volume and femur length were strongly related (r = 0.91, p < 0.001), muscle 
volume was scaled for femur length (muscle volume/femur length2.77).  When muscle volume/femur 
length2.77 was included in a regression model with femur length, sex, physical activity and calcium 
intake, muscle volume/femur length2.77 was a significant predictor of appBV/TV, appTb.Th and 
appTb.Sp (partial r = 0.44 to 049, p < 0.05) and all measures of cortical bone architecture (partial r = 
0.47 to 054; p < 0.01). 
Conclusions: The findings suggest that muscle volume in the midthigh is related to trabecular bone 
architecture in the distal femur of children.  The relationship is weaker than the relationship between 
muscle volume in the midthigh and cortical bone architecture in the midfemur, but the discrepancy is 
driven, in large part, by the greater dependence of cortical bone architecture measures on femur length 
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Abstract 

Introduction: Muscle is strongly related to cortical bone architecture in children; however, the 

relationship between muscle volume and trabecular bone architecture is poorly studied.  The aim 

of this study was to determine if muscle volume is related to trabecular bone architecture in 

children and if the relationship is different than the relationship between muscle volume and 

cortical bone architecture. 

Materials and methods: Forty typically developing children (20 boys and 20 girls; 6 to 12 y) 

were included the study.  Measures of trabecular bone architecture [apparent trabecular bone 

volume to total volume (appBV/TV), trabecular number (appTb.N), trabecular thickness 

(appTb.Th), and trabecular separation (appTb.Sp)] in the distal femur, cortical bone architecture 

[(cortical volume, medullary volume, total volume, polar moment of inertia (J) and section 

modulus (Z)] in the midfemur, muscle volume in the midthigh and femur length were assessed 

using magnetic resonance imaging.  Total and moderate-to-vigorous physical activity were 

assessed using an accelerometer-based activity monitor worn around the waist for four days.  

Calcium intake was assessed using diet records.  Relationships among the measures were tested 

using multiple linear regression analysis. 

Results:  Muscle volume was moderately-to-strongly related to measures of trabecular bone 

architecture [appBV/TV (r = 0.81, appTb.N (r = 0.53), appTb.Th (r = 0.67), appTb.Sp (r = -0.71; 

all p < 0.001] but more strongly related to measures of cortical bone architecture [cortical 

volume (r = 0.96), total volume (r = 0.94), Z (r = 0.94) and J (r = 0.92; all p < 0.001)].  Similar 

relationships were observed between femur length and measures of trabecular (p < 0.01) and 

cortical (p < 0.001) bone architecture.  Sex, physical activity and calcium intake were not related 

to any measure of bone architecture (p > 0.05).  Because muscle volume and femur length were 
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strongly related (r = 0.91, p < 0.001), muscle volume was scaled for femur length (muscle 

volume/femur length
2.77

).  When muscle volume/femur length
2.77

 was included in a regression 

model with femur length, sex, physical activity and calcium intake, muscle volume/femur 

length
2.77

 was a significant predictor of appBV/TV, appTb.Th and appTb.Sp (partial r = 0.44 to 

049, p < 0.05) and all measures of cortical bone architecture (partial r = 0.47 to 054; p < 0.01). 

Conclusions: The findings suggest that muscle volume in the midthigh is related to trabecular 

bone architecture in the distal femur of children.  The relationship is weaker than the relationship 

between muscle volume in the midthigh and cortical bone architecture in the midfemur, but the 

discrepancy is driven, in large part, by the greater dependence of cortical bone architecture 

measures on femur length. 

 

Key words: muscle, bone architecture, trabecular, cortical, femur length, MRI 
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Introduction 

Childhood is viewed as a critical time to maximize the mass, architecture and strength of 

bone and minimize fracture risk later in life [1, 2].  Areal bone mineral density (aBMD) is the 

single best surrogate of fracture risk widely available.  However, there is a significant overlap in 

aBMD in those who have and have not fractured [3].  Moreover, using aBMD alone to make 

clinical decisions in children has been questioned [4, 5].  The development of more sophisticated 

imaging techniques, such as magnetic resonance imaging and computed tomography, now allow 

for the separation on bone into different compartments and for the evaluation of different 

architectural features of trabecular and cortical bone.  The architecture of bone is an important 

contributor to its biomechanical strength [6].  Magnetic resonance imaging is particularly 

attractive for the study of bone in children because it does not expose them to ionizing radiation.   

Due to the importance of bone architecture, identifying factors that contribute to its 

development could lead to an immediate and long-term reduction in fracture risk.  Muscle clearly 

has a positive influence on bone which has led to the proposal of muscle-bone indexes that 

reflect the relationship between muscle and bone [7].  In theory, muscle-bone indexes can be 

used to identify those at greatest risk for fracture or if factors other than muscle are contributing 

to poor bone development [8].  Although the relationship between muscle and cortical bone 

architecture in children has been studied [9, 10], the relationship between muscle and trabecular 

bone architecture remains unclear.  Because other factors may influence the development of bone 

architecture, such as general growth, as indicated by bone length, sex, physical activity and 

dietary factors, such as calcium intake, these factors must be considered when evaluating the 

relationship between muscle and trabecular bone architecture.    
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The primary aim of this study was to determine if muscle volume is related to measures 

of trabecular bone architecture in typically developing children and if the relationship is different 

than the relationship between muscle volume and cortical bone architecture.  We hypothesized 

that thigh muscle volume would be related to measures of trabecular and cortical bone 

architecture in the distal femur of typically developing children while controlling for femur 

length, sex, physical activity and calcium intake.   

 

Methods 

Subjects 

Typically developing children 6 to 12 years of age, between the 5
th

 and 95
th

 percentile for 

height and body mass, with no history of lower extremity fracture, no intramedullary fixation in 

the femur or tibia, no use of chronic medications known to affect bone or muscle development 

and not participating in > 3 hours of organized physical activity per week were recruited from the 

Newark, DE, USA community by distributing flyers.  The procedures followed were in 

accordance with the ethical standards of the institutions on human experimentation.  The 

Institutional Review Boards at the University of Delaware and the AI duPont Hospital for 

Children approved the study.  Written consent from parents and written assent from children, if 

able, were taken before testing. 

 

Protocol 

For each participant, height, body mass, sexual maturity, physical activity, calcium 

intake, measures of trabecular and cortical bone architecture, muscle volume and femur length 

were assessed and recorded within a two week period. 
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Anthropometrics 

Children wore shorts, a t-shirt and no shoes during anthropometric assessment.  Height 

was measured to the nearest 0.1 cm using a wall-mounted stadiometer (Seca model 222, Novel 

products, Rockton, IL).  Body mass was rounded to the nearest 0.2 kg using a digital scale 

(Detecto 6550, Cardinal Scale, MO).  Height, body mass and body mass index (BMI) percentiles 

were calculated from the normative graphs published by the Centers for Disease Control and 

Prevention [11].  

 

Tanner staging 

Sexual maturity was assessed by a physician assistant using the Tanner staging technique 

[12].  Signs of pubic hair growth were assessed along with testicular/penile development in boys, 

and breast development in girls.  The Tanner stages range from 1 to 5, with 1 indicating no signs 

of sexual development (pre-pubertal), 2 indicating early sexual development and 5 indicating full 

sexual development. 

 

Physical activity 

Physical activity was assessed using an accelerometer-based activity monitor (Actical; 

Philips Respironics, Sunriver, OR) that was worn on the non-dominant hip for four days (three 

weekdays and one weekend day).  Four days of data collection was chosen because it yields 

accurate and reliable estimates of physical activity [13].  The children were asked not to remove 

the activity monitor at any time (including sleep) except for swimming at a depth greater than 

three feet or while bathing/showering.  Activity counts were registered in 15 second epochs.  
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Total physical activity was reported in average counts/d.   Moderate-to-vigorous physical activity 

was reported in average counts/d, average minutes/d and average counts/minute/d.  Physical 

activity was divided into moderate and vigorous levels based on the work of Puyau et al. [14] 

with 1500-6500 counts per minute classified as moderate activity and > 6500 counts per minute 

classified as vigorous activity.  Only participants who wore the activity monitors for at least three 

complete days were included in the final analysis.  This was confirmed by reviewing physical 

activity logs that were kept by the child with the assistance from the parent and by reviewing the 

graphical output generated by the activity monitor software.   

 

Calcium intake 

Children, with the aid of a parent, completed a diet record for two days during the week 

and one day on the weekend.  To facilitate accurate quantification of foods, each participant and 

their parent received a list of serving size estimates based on comparisons to everyday objects 

(e.g. 3 oz of meat or poultry is approximately the size of a deck of cards).  Calcium intake was 

estimated using the diet records and the USDA Food and Nutrient Database for Dietary Studies, 

v. 1.0, as previously done [15].  Only participants who recorded diet for three complete days 

were included in the final analysis.   

 

Magnetic resonance imaging 

Trabecular bone architecture at the distal femur and cortical bone architecture and muscle 

volume at the level of the middle-third of the femur on the non-dominant side were estimated 

using MRI (GE 1.5 T; Milwaukee, WI).  Children were immobilized from the waist down using 

the BodyFIX (Medical Intelligence, Inc., Schwabműnchen, GER), as previously described [16].  
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Different imaging protocols were used to collect images needed for the assessment of trabecular 

bone architecture and cortical bone architecture.   

Trabecular bone architecture: A phased array coil (USA Instruments; Aurora, OH) was 

secured to the lateral portion of the distal femur using a VacFIX system (PAR Scientific A/S; 

Sivlandvaenge, Denmark).  The lateral distal femur was identified using a three-plane localizer.  

Then 26 high resolution axial images were collected immediately above the growth plate in the 

metaphysis using a 3D fast gradient echo sequence with a partial echo acquisition (4.5 ms echo 

time; 30 ms repetition time; 30° flip angle; 13.89 kHz bandwidth; 9 cm field of view) and an 

imaging matrix of 512 x 384 reconstructed to a 175 x 175 x 700 μm
3
 voxel size.  Measures of 

trabecular bone architecture [i.e., appBV/TV, appTb.N (1/mm), appTb.Th (mm), and appTb.Sp 

(1/mm)] in the 20 most central images were estimated using custom software created with 

Interactive Data Language (IDL; Research Systems, Inc, Boulder, CO) and a procedure similar 

to that described by Majumdar et al. [17].  The procedure has been described in detail previously 

[16].  One investigator oversaw the collection of all images and one research assistant conducted 

all image analysis.  In our laboratory, the reproducibility of the trabecular bone architecture 

assessment in children using this procedure ranges from 2 to 3 % [16].  

Cortical bone architecture, muscle volume and femur length: Axial images (1 cm thick 

and 0.5 cm spacing) were collected along the length of the nondominant femur using a torso PA 

coil (750 ms repetition time, 14 ms echo time, 16 cm field of view and a 512 x 512 imaging 

matrix).  Before image collection, the femur was identified using a three-plane localizer.  The 

region of interest box was carefully positioned using the proximal end of the femoral head and 

the distal end of the femoral condyles to indicate the top and bottom, respectively, of the region 

of interest box.  Using the localizer in the coronal plane, the region of interest box was rotated so 
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its midline was placed alongside the lateral portion of the femoral head and ran through the 

center of the interchondalar notch between the femoral condyles.  Using the localizer in the 

sagittal plane, the region of interest box was positioned so its midline went through the center of 

the femoral head and the center of the medial condyle.  Images at the level of the middle third of 

the femur were analyzed for measures of cortical bone architecture and strength and muscle 

volume using software designed in-house with IDL.  Images were first filtered with a median 

filter to reduce pixel noise. The filtered images were then subjected to automatic segmentation 

with a fuzzy C-means clustering algorithm.  Using the software, voxels representing cortical 

bone, the medullary cavity and muscle at the level of the mid-third of the femur were identified 

and summed to determine their cross-sectional areas.  Their volumes were quantified by 

accounting for image thickness and spacing between images.  Middle images were multiplied by 

1.5 to account for the 1.0 cm slice thickness of each image and the 0.5 cm gap between images.  

Images that included the proximal and distal ends of the region of interest were multiplied by an 

appropriate correction factor (< 1.5) so the entire image set represented the middle third of the 

femur.   Volume (cm
3
) of the total midfemur was determined by summing cortical volume and 

medullary volume.  Femur length was determined by counting the number of images and 

adjusting for image thickness and spacing.  Cross-sectional moment of inertia of the midfemur in 

the anterior-posterior (CSMIap; cm
4
) and medial-lateral (CSMIml; cm

4
) directions were 

determined using the parallel-axis theorem [18].  Polar moment of inertia (J; cm
4
) was 

determined by adding CSMIap and CSMIml. Section modulus (Z; cm
3
) in the anterior-posterior 

and medial-lateral directions was calculated by dividing CSMIap and CSMIml by the furthest 

distance from the neutral axis in the anterior-posterior and medial-lateral directions, respectively.  

The average Z from the two directions is reported.  One investigator oversaw the collection of all 
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images and one research assistant conducted all image analysis.  In our laboratory, the 

reproducibility of the cortical bone architecture and muscle volume estimates ranges from 0.5 to 

2.6 % [19, 20].  To assess the reproducibility of femur length measurements by MRI, five 

children (6 to 12 years) were tested twice within 1 week.  Tests were either on the same day or 

on a separate day.  Femur length estimates from the repeat tests were identical.  

 

Statistical analysis 

Data were analyzed using SPSS (Version 22.0, Chicago, IL).  Descriptive statistics for all 

variables were conducted to screen for outliers and to assess normality using the Shapiro Wilk 

test.   Sex differences in physical characteristics, including muscle volume and measures of 

trabecular and cortical bone architecture, were tested using independent t-tests for normally 

distributed data and Mann Whitney U tests otherwise.  Height, body mass and BMI percentiles 

were compared to their respective 50
th

 age- and sex-based percentile using a one-sample t-test. 

Sex by Tanner stage comparisons were conducted using the Chi-square test of independence. 

Zero-order correlation analysis was used to assess relationships between muscle volume and 

measures of trabecular and cortical bone architecture and to screen for multicollinearity among 

the predictors of bone architecture (i.e., muscle volume, age, femur length, sex, physical activity 

and calcium intake).  Multiple linear regression was used to determine the amount of variance in 

measures of bone architecture explained by muscle volume after controlling for femur length, 

sex, physical activity and calcium intake.  Age was excluded because it was strongly related to 

muscle volume (r = 0.86) and femur length (r = 0.92) causing a high variance inflation factor 

when it was introduced into the regression models (> 10).  In addition, although all measures of 

trabecular and cortical bone architecture were related to age (r ranged from -0.57 to 0.66, and 
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0.78 to 0.85, respectively, all p < 0.01), they were more strongly related to femur length.  Muscle 

volume was also strongly correlated with femur length (r = 0.91, p < 0.001), resulting in a high 

variance inflation factor when both variables were included in regression models (> 6).  

Therefore, a scaling factor was created to determine the contribution of muscle volume to 

variability in measures of trabecular and cortical bone architecture independent of femur length.  

The scaling factor was created using a log-log regression analysis [21].  Muscle volume and 

femur length were both natural log transformed and the transformed muscle volume was 

regressed on transformed femur length.  The regression slope (2.77) represents the power by 

which femur length was raised to reduce collinearity.  The resulting index (muscle volume/femur 

length
2.77

) was unrelated to femur length (r
 
= 0.03) suggesting that it would be independent of 

femur length in a regression model.  In addition, when it was included in a regression model with 

femur length, sex, MVPA and calcium intake, the variance inflation factor was low (< 1.5).  

Standardized (β) coefficients and partial correlations were reported to express the degree of 

variance in measures of bone architecture explained by a variable while controlling for the other 

covariates.  Alpha level was set at 0.05.  

 

Results 

Fifty one children (n = 25 boys and 26 girls) were enrolled in the study. Four boys were 

excluded because they did not complete diet records.  One boy was excluded because he did not 

complete MRI testing.  Five girls were excluded because they had a Tanner stage > 2.  One girl 

was excluded because she did not complete the MRI testing.  Twenty boys and twenty girls were 

included in the final analysis.  Physical characteristics, physical activity and calcium intake are 

listed in Table 1.  All data were normally distributed except the measures of physical activity, 
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which were log transformed before statistical analyses were conducted.  However, non-

transformed physical activity data are reported in Table 1 for easier comparison with other 

studies.  There were no differences in age, Tanner stages, height, body mass or BMI, or age- and 

sex-based percentiles for height, body mass or BMI between boys and girls.  Percentiles for 

height, body mass, and BMI were not different from the 50th age- and sex-based percentiles (p > 

0.05).  There were also no differences in any measure of physical activity or calcium intake 

between boys and girls (p > 0.05).  There were no differences in measures of trabecular and 

cortical bone architecture between boys and girls (p > 0.05), as shown in Table 2.   

Zero-order correlations between measures of trabecular and cortical bone architecture and 

muscle volume, femur length, sex, MVPA and calcium intake are in Table 3.  Muscle volume 

was moderately-to-strongly and positively related to appBV/TV, appTb.N and appTb.Th and 

moderately-to-strongly and negatively related to appTb.Sp (all p < 0.001).  Femur length was 

also moderately-to-strongly and positively related to appBV/TV, appTb.N and appTb.Th and 

moderately-to-strongly and negatively related to appTb.Sp (all p < 0.01).  These relationships are 

demonstrated by scatter plots in Figure 1.  Muscle volume and femur length were strongly and 

positively related to cortical volume, total volume, Z and J (all p < 0.001).  These relationships 

are demonstrated by scatter plots in Figure 2.  No other variables were significantly correlated 

with measures of trabecular or cortical bone architecture.   

Results from the multiple regression analysis with muscle volume/femur length
2.77

, femur 

length, sex, MVPA and calcium intake as independent variables and measures of trabecular bone 

architecture as dependent variables are reported in Table 4.  The only significant predictors of 

appBV/TV, appTb.Th and appTb.Sp were muscle volume/femur length
2.77

 (all p < 0.05) and 

femur length (all p < 0.001).  The only significant predictor of appTb.N was femur length (p = 
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0.004); however, muscle volume/femur length
2.77

 was only marginally insignificant (p = 0.059).  

The relationships are demonstrated by scatter plots of residuals in Figure 3.   

Results from the multiple regression analysis with muscle volume/femur length
2.77

, femur 

length, sex, MVPA and calcium intake as independent variables and measures of cortical bone 

architecture as dependent variables are reported in Table 5.  The only significant predictors of 

measures of cortical bone architecture were muscle volume/femur length
2.77

 (all p < 0.01) and 

femur length (all p < 0.001).  The relationships are demonstrated by scatter plots of residuals in 

Figure 4.   

For each of the multiple regression models, the patterns of the relationships were the 

same irrespective of the type of physical activity (i.e., total physical activity or MVPA) or unit of 

physical activity (i.e., counts/d, min/d or counts/min/d) included in the model.   

 

Discussion 

To our knowledge, this is the first study to examine whether muscle is related to 

measures of trabecular bone architecture in children.  A primary finding was that midthigh 

muscle volume was positively related to appBV/TV, appTb.N and appTb.Th and negatively 

related to appTb.Sp in the distal femur of pre and early-pubertal children. The present study is 

also the first to determine if the relationship between muscle volume and trabecular bone 

architecture is different than the relationship between muscle volume and cortical bone 

architecture in children.  Midthigh muscle volume was more strongly related to measures of 

cortical than trabecular bone architecture.  However, the magnitude of the disparity in the 

relationships was much smaller when femur length, sex, physical activity and calcium intake 
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were statistically controlled.  The findings suggest that muscle volume is an independent 

contributor to the development of trabecular and cortical bone architecture in children.   

The moderate-to-strong relationship between muscle volume and trabecular bone 

architecture in children that was observed in the present study is consistent with the pattern 

reported in animals [22, 23] and humans [24, 25].  For example, muscle paralysis induced by 

botulinum toxin has been shown to decrease trabecular thickness of the mandible in rats and 

decrease BV/TV, Tb.N and Tb.Th and increase in Tb.Sp in the proximal tibia of mice [23].  

Conversely, muscle contraction induced by electrical stimulation has been shown to blunt the 

loss of BV/TV and Tb.N associated with hindlimb suspension in rats [26].  In humans, 

conditions that result in a marked loss of muscle volume and strength in adults or poor accretion 

in children, such as spinal cord injury [25] and cerebral palsy [16], are associated with impaired 

trabecular bone architecture.  Moreover, diminished trabecular bone architecture is associated 

with low muscle volume and low muscle strength [27].  In addition, relationships between 

appendicular muscle volume predicted by dual-energy X-ray absorptiometry and measures of 

trabecular bone architecture have been observed in men and women 20-97 years of age [28].   

The positive correlations between muscle and measures of cortical bone architecture in 

the present study are consistent with previous reports [7, 9, 10, 29-31].  A positive moderate 

correlation between muscle cross sectional area and tibial cortical area was observed in 13 year 

olds with different ethnicities (r ranged from 0.45 – 0.60, p < 0.001) [29].  A moderate-to-strong 

relationship between muscle (or lean mass) and cortical bone architecture has also been reported 

in adult athletes and non-athletes [7], chronic stroke patients [30], patients with spinal cord injury 

[31], and children, adolescents and young adults [9, 10].  Despite the differences in research 

designs, the results of previous studies are generally consistent with ours.  In the present study, 
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although midthigh muscle volume was not as strongly related to measures of trabecular bone 

architecture (r ranged from 0.53 to 0.81) as it was to measures of cortical bone architecture (r 

ranged from 0.92 to 0.96), the relationships were still moderate-to-strong.  The disparity suggests 

that muscle volume may be more closely linked to cortical than trabecular bone.  However, the 

degree of the discrepancy was reduced substantially when femur length was statistically 

controlled (partial r ranged from -0.44 to 0.49 for trabecular bone architecture and -0.47 to 0.56 

for cortical bone architecture).  Therefore, it appears that the discrepancy in muscle’s 

relationship with trabecular vs. cortical bone is driven, in large part, by the dependence of the 

cortical bone architecture measures on femur length.  It is also possible that the difference in the 

strength of the relationships may be linked to the muscle and bone sites studied.  Trabecular bone 

architecture was assessed in the distal femur, whereas cortical bone architecture and muscle 

volume were assessed at the level of the midshaft of the femur.  While the shaft of the femur is 

an attachment site for many thigh muscles (i.e., vastus intermedius, lateralis and medialis, 

adductor longus and magnus, etc.), the distal femur is an attachment site for only one thigh 

muscle (i.e., adductor magnus).  It is also plausible that muscle volume’s stronger relationship 

with measures of cortical than trabecular bone architecture may be linked to the limited accuracy 

of the trabecular bone measures using MRI [32].  Because the trabeculae are small and their size 

is at the limit of the resolution than can be used to assess trabecular bone architecture with MRI, 

the measures suffer from partial volume effects [32].  This leads to appBV/TV and appTb.N 

overestimating actual trabecular bone volume to total volume and trabecular number, 

respectively, and appTb.Sp underestimating actual trabecular separation.  Nonetheless, 

appBV/TV, appTb.N and appTb.Sp are correlated with their intended measures [33] and they 
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discriminate individuals who have osteoporotic fractures from those who do not have fracture 

[34].   

To our knowledge, this is also the first study to examine the relationship between a 

measure of bone size (i.e., bone length) and measures of trabecular bone architecture in children.  

Femur length, like midthigh muscle volume, was moderately-to-strongly and positively related to 

appBV/TV, appTb.N and appTb.Th and negatively related to appTb.Sp in the distal femur of pre 

and early-pubertal children.  Also, similar to muscle volume, femur length was not as strongly 

related to measures of trabecular bone architecture as it was to measures of cortical bone 

architecture.  Because femur length was highly correlated with muscle volume, the unique 

variance in trabecular bone architecture and cortical bone architecture explained by muscle 

volume vs. femur length is difficult to separate.  In an attempt to resolve the issue of collinearity, 

muscle volume was scaled for femur length (i.e., muscle volume/femur length
2.77

).  When femur 

length was included in a multiple regression model with muscle volume/femur length
2.77

, sex, 

physical activity and calcium intake, femur length was a significant predictor of appBV/TV, 

appTb.N and appTb.Sp.  This finding suggests that femur length is related to measures of 

trabecular and cortical bone architecture independent of muscle volume.  Future studies that 

determine if measures of trabecular and cortical bone architecture track changes in muscle due to 

intervention, such as resistance training, or unloading due to a neurological insult, such as spinal 

cord injury, would provide valuable insight into their relationship with muscle independent of 

bone size or general growth. 

Another important finding in the present study was that there was no detectable sex-effect 

on the relationship between muscle and bone architecture.  Although boys are stronger than girls 

[35], previous studies have reported no sex disparity in the relationship between muscle and bone 
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in pre- and early-pubertal children [36, 37].  Sex hormones have been shown to affect the 

muscle-bone relationship, but this influence may not be observed until puberty.  In a study of 318 

boys and girls 6 to 22 years of age, Schoenau et al. [36] reported that girls have higher cortical 

area than boys at the onset of puberty due to the surge in estrogen.  On the other hand, another 

cross-sectional comparison of children through young adults (6 to 21 years of age) suggests that 

appBV/TV and appTb.Th become higher and appTb.Sp becomes lower in boys during late 

puberty and this may be related to the surge in testosterone in boys [38].  

One of the strengths of the present study was that the independent relationship between 

muscle volume and bone architecture was examined while muscle volume was scaled for femur 

length.  This allowed us to control muscle volume for femur length while avoiding the 

collinearity associated with the two variables.  Evaluating bone architecture’s relationship with 

muscle volume while statistically controlling for physical activity was another strength of the 

study.  High levels of physical activity, especially MVPA, have a positive influence on muscle 

[39] and bone [40-42].  Therefore, it is plausible that the relationship between muscle and bone 

architecture is driven, at least in part, by physical activity.  However, the relationship existed 

even when total physical activity or MVPA was used as a covariate in a regression model.  

Statistically controlling for calcium intake is another strength of the study because higher bone 

mineral content is seen in children with a regular dietary intake of calcium [43].  Moreover, there 

is evidence that adolescent boys retain more calcium than girls [44].  On the other hand, calcium 

intake is not associated with increases in lean mass [45].  Although it is plausible that calcium 

intake can cause discord in the relationship between muscle and bone, the relationships between 

muscle volume and measures of bone architecture remained even when calcium intake was used 

as a covariate in a regression model.   
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We acknowledge that this study has limitations not already mentioned.  One is the cross-

sectional design which does not allow us to make inferences about cause and effect.  Although 

cortical bone was strongly related to muscle volume in the present study, some studies suggest 

that cortical bone is more strongly related to impact loading than the bone strain generated by 

muscle forces [46].  There is also evidence that changes in cortical bone architecture occur 

before changes in muscle area during growth [47].  Therefore, additional studies are needed to 

determine if changes in bone architecture track changes in muscle volume that occur with growth 

or with intervention.  A second limitation is that the sample size was small and restricted to 

Caucasians which prevents us from generalizing our findings to children of other origins.  The 

small sample also limits our confidence in the finding that sex did not affect bone architecture’s 

relationship with muscle volume and femur length.  However, only children who were pre- or 

early-pubertal were included in the study and the finding of no sex-effect on the muscle-bone 

relationship at this stage of maturity is consistent with previous studies [36, 37].  A third 

limitation is related to the physical activity data.  Only children who participated in three or 

fewer hours of organized physical activity per week participated in the study.  Furthermore, 

assessment of physical activity was limited to four days.  Although we quantified MVPA, and 

MVPA for the boys and girls in the present study (92 and 88 min/d) were similar to values 

previously reported for a sample of 6-11 year-old Caucasian boys and girls (average MVPA = 95 

and 75 min/d, respectively)[48], appropriate thresholds used to classify physical activity into 

different categories have not been agreed upon [49], especially for the activity monitors used in 

the present study.  Nonetheless, the results were the same irrespective of the physical activity 

measure used (i.e., MVPA or total physical activity) or how it was expressed (i.e., counts/d, 

min/d or counts/min/d). 
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In summary, the findings from the present study suggest that midthigh muscle volume is 

related to measures of trabecular bone architecture in the distal femur and measures of cortical 

bone architecture in the midfemur.  The findings also suggest that the relationship of bone 

architecture with midthigh muscle volume is not different in pre and early-pubertal boys and 

girls.  The relationship remained after controlling for femur length, suggesting that it may not be 

driven solely by general growth.  Although midthigh muscle volume is more strongly related to 

cortical bone architecture in the midfemur than trabecular bone architecture in the distal femur, 

the reason for the discrepancy is due, in large part, to the greater dependence of cortical bone 

architecture measures on femur length.  Longitudinal studies that track changes in trabecular and 

cortical bone architecture, muscle volume and bone length and intervention studies that facilitate 

increases in muscle size and strength would help us confirm whether muscle has a unique 

relationship with trabecular and cortical bone architecture in children.     
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Text to Figures 

Figure 1. Scatter plots demonstrating the unadjusted relationships between measures of 

trabecular bone architecture in the distal femur (i.e., appBV/TV, appTb.N, appTb.Th, and 

appTb.Sp) and  midthigh muscle volume (A-D) and femur length (E-H) in pre- and early-

pubertal boys ● and girls ○.  Because no sex effect was detected, the solid line represents the 

regression line for the combined sample. 

 

Figure 2. Scatter plots demonstrating the unadjusted relationships between measures of cortical 

bone architecture in the midfemur (i.e., cortical volume, total volume, J, and Z) and  midthigh 

muscle volume (A-D) and femur length (E-H) in pre- and early-pubertal boys ● and girls ○.   

Because no sex effect was detected, the solid line represents the regression line for the combined 

sample. 

 

Figure 3. Scatter plots demonstrating the relationships between measures of trabecular bone 

architecture in the distal femur (i.e., appBV/TV, appTb.N, appTb.Th, and appTb.Sp) and 1) 

midthigh muscle volume/femur length
2.77

 while statistically controlling for femur length, sex, 

MVPA (min/d) and calcium intake (A-D) and 2) femur length while statistically controlling for 

midthigh muscle volume/femur length
2.77

, sex, MVPA (min/d) and calcium intake (E-H) in pre- 

and early-pubertal boys ● and girls ○.  Because no sex effect was detected, the solid line 

represents the regression line for the combined sample. 

 

Figure 4. Scatter plots demonstrating the relationships between measures of cortical bone 

architecture in the midfemur (i.e., cortical volume, total volume,  Z and J) and 1) midthigh 
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muscle volume/femur length
2.77

 while statistically controlling for femur length, sex, MVPA 

(min/d) and calcium intake (A-D) and 2) femur length while statistically controlling for muscle 

volume/femur length
2.77

, sex, MVPA (min/d)  and calcium intake (E-H) in pre- and early-

pubertal boys ● and girls ○.  Because no sex effect was detected, the solid line represents the 

regression line for the combined sample. 



Table 1. Physical characteristics of pre- and early-pubertal typically developing children 

   Boys  

   (n = 20) 

    Girls 

     (n = 20) 

p  d 

Age (y)   9.7 ± 1.6   10.0 ± 1.8 0.451 0.017 

Tanner stage (1/2)     

      Pubic hair 17/3   16/4 0.677 0.129 

      Testicular-penile/Breast 17/3   15/5 0.429 0.247 

Height (m)   1.38 ± 0.12   1.39 ± 0.11 0.765 0.174 

Height percentile   53 ± 29   48 ± 21 0.494 0.222 

Body mass (kg) 33.2 ± 7.7 33.4 ± 7.7 0.926 0.026 

Body mass percentile   57 ± 26   45 ± 24 0.195 0.437 

BMI (kg/m
2
) 17.2 ± 1.8 17.1 ± 2.3 0.837 0.069 

BMI percentile   54 ± 27   45 ± 28 0.283 0.345 

Midthigh muscle volume (cm
3
)   891 ± 267   896 ± 250 0.945 0.019 

Femur length (m)      0.378 ± 0.040   0.385 ± 0.037 0.500 0.181 

Total physical activity 

(counts/d)  

  480,370 ± 205,490   458,902 ± 197,209 0.738 0.107 

MVPA (counts/d)   296,220 ± 193,585   266,999 ± 167,695 0.613 0.162 

MVPA (min/d)   92 ± 44   88 ± 35 0.788 0.077 

MVPA (counts/min/d) 3068 ± 612 2908 ± 549 0.389 0.276 

Calcium intake (mg/d)   989 ± 308   899 ± 220 0.212 0.352 

Values are means ± SD.  Height percentile = height relative to age- and sex-based norms; Body 

mass percentile = body mass relative to age- and sex-based norms; BMI = body mass index; 

BMI percentile = BMI relative to age- and sex-based norms; MVPA = moderate plus vigorous 

physical activity (values are not log transformed) 
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Table 2. Measures of trabecular and cortical bone architecture 

    Boys 

   (n = 20) 

  Girls 

   (n = 20) 

p d 

Trabecular bone architecture     

appBV/TV   0.322 ± 0.027   0.320 ± 0.024 0.838 0.078 

appTb.N (1/mm) 1.672 ± .063   1.683 ± 0.069 0.597 0.182 

appTb.Th (mm)   0.192 ± 0.013   0.190 ± 0.012 0.534 0.160 

appTb.Sp (mm)   0.407 ± 0.028   0.405 ± 0.030 0.856 0.069 

 

Cortical bone architecture 

    

Cortical volume (cm
3
) 26.6 ± 8.8 27.0 ± 8.5 0.861 0.046 

Total bone volume (cm
3
)   42.0 ± 13.2   42.2 ± 12.1 0.960 0.016 

Z (cm
3
)   0.722 ± 0.234   0.716 ± 0.239 0.873 0.025 

J (cm
4
)   1.54 ± 0.68   1.54 ± 0.68 0.978 0.001 

Values are means ± SD. 
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Table 3. Zero-order correlations demonstrating the relationships between bone architecture and muscle volume, 

femur length, sex, physical activity and calcium intake 

  

Muscle volume 

(cm
3
) 

 

Femur length 

(m) 

 

Sex 

 

MVPA 

(min/d) 

 

Calcium 

Intake (mg/d) 

Trabecular bone architecture      

appBV/TV  .81*  .72*   .03  .17 -.06 

appTb.N (1/mm)  .53*    .49** -.09  .23 -.23 

appTb.Th (mm)  .67*  .57*  .10  .07 .11 

appTb.Sp (mm) -.71* -.63*  .03 -.22 .16 

      

Cortical bone architecture      

Cortical vol (cm
3
)  .96*  .92* -.03 .15 -.16 

Total vol (cm
3
)  .94*  .93* -.01 .21 -.18 

Z (cm
3
)  .94*  .88*  .01 .15 .-18 

J (cm
4
)  .92*  .86*  .01 .14 -.20 

Significant correlation, *p < 0.001 and **p = 0.001; MVPA = moderate to vigorous physical activity 

Table 3



Table 4. Predictors of trabecular bone architecture in the distal femur of typically developing children determined 

using multiple regression analysis 

 appBV/TV    appTb.N (1/mm) appTb.Th (mm) appTb.Sp (mm) 

 β P value β P value β P value β P value 

Muscle volume/femur length
2.77

 .344 .001  .257 .059  .286 .020 -.348 .004 

Femur length (m) .758 .000  .410 .004  .675 .000 -.611 .000 

Sex .037 .728 -.045 .754  .075 .563  .018 .885 

MVPA (min/d) .025 .809  .149 .302 -.063 .625 -.098 .426 

Calcium intake (mg/d) .052 .627 -.200 .173  .187 .156  .057 .645 

MVPA = moderate to vigorous physical activity log transformed; β = standardized coefficient 

Table 4



Table 5. Predictors of cortical bone architecture in the midfemur of typically developing children determined using 

multiple regression analysis 

 Cortical bone 

   volume (cm
3
)     

 Total bone 

  Volume (cm
3
)   

 

       Z (cm
3
)                

           

          J (cm
4
)       

 β P value β P value β P value β P value 

Muscle volume/femur length
2.77

  .219 .000  .160 .003  .260 .001  .234 .002 

Femur length (m)  .954 .000  .943 .000  .905 .000  .889 .000 

Sex  .027 .640  .075 .176  .062 .384  .061 .437 

MVPA (min/d) -.055 .333  .008 .886 -.037 .597 -.045 .561 

Calcium intake (mg/d)  .021 .714 -.046 .400 -.016 .816 -.033 .671 

MVPA = moderate to vigorous physical activity log transformed; β = standardized coefficient 

 

Table 5



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/bone/download.aspx?id=339655&guid=111f08bb-e9ad-4da4-a732-2d0c5673088c&scheme=1


Figure 2
Click here to download high resolution image

http://ees.elsevier.com/bone/download.aspx?id=339648&guid=b25baf0a-d422-46ec-8b14-088b3d119b46&scheme=1


Figure 3
Click here to download high resolution image

http://ees.elsevier.com/bone/download.aspx?id=339656&guid=bcf86be7-5d54-4d10-a817-e236ab012628&scheme=1


Figure 4
Click here to download high resolution image

http://ees.elsevier.com/bone/download.aspx?id=339649&guid=52cf684f-98cd-4b52-8a56-e354862efd1f&scheme=1

