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Abstract

Bone strains resulting from physical activity are thought to be a primary driver of bone adaptation, 

but cannot be directly noninvasively measured. Because bone adapts nonuniformly, physical 

activity may make an important independent structural contribution to bone strength that is 

independent of bone mass and density. Our objective was to create and validate methods for 

subject-specific finite element (FE) model generation that would accurately predict the surface 

strains experienced by the distal radius during an in vivo loading task, and to apply these methods 

to a group of 23 women age 23-35 to examine variations in strain, bone mass and density, and 

physical activity. Four cadaveric specimens were experimentally tested and specimen-specific FE 

models were developed to accurately predict periosteal surface strains (Root mean square 

error=16.3%). In the living subjects, when a 300 N load was simulated, mean strains were 

significantly inversely correlated with BMC (r=−0.893), BMD (r=−0.892) and physical activity 

level (r=−0.470). Although the group of subjects was relatively homogenous, BMD varied by two-

fold (range: 0.19 – 0.40 g/cm3) and mean energy-equivalent strain varied by almost six-fold 

(range: 226.79 – 1328.41 με) with a simulated 300 N load. In summary, we have validated 

methods for estimating surface strains in the distal radius that occur while leaning onto the palm of 

the hand. In our subjects, strain varied widely across individuals, and was inversely related to bone 

parameters that can be measured using clinical CT, and inversely related to physical activity 

history.
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Introduction

Fractures are a common consequence of falls in older adults that occur when the applied 

load exceeds bone strength. Bone strength is influenced by extrinsic factors such as physical 

activity and the bone’s habitual mechanical loading environment. Frost proposed that bone 

adaptation occurs to maintain strains within a particular biological set point (Frost, 2003). 

Consistent with this theory, prospective in vivo animal loading models have shown that 

mechanical loads eliciting strain above a specific threshold initiate bone formation that 

improves bone strength (e.g., Turner et al., 1991; Gross et al., 1997). In growing children, 

exercise that loads the skeleton leads to long-term increases in bone mineral content (BMC; 

Gunter et al., 2008). Mechanical loading causes measures of bone strength and stiffness to 

increase more than measures of bone mass or density (Miller et al., 2007). This implies that 

physical activity may make an important structural contribution to bone strength 

independent of these measures. Based on this evidence, exercise-based interventions have 

been proposed to maintain and improve bone strength in older adults (Gomez-Cabello et al., 

2012).

Although it is understood that adaptation is driven by mechanical strain, or some 

consequence thereof, a direct relationship between the adaptive response and mechanical 

strain has not been quantified in humans. This is partly due to difficulties in non-invasively 

quantifying bone strain. External forces and accelerations have been proposed as surrogate 

measures of strain (Ahola et al., 2010, Weeks and Beck, 2008); however, the relationship 

between external force and bone strain is often difficult to interpret. In addition to the 

applied load (i.e., external and muscle contractile force), strain is affected by bone size, 

shape, mineral distribution, and material properties. Biological variation in these parameters 

is large and experimentally measured strains vary widely (Földhazy et al., 2005). The ability 

to measure or accurately predict bone strain non-invasively could contribute towards the 

development and evaluation of personalized exercise programs to improve bone health and 

reduce the occurrence of fractures.

We have developed an in vivo loading paradigm to prospectively study the interaction 

between strain and bone adaptation in humans (Troy et al., 2013). The loading task involves 

leaning on to the palm of the hand with the wrist extended to apply an axial force through 

the radius (Figure 1a). As a practical matter, subjects are assigned a target force, however, to 

understand the strain/adaptation relationship it is necessary to obtain some measure of in 

vivo strain within the radius and ideally, to manipulate strain directly. Subject-specific finite 

element (FE) models have been successfully used to predict bone strains during specific 

loading scenarios (e.g., Keyak et al., 1993; Schileo et al., 2008). The accuracy of such 

models depends on factors such as the accuracy with which individual anatomic features and 

boundary conditions are replicated, and the equations chosen to relate bone density to elastic 

modulus (Edwards and Troy, 2011).

The objective of this study was to validate methods for generating subject-specific FE 

models to accurately predict the surface strains in the distal radius while leaning onto the 

palm of the hand with the wrist extended. The methods were then used to predict in vivo 
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strains at the distal radius of subjects performing the loading task. We expected strain to 

vary inversely with bone measures and physical activity history.

Methods

Finite element model validation

Specimens—Four female cadaveric forearms with hand intact (age: 82–89 years) were 

obtained through anatomical gift. Specimens were freshly-frozen and stored at −20°C but 

were thawed to room temperature for: 1) Computed tomography (CT) data acquisition; 2) 

dissection and potting; and 3) strain gage application and mechanical testing. The distal 12 

cm of the forearms were imaged with CT (BrightSpeed; GE Medical Systems, Milwaukee, 

WI, 120 kV, 180 mA, voxel size: 0.234 × 0.234 × 0.625 mm) and reconstructed using a low 

frequency convolution kernel. A calibration phantom (QRM, Moehrendorf, Germany) with 

known calcium hydroxyapatite equivalent concentrations was included in each scan and 

used to establish the following average relationship between Hounsfield units (Hu) and 

hydroxyapatite equivalent density (ρha) in g/cm3:

Specimen Preparation and Mechanical testing—The details of the cadaver 

mechanical testing have been previously reported (Troy et al., 2013). Briefly, soft tissue 

proximal to the wrist joint capsule was removed and a radioulnar osteotomy was performed 

14 cm proximal to the distal dorsal tubercle. The proximal 8 cm of the forearms was potted 

in polymethyl-methacrylate and six strain gage rosettes (TS1N-K120M-PK06-LE, Micro-

Flextronics Ltd, Coleraine, N. Ireland) were adhered circumferentially to the periosteal 

surface. Three gages were mounted distally just proximal to the distal dorsal tubercle and 

three gages were mounted 3 cm proximal to the distal gage locations (Figure 1b).

Specimens were aligned on a uniaxial materials testing machine (MiniBionix 858, MTS 

Systems, Eden Prairie, MN) with the radius and ulna oriented vertically and the palm of the 

hand placed on a padded load cell with the wrist in 80 degrees extension (Figure 1b). The 

actuator was driven at a fixed displacement rate of 0.3 mm/sec to a load of 300 N. This 

magnitude was selected to create periosteal surface strains of 1000-2000 με, consistent with 

other in vivo loading models (Srinivasan et al, 2002). Force, displacement, and strain gage 

recordings were collected at 100 Hz.

FE modeling—CT images were segmented by a single investigator (VAB) to identify 

periosteal surfaces of the radius, scaphoid, and lunate, using a density threshold of ρha≥0.165 

g/cm3. This value best visually defined the surface and minimized the need to manually edit 

voxels. Surfaces were used to create FE geometry of the three bones using Mimics v15.0 

(Materialise, Leuven, Belgium). Articular cartilage was created by expanding the distal 

surface of the radius and performing a Boolean subtraction with the intersecting carpal 

bones so that the lunate and scaphoid were seated within the cartilage (cartilage thickness: 

1.4±0.4 mm). The geometries were exported to 3Matic v7.0 (Materialise, Leuven, Belgium), 

and a quadratic tetrahedral element mesh was generated for each specimen. For all models, 
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the scaphoid and lunate were meshed with a mean element volume of 0.5 mm3, and cartilage 

with mean element volume of 0.25 mm3. A mesh convergence analysis was performed for 

the radius with mean element volumes of 0.25, 0.5, 0.75, or 1.25 mm3.

Three cartilage material properties and four density-elasticity relationships were 

investigated. Cartilage was defined as either 1) linear elastic with modulus (E)=10 MPa and 

Poisson’s ratio (ν)=0.45, 2) linear elastic with E=50 MPa and ν=0.45, or 3) neo-Hookean 

hyperelastic with E=10 MPa and ν=0.45 (Anderson et al., 2008; Armstrong et al., 1984). 

The radius was assigned inhomogeneous linearly-isotropic material properties based on four 

previously established density-elasticity relationships:

(i)

(ii)

(iii)

(iv)

where E is the modulus expressed in MPa, ρash (ash density) and ρapp (apparent density) are 

expressed in g/cm3. Calcium hydroxyapatite equivalent density (ρha) was converted to ρapp 

and ρash using:

Each element density was assigned as the mean of its enclosed voxels, and then grouped by 

density into 200 evenly spaced bins. Elements within each bin were assigned material 

properties based on the bin mean density. Bins had ranges of approximately 150 MPa, and 

all materials were assigned ν= 0.4 (Reilly et al., 1975; Keyak et al., 1993). Elements with 

ρha < 0.01 g/cm3 (located primarily within the medullary canal) were reassigned a value of 

0.01 g/cm3 to prevent negative elastic modulus values. To account for partial volume effects 

at the periosteal surface, the material assignment was based on an area corresponding to the 

segmented radius eroded by 1 voxel. The <0.1% of elements that were entirely outside this 

volume were assigned ρha=0.01 g/cm3 (i.e they were effectively eliminated from the 

analysis).

The FE analyses were performed using Abaqus 6.10 (Simulia, Providence, RI). The 

proximal nodes in the radius at the potting location were fully constrained. The scaphoid and 

lunate were rotated about their centroids in the anterior-posterior direction by 70° and 53° to 

simulate a wrist extension of 80° (Moojen et al., 2002; Kobayashi et al., 1997; Wolfe et al., 

2000). Radio-carpal ligaments and the wrist joint capsule were assumed to keep the carpal 

bones seated within the cartilage. Hence, a tied interface contact model was defined wherein 

the carpal bones could not slide or rotate once they were seated into the cartilage. A ramped 

force was applied to the centroid of the scaphoid (180N) and lunate (120N) based on the 
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assumption that 60% of the load transmitted through the wrist is borne by the scaphoid 

(Majima et al., 2007). The line of action of the resultant force vector was determined for 

each specimen using unsymmetrical beam theory based on proximal strain gage and CT 

information (Edwards and Troy, 2012).

Application of the Model

Twenty-three healthy women ages 21-35 (22.7±3.5 years, height 156±6 cm, mass 60±7 kg 

and BMI 18.5-25) were recruited for this institutionally approved study, which was part of a 

larger long-term experiment (Troy et al., 2013). All subjects gave written informed consent 

prior to participation. Subjects were generally physically active, but none at the collegiate or 

professional level or in sports specific to the upper extremities such as tennis. Seventeen of 

the subjects completed a validated bone loading history survey, the Bone Physical Activity 

Questionnaire (BPAQ; Weeks and Beck, 2008), which produces a unitless score that ranges 

from 0 (no bone loading activity) to over 120. Since the anatomic site of interest was the 

distal radius, an upper-extremity BPAQ was also scored by including only the subset of 

activities that would load the upper extremities (e.g. volleyball but not running). Clinical CT 

data were collected on the non-dominant arm of each participant in an identical fashion to 

the cadaver specimens. The data were analyzed quantitatively using methods previously 

described (Troy et al., 2013) to measure the following three-dimensional parameters for a 

9.375 mm “ultra-distal” region immediately proximal to the subchondral plate 

(automatically identified as the location of maximum cross sectional area): integral bone 

volume (BV; cm3, defined as the volume enclosed by the periosteal surface), volumetric 

bone mineral density (BMD; g/cm3, the average ρha of the volume), and bone mineral 

content (BMC; g). A laboratory precision study in which ten scans were randomly rotated in 

three dimensions four times each before analysis yielded root-mean squared coefficients of 

variance (CV) of 0.9%, 0.9% and 0.5% for ultra-distal BV, BMC, and BMD, respectively. 

As an additional measure of precision, a small tube packed with powdered hydroxyapatite 

was included in 45 scans acquired over a 28 week period, and was found to have a density 

CV of 1.38%. The CT data were also the basis for FE models that were created using the 

parameters that produced the most accurate results based on cadaver testing. For each 

subject, mean and median values for energy equivalent strain were calculated at the ultra-

distal region for an applied force of 300N.

where E=elastic modulus, and U=strain energy density,  εn and σn 

are the strain and stress values in the principal direction. Energy equivalent strain was 

chosen because it is a single dimensionless scalar quantity that has been associated with 

bone adaptation (e.g., Szwedowski et al., 2012). FE models generated from the precision 

study data mentioned above illustrated a root mean squared CV of 0.3% for energy 

equivalent strain.
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Statistical analysis

Descriptive statistics were calculated for all variables to assess normality. For FE 

convergence analysis, strain energy density (SED), magnitude of peak displacement, and 

principal strains for a 5 mm transverse section within the ultra-distal region were calculated 

for each element size for all specimens. To determine the sensitivity of the model to 

cartilage material properties, principal strains were calculated for all elements within the 

same 5 mm section. To determine the best density-elasticity relationship, FE model 

predicted strains were compared to the experimentally-measured strains. Strains in the 

elements corresponding to each rosette location were transformed into the local surface 

coordinate system. Maximum and minimum principal strains were calculated at the surface 

(Figure 1c), and the values averaged for all elements within each rosette location, yielding 

12 values for comparison per specimen (maxima and minima at each gage location). The 

predicted and measured strains were compared using a mixed effects linear model wherein 

specimen was treated as a repeated measure. Slope, intercept, root mean square error 

(RMSE), and maximum error were assessed.

The FE methods that produced the most accurate results were applied to each participant in 

the human study. To examine the relationships between in vivo predicted strain, bone 

parameters, and physical activity history, correlations were calculated for the BV, BMD, 

BMC, and BPAQ scores, versus mean ε within the ultra-distal radius. Spearman’s 

correlations were used for non-normally distributed variables. To evaluate the scatter in 

bone parameters versus strain measures, CV and ratio of maximum/minimum were 

calculated. Finally, to determine the degree to which bone parameters and physical activity 

were predictive of bone strain, we examined a stepwise linear regression model with BV, 

BMD, BMC, and BPAQ as potential explanatory variables, and dependent variable of mean 

ε.

Results

Finite element modeling validation

The mean principal strains recorded at each of the strain gage locations have been 

previously reported in detail (Troy et al., 2013). Briefly, strains ranged from −2601 to 1427 

με with the highest strains at the distal radius on the dorsal surface near the ulna. For the 

convergence analysis, the two highest resolution models (0.25 and 0.5 mm3/element) 

showed only a 2% difference in SED, whereas the two coarser models had SED 11% and 

42% lower. All other measured parameters converged at either 0.5 or 1.0 mm3/element size. 

Based on these results an element size of 0.5mm3 (35508 ± 3375 elements) was selected.

The principal strains within the radius were relatively insensitive to cartilage material 

properties. The within-specimen mean principal strain values for the 5 mm test section 

varied by 0.7 to 6.3% with the differing definitions, with linear elastic E=10 MPa, ν=0.45 

producing slightly higher strains than the other two definitions. Based on these results and 

physiologic relevance, the hyperelastic material definition was selected.

Predicted versus measured principal strains for the four density-elasticity equations are 

shown in Figure 2, with Eq (iv) producing the best results. These models had a slope of 0.81 
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(95% CI: 0.70, 0.92) and an intercept of −7.3 (95% CI: −135.4, 120.9) and RMSE of 424.3 

με (Table 1). One specimen illustrated substantial error (RMSE=713.8 με) relative to the 

other three specimens. Visual examination of the specimen and its radiographic data 

suggested that the radius and ulna were fused at the distal radio-ulnar joint, possibly due to 

osteoarthritis (Figure 3). This assessment was confirmed by a rheumatologist who viewed 

the scan. Using Eq (iv), exclusion of this specimen resulted in a slope of 0.98 (95% CI: 0.88, 

1.09), intercept of 51.1 (95% CI: −39.1, 141.3), and RMSE of 219.6 με (11.1% of maximum 

measured strain). Based on these results, Eq. (iv) was selected for application.

Application of the Model

In vivo predicted strains at 300 N of applied load, bone mineral parameters, and physical 

activity data are summarized in Table 2. The most common physical activities reported by 

subjects were walking and running. BV, BMC, and upper extremity BPAQ scores were non-

normally distributed (Shapiro-Wilk p≤0.008). The strains were negatively correlated with 

BMD, BMC, and total BPAQ score (Table 3), but BMC and BMD exhibited considerably 

less scatter than mean ε. CVs were 0.26, 0.20, and 0.38, and maximum/minimum ratios were 

2.37, 2.10, and 5.85, for BMC, BMD, and mean ε, respectively (Figure 4). BMD alone 

explained 79.5% of the variance in mean ε. Both BPAQ and BMC were significantly 

correlated with BMD (r=0.618 p=0.008 and r=0.881 p<0.001, respectively).

Discussion

Non-invasive subject-specific methods to quantify bone strain are necessary to understand 

the mechanical environment experienced by bone during physical activity. Here, we 

validated methods for subject-specific FE model generation to predict the surface strains 

experienced by the distal radius when leaning onto the palm of the hand. The methods were 

applied to a group of subjects to examine the relationship between bone parameters and 

strain.

Of the four density-elasticity relations analyzed, Eq. (iv) most accurately predicted 

experimentally measured strains. However, this relationship over-predicted strains by an 

average of 418 με in one specimen believed to be osteoarthritic. The discrepancy suggests 

that partial joint fusion may have redirected force through the ulna, which was not modeled 

here. A recent study estimated that 2% of the force applied to the palm of the hand was 

transmitted through the ulna in healthy extended wrists (Majima et al., 2008). The clinical 

consequence of altered load transmission pathways is not known.

Previous in vitro FE validation studies have shown similar agreement to that of the present 

study, with r=0.77 (Keyak et al., 1993), r = 0.91 (Taddei et al., 2006), r = 0.90 (Gupta et al., 

2004), r = 0.91 (Anderson et al., 2005), and r = 0.95 (Schileo et al., 2007). Our results can be 

compared with an earlier model validation of the human distal radius from our group, in 

which periosteal surface strains were predicted with r = 0.90 and RMSE = 13.4% (Edwards 

and Troy, 2012). Our previous study simulated a fall onto the hands, while the present study 

built upon this knowledge to estimate surface strains during our loading task in an 

experimental population. The present validation was limited by a single boundary condition, 

small number of specimens, and the omission of tendons, ligaments, and other soft tissue.
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A large range of radius strains was predicted in the experimental subjects (Table 2). 

Although subjects were relatively homogenous in terms of age and BMI, they came from a 

variety of genetic backgrounds, which has been related to variation in areal BMD (Pocock et 

al., 1987). In the present group, bone measurements varied by a factor of two and strain 

measurements varied by nearly six. The surface strains estimated here were lower than those 

measured in vivo during a push-up (Földhazy et al., 2005). This may be attributed to 

differences in measurement site and methods, subject age, and boundary conditions. In our 

data set, predicted strains were strongly and negatively correlated to BMD and BMC. Basic 

mechanics dictate that strain should decrease as area and modulus increase. However, strain 

cannot be predicted based on BMD and area alone, since bone is an inhomogeneous medium 

with complex geometry. A strength of the modeling procedure used here is that the effects 

of bone structure are explicitly accounted for. Thus, while bone parameters are closely 

related to strain, variation in these parameters may underestimate the variation in strain.

One explanation for large variation in observed strain compared to BMD is that bone mass 

was distributed in a mechanically advantageous manner in those subjects who were most 

active. At cortical sites physical activity has been associated with increased bone area 

(humerus; Kontulainen et al., 2003) and moment of inertia but not bone density (tibia; 

Milgrom et al., 2012). However, at trabecular sites such as the distal radius, increased 

cortical thickness and trabecular density may dominate the response (Kontulainen et al., 

2003). Related, moments of inertia increase exponentially with bone size, and bones with 

higher BMC tend to be larger.

In the present data set, BPAQ was negatively correlated with radius strain, although it was 

not sufficiently independent from BMD to be included in the stepwise regression. The 

BPAQ is limited by the design of the survey, which assigns weighting factors to activities 

based on ground reaction forces, which may not be relevant to upper extremity bone 

loading. Thus, the present analysis may underestimate the degree to which physical activity 

history can explain variance in radius strain. Physical activity may cause changes to bone 

structure (primarily by affecting the distribution of mineral within the bone and through 

subtle changes in bone geometry) without increasing BMC or average BMD. Figure 5 

illustrates a counterintuitive example of two radii with equal BMC, with the less dense bone 

having 40% lower strain. Mechanically and metabolically, it is logical that bone adaptation 

be directed towards a more efficient structure rather than increased BMC or BMD.

The variability in strain observed here highlights a key limitation of previously reported 

exercise-based interventions targeting bone health. If strain is a key driver of bone 

adaptation and subjects are assigned force-based tasks (such as in resistance training), it is 

not surprising that inconsistent responses would be observed (e.g., Bailey and Brooke-

Wavell, 2010; Rantalainen et al., 2011). Indeed, one might expect that those individuals with 

the weakest bones would experience the largest strains and, therefore, benefit the most from 

the intervention.

This study has limitations related to small sample size and measurement methods. The 

cadaver donors were older than the subjects participating in the experiment, however, age-

related changes in bone structure and density are explicitly accounted for in the FE models. 
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The experiment involved exposing healthy subjects to ionizing radiation, with an effective 

dose of 3 mrem (Biswas et al., 2009), or 3% of the recommended maximum annual 

voluntary exposure. Nevertheless, any exposure involves risk, and for this reason a rigorous 

in vivo repeatability study for the QCT measures was not performed. The laboratory 

precision study, while imperfect, demonstrates our methods to be both objective and 

repeatable, with all CVs less than 1.4%.

In summary, we have validated methods for generating subject-specific FE models for the 

purpose of estimating surface strains in the distal radius that occur while leaning onto the 

palm of the hand. The methods allow models to be objectively created and are suitable for 

application to larger clinical data sets. We applied these techniques to the radii of subjects 

participating in a bone-loading experiment and demonstrated that strain varies widely across 

individuals, and is inversely related to bone parameters that can be measured using clinical 

CT, and inversely related to physical activity history. Bone strain is thought to be a primary 

driver of bone adaptation and is highly variable between individuals for a given loading 

scenario. The ability to predict bone strain non-invasively is important in understanding the 

strain/adaptation process in humans and we plan to use these methods to assign strain-based 

activities to study the relationship between strain environment and bone adaptation in 

humans. Eventually, these techniques may facilitate the development of personalized 

exercise prescriptions for bone health.
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Figure 1. 
a) Targeted loading protocol, b) Experimental testing setup, c) Minimum Principal Strain 

map of the finite element model.
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Figure 2. 
Predicted versus measured principal strains at 300 N for the four tested density-elasticity 

equations. * symbols correspond to points of osteoarthritic subject. Dashed lines show a y=x 

line, which would indicate a perfect prediction.
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Figure 3. 
Coronal CT image of the arthritic specimen (left) compared to another cadaver specimen 

(right). The arrows highlight areas of increased mineralization in the arthritic specimen, in 

which radius and ulna appear to be fused.
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Figure 4. 
(a) BV versus ε, (b) BMC versus ε, (c) BMD versus ε, and (d) BPAQ versus ε for the 

subjects who participated in the experiment.
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Figure 5. 
Cross-sections of the distal radius 0.625 mm proximal to the subchondral plate from two 

subjects with identical BMC. The radius on the right had strains that were only 60% of that 

on the left for a simulated 300 N load.
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Table 1

Slope, intercept, root mean square error (RMSE), and RMSE as a percentage of the maximum absolute 

measured strain, for the four density-elasticity relationships.

Eq (i) Eq (ii) Eq (iii) Eq (iv) Eq (iv) excluding
subject with OA

slope
0.193

a

(95% CI:
0.151 0.236)

0.164
a

(95% CI:
0.12 0.209)

0.758
a

(95% CI:
0.649 0.866)

0.809
a

(95% CI:
0.694 0.925)

0.984
ns

(95% CI:
0.874 1.094)

Intercept
−46.1

ns

(95% CI:
−233.1 140.9)

−17.7
ns

(95% CI:
−234 198.6)

1.2
ns

(95% CI:
−132 134.5)

−7.2
ns

(95% CI:
−139.5 125.1)

51.1
ns

(95% CI:
−43.4 145.5)

RMSE (ue) 3557.4 4117.2 472.3 424.3 219.6

RMSE (%) 136.8 158.4 18.2 16.3 11.1

a
Significantly different,

ns
not significantly different from 1 (slope) or 0 (intercept)
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Table 2

Mean and standard deviations of mean and median energy equivalent strain, BV, BMC, and BMD calculated 

at the ultra-distal radius, and Total and Upper Extremity BPAQ scores.

N Mean Std. Deviation Range

Mean Energy Equivalent Strain (με) 23 733.74 277.98 226.79 – 1328.41

BV (cm3) 23 3.58 0.39 3.08 – 4.55

BMD (g/cm3) 23 0.26 0.05 0.19 – 0.40

BMC (g) 23 0.93 0.24 0.67 – 1.59

Total BPAQ 17 55.5 33.4 8.1 – 120.5

Upper Extremity BPAQ 17 28.1 29.4 0.2 – 101.6
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Table 3

Correlation coefficients for the bone mineral parameters, physical activity data, and energy equivalent strain. 

Pearson correlations were used for normally distributed variables, and Spearman’s ranked correlations for 

non-normal variables. N=23 for all comparisons except for those with BPAQ or Upper Extremity BPAQ, 

where n=17.

BMD BMC#
Energy Equiv.

Strain BPAQ
Upper Extremity

BPAQ#

BV# 0.096 0.463* −0.199 −0.061 0.017

BMD 0.881** −0.892** 0.618* 0.328

BMC# −0.893** 0.377 0.189

Energy Equiv.
Strain −0.470* −0.299

BPAQ 0.610*

#
non-normally distributed variable

*
p<0.05

**
p<0.01
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