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A B S T R A C T   

Introduction: Knowledge of bone structure-function relationships in mice has been based on relatively small 
sample sets that limit generalizability. We sought to investigate structure-function relationships of long bones 
from a large population of genetically diverse mice. Therefore, we analyzed previously published data from the 
femur and radius of male and female mice from the F34 generation of the Large-by-Small advanced intercross 
line (LGXSM AI), which have over a two-fold continuous spread of bone and body sizes (Silva et al. 2019 JBMR). 
Methods: Morphological traits, mechanical properties, and estimated material properties were collected from the 
femur and radius from 1113 LGXSM AI adult mice (avg. age 25 wks). Males and females fed a low-fat or high-fat 
diet were evaluated to increase population variation. The data were analyzed using principal component analysis 
(PCA), Pearson's correlation, and multivariate linear regression. 
Results: Using PCA groupings and hierarchical clustering, we identified a reduced set of traits that span the 
population variation and are relatively independent of each other. These include three morphometry parameters 
(cortical area, medullary area, and length), two mechanical properties (ultimate force and post-yield displace-
ment), and one material property (ultimate stress). When comparing traits of the femur to the radius, 
morphological traits are moderately well correlated (r2: 0.18–0.44) and independent of sex and diet. However, 
mechanical and material properties are weakly correlated or uncorrelated between the long bones. Ultimate 
force can be predicted from morphology with moderate accuracy for both long bones independent of variations 
due to genetics, sex, or diet; however, predictions miss up to 50 % of the variation in the population. Estimated 
material properties in the femur are moderately to strongly correlated with bone size parameters, while these 
correlations are very weak in the radius. 
Discussion: Our results indicate that variation in cortical bone phenotype in the F34 LGXSM AI mouse population 
can be adequately described by a reduced set of bone traits. These traits include cortical area, medullary area, 
bone length, ultimate force, post-yield displacement, and ultimate stress. The weak correlation of mechanical and 
material properties between the femur and radius indicates that the results from routine three-point bending tests 
of one long bone (e.g., femur) may not be generalizable to another long bone (e.g., radius). Additionally, these 
properties could not be fully predicted from bone morphology alone, confirming the importance of mechanical 
testing. Finally, material properties of the femur estimated based on beam theory equations showed a strong 
dependence on geometry that was not seen in the radius, suggesting that differences in femur size within a study 
may confound interpretation of estimated material properties.   

1. Introduction 

Investigating the mechanical strength of long bones is a well- 

established concept in biology and engineering (Burstein and Frankel, 
1971; Pelker et al., 1983). Turner and Burr laid a foundation for 
biomechanical testing of rodent bones by describing techniques and 
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defining terminology (Turner and Burr, 1993). These methods have 
become a staple in phenotyping musculoskeletal mouse models, allow-
ing researchers to identify quantitative trait loci (QTL) (Lang et al., 
2005), analyze gene functions (Bonadio et al., 1993; Mikić et al., 1995; 
Mikić et al., 1996), assess responses to pharmacological interventions 
(Brent et al., 2021) and alterations in mechanical loading (Holguin et al., 
n.d.; Berman et al., 2015), and quantify changes with growth and aging 
(Brodt et al., 1999; Jepsen et al., 2015). 

Knowing the strength of bones alongside morphology allows the 
investigation of structure-function relationships. It has been shown that 
bone material can redistribute, especially if quality is altered, to pre-
serve adequate whole-bone (structural) strength (Bonadio et al., 1993; 
Mikić et al., 1995; Mikić et al., 1996; Lanyon et al., 1982; Goodship 
et al., 1979). Jepsen et al. identified three adaptations to meet the needs 
of the skeletal loading environment: changing the amount of bone, the 
distribution of bone, or the quality of bone (Jepsen et al., 2003a). For 
example, in a mouse model of osteogenesis imperfecta (OI), mutant mice 
compensate for deficient collagen production by developing larger 
bones which leads to an increase in whole-bone strength (Bonadio et al., 
1993). Conversely, mice with BMP-5 deficiency, which have smaller 
body and muscle mass, develop smaller, weaker bones, while main-
taining bone composition and material properties consistent with lower 
mechanical demands (Mikić et al., 1995; Mikić et al., 1996). These ex-
amples highlight the importance of examining mechanical and 
morphological properties of bones together (Jepsen et al., 2015). 

While mechanical testing of mouse bones has provided insights into 
bone structure-function, there remain some limitations. First, many 
studies use only one strain of mouse (Brodt et al., 1999; Gardinier et al., 
2016), and those that use more than one typically use discrete inbred 
strains (Jepsen et al., 2001; Jepsen et al., 2003b). This can lead to 
groupings or clusters of data at two extremes instead of a continuous 
distribution of values, making correlations between traits difficult to 
assess (Voide et al., 2008). Second, despite knowing there are differ-
ences in regulation of bone strength and morphology between females 
and males (Cole and van der Meulen, 2011; Turner et al., 2003), many 
studies only evaluate one sex (Berman et al., 2015; Brodt et al., 1999). 
Third, sample sizes are typically tens of mice (Jepsen et al., 2003a; 
Jepsen et al., 2001). Fourth, most studies only evaluate a single bone per 
mouse. Collectively, these drawbacks limit the opportunity for gener-
alizable conclusions. Lang et al. addressed these limitations by testing 
mice from the F2 generation of C57 x DBA mice, using males and fe-
males, a sample size of 200 per sex, and evaluating both the tibia and 
femur (Lang et al., 2005). However, the focus of that study was to 
identify gene loci that influence bone properties and not to examine 
structure-function relationships. 

We sought to investigate structure-function relationships of multiple 
bones from a large population of genetically diverse mice of both sexes. 
Accordingly, we analyzed data from the femur and radius of male and 
female mice from the F34 generation of the Large-by-Small advanced 
intercross line (LG,SM AI), which have over a two-fold continuous 
spread of bone sizes (Silva et al., 2019). We utilized this F34 LG,SM AI 
population of mice in a previous study and reported the effects of diet, 
sex, and body mass on cortical bone traits evaluated by microCT and 
mechanical testing of >2200 bones. In brief, we showed female and 
male mice raised on a high-fat diet had increased body weight and 
developed larger, stronger bones compared to mice fed a low-fat diet 
(Silva et al., 2019). 

One challenge with any in-depth phenotyping study is the volume of 
data, which can make analysis and interpretation overwhelming. For 
example, for the LG,SM AI mice, we reported 25 bone traits (14 for the 
radius, 11 for the femur) for 1113 animals from four experimental 
groups. Coulombe et al. recently highlighted limitations in comparing 
groups based on individual bone traits (Coulombe et al., 2021a). As an 
alternative, they proposed principal component analysis (PCA), k-means 
clustering, and Support Vector Machine classification (SVM) as com-
plimentary methods to concurrently evaluate all traits within a data set. 

Specifically, PCA was used to explain the variation of bone trait values 
within the population using a smaller number of independent variables 
resulting in three principal components that explain over 90 % of the 
population variation in ten individual traits (Coulombe et al., 2021a; 
Coulombe et al., 2021b). Herein, we apply some of these approaches to 
the LG,SM AI data set to identify a reduced set of traits that still captures 
the variation in morphology or mechanical properties between animals. 

Mechanical properties at the whole-bone (structural) scale are 
dependent on bone size and material properties. Material properties of 
rodent bone have traditionally been estimated from mechanical tests 
using engineering beam theory equations (Turner and Burr, 1993). 
These equations assume a uniform cross-section, homogenous and 
isotropic material properties, and a slender test specimen. Our group 
and others have shown mouse bones, especially femurs, do not meet 
these assumptions and calculations underestimate the true values of 
material properties (Turner and Burr, 1993; Schriefer et al., 2005; van 
Lenthe et al., 2008; Silva et al., 2004). Schriefer et al. compared the 
measurement error of various long bones and recommended the radius 
as the preferred bone for three-point bend testing due to its consistently 
round shape and slender aspect ratio (Schriefer et al., 2005). Despite this 
recommendation, over 80 % of studies reporting mechanical testing in 
the last 10 years tested the femur and over 60 % of those testing the 
femur reported material properties calculated using engineering beam 
theory (PubMed terms: mouse, bone, mechanical testing; published 
since 2011). Thus, there is a need to re-examine methods used to esti-
mate mouse bone material properties that remain in widespread use. 

Our objective in this study was to mine the dataset from the LG,SM AI 
population (Silva et al., 2019) to investigate relationships between and 
within bone traits in a mouse population with a large variation of body 
size and bone size. Specifically, we asked four questions: 1) What are a 
reduced set of traits that can describe the morphology and mechanical 
properties of mouse long bones? 2) Do traits correlate between long 
bones? 3) Can the reduced set of morphology traits accurately predict 
whole-bone strength? and 4) What are the implications of using beam 
theory to estimate material properties in the femur compared to the 
radius? 

2. Methods and materials 

2.1. Mice 

All mouse work was completed with approval of the Washington 
University Institutional Care and Use Committee (IACUC). Data 
analyzed herein were previously published (Silva et al., 2019). Briefly, 
long bones from 1139 mice from the F34 generation of the LG/J by SM/J 
AI line (Wustl:LG,SM-G34) were analyzed. Males and females were 
divided into two diet groups and fed either a relatively high-fat (42 % 
calories from fat) or low-fat (15 % calories from fat) diet beginning at 
weaning (3 wk. of age). This resulted in four experimental groups: FL 
(female low-fat), FH (female high-fat), ML (male low-fat), and MH (male 
high-fat). Mice were euthanized at skeletal maturity (avg 24.7 wks, 
range = 21.0–28.7 wks). Female and male mice raised on a high-fat diet 
had 32 % greater body mass, on average, than sex-matched mice fed a 
low-fat diet. Body mass was 17 % greater in males than females (Silva 
et al., 2019). 

2.2. Phenotyping 

Femur and radius cortical bone phenotyping was completed as 
described (Silva et al., 2019). Briefly, bone cross-sectional morphology 
was assessed with microCT spanning a 3 mm region of the mid-diaphysis 
(16 μm voxel size). Bone length was measured using calipers. Whole- 
bone mechanical properties were assessed using three-point bending 
with a support span of 7 mm. Material properties were estimated using 
simple beam theory equations. Fourteen properties were reported per 
bone: six morphology traits (five that describe the cross-section, and one 
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the length), five whole-bone mechanical properties, and three bone 
material properties (Table 1). Traits were transformed as necessary to 
normalize the data. Any trait that was normalized is indicated with a 
prefix of l (natural log transform; femur yield force), i (inverse trans-
form; femur post-yield displacement), or s (square root transform; femur 
work to fracture). Any mouse exhibiting extreme values (judged to be 
either biologically or physically implausible) in one or more traits were 
excluded from analysis, leaving 1113 mice (FL: n = 274; FH: n = 282; 
ML: n = 274; MH: n = 283). 

2.3. Analysis software 

Analysis and statistical comparison was done using R or GraphPad 
Prism. R version 4.0.2 (2020-06-22 – “Taking Off Again”) was used with 
RStudio (Version 1.2.5042) and the Global CRAN repository to calculate 
the principal component analysis and correlation matrix. GraphPad 
Prism (version 9) was used to perform bivariate and multivariate linear 
analyses. 

2.4. Principal component analysis 

Principal component analysis (PCA) was performed on four datasets: 
1) femur morphology, 2) radius morphology, 3) femur mechanical 
properties and 4) radius mechanical properties. Initially, the four 
experimental groups (2 sexes × 2 diets) were analyzed separately, but no 
differences were found between groups (Suppl. Fig. S1) so all 1113 an-
imals were pooled and analyzed together. Each variable was centered 
and scaled to have a distribution mean of 0 and standard deviation of 1 
within the prcomp function. Because signs are arbitrarily assigned to 
variable weights, the weightings in dataset 2 (radius morphology) were 
multiplied by negative one (− 1) to match the signs from dataset 1 
(femur morphology). Coordinates (weightings) of each variable in each 
principal component dimension and the variance of each principal 
component were extracted from the PCA. Using the PCA analysis we 
identified reduced sets of morphological and mechanical traits that span 
the principal components and are relatively independent of each other 
(based on Section 2.5 - Correlation matrix below). 

2.5. Correlation matrix 

A matrix of Pearson's correlation coefficients was computed on two 
datasets: 1) all femoral traits and 2) all radial traits. Correlations be-
tween all traits within a single bone were computed using the cor 
function in R and visualized using the corrplot function. Variables were 
automatically hierarchically clustered into five groups using the ward. 
D2 algorithm. 

2.6. Bivariate linear analysis 

Bivariate linear regression was performed to 1) compare bone traits 
between long bones (radius vs femur) and 2) compare elastic modulus 
(material property) to bone size parameters (Ma.Ar, Tt.Ar, J) per bone. 
For all bivariate regressions, each sex/diet group was first plotted and 
analyzed individually, then pooled and analyzed again. The slopes were 
compared between groups by calculating a two-sided p-value. If slopes 
were determined to be not significantly different (p > 0.05) the 

intercepts were also compared. This method of slope and intercept 
comparison is equivalent to Analysis of Covariance (ANCOVA). Addi-
tionally, the slopes for each group were compared to zero using an F-test 
with p < 0.05 for significance. To compare traits between long bones, 
the value of a single trait measured in the radius was plotted against the 
same trait measured in the femur. This resulted in 14 bivariate analyses. 
To compare elastic modulus to bone size, the elastic modulus of the 
femur was plotted against either the marrow area, total area, or polar 
moment of inertia of the femur. The same was repeated for the radius. 
This resulted in 6 bivariate analyses (3 for femur and 3 for radius). 

2.7. Multivariate linear regression 

Multivariate linear regressions were performed to estimate ultimate 
force of the femur and radius individually. To create the multivariable 
model for ultimate force, the predicted value was set to ultimate force 
while the independent variables were initially set to all morphology 
traits (n = 6). First, backward elimination was used to reduce the vari-
able set to only those significantly and independently contributing to the 
model. Briefly, the variable with the highest p-value was removed from 
the model and the analysis was re-run until all remaining variables had a 
significant contribution (p < 0.05). A second model was created using 
the three morphology parameters proposed in the reduced set of pa-
rameters (Ct.Ar., Ma.Ar., Le). The best fit of each model was assessed 
using the adjusted R2 value. 

3. Results 

3.1. Correlation of traits within each bone 

We used principal component analysis (PCA) to examine how bone 
traits cluster during dimensional reduction. Dimensional reduction can 
allow for fewer variables to characterize the data set while maintaining 
the majority of the variability in the population. In both the femur and 
radius, bone morphometry parameters can be reduced to three compo-
nents that explain almost 99 % of the variation between animals (Fig. 1). 
Clustering of traits is almost identical in the femur and radius. While all 
variables contribute, the first principal component (PC1) is dominated 
by the bone size parameters total area, cortical area, and moment of 
inertia; these three variables are highly correlated (r > 0.79 for each 
pair) and fall into the same hierarchical cluster (Fig. 3). PC2 is domi-
nated by two additional cross-sectional parameters, marrow area and 
cortical thickness, which contribute to PC2 in opposite directions; these 
variables are not significantly correlated. Bone length is the only 
parameter that significantly contributes to PC3. Thus, the five measured 
bone traits that describe cortical cross-sectional morphology can be 
reduced to two principal components, while bone length adds a third 
component. Thus, cortical area, marrow area and length represent a 
reduced set of parameters that characterize long bone morphology in 
this mouse population. 

Similarly, the five measured mechanical properties reduce to two 
dimensions that explain 80 % and 90 % of the variation between animals 
in the femur and radius, respectively (Fig. 2). PC1 is mainly defined by 
bone stiffness and strength. PC2 is defined by properties that reflect bone 
ductility (PYD and Wfx); these two properties are highly and almost 
exclusively correlated to each other and cluster together (Fig. 3). Thus, 
ultimate force and post-yield displacement represent a reduced set of 
parameters that characterize long bone mechanical properties. 

The three estimated material properties moderately or highly 
correlate with each other in both the femur and radius, but this corre-
lation is stronger in the radius (Fig. 3). Within the femur, material 
properties (especially elastic modulus) have negative correlations with 
multiple bone morphology parameters, whereas these correlations are 
absent in the radius. 

Table 1 
List of phenotype variables measured for both the femur and radius.  

Morphology traits (n = 6) Length (Le), cortical area (Ct.Ar), total area (Tt.Ar), 
marrow area (Ma.Ar), polar moment of inertia (J), 
average cortical thickness (Ct.Th) 

Mechanical properties (n 
= 5) 

Ultimate force (Fu), yield force (Fy), stiffness (K), post- 
yield displacement (PYD), work to fracture (Wfx) 

Estimated material 
properties (n = 3) 

Ultimate stress (Su), yield stress (Sy), elastic modulus 
(E)  
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3.2. Correlation of traits between bones 

We used bivariate linear regression to investigate how each trait 
correlates between two long bones, the femur and radius. All 
morphology traits are positively and significantly correlated between 

bones. Notably, the relationships between bones do not depend on sex or 
diet (i.e., slopes of regression lines are not different between groups; 
Fig. 4). We note that there are significant differences in intercepts be-
tween groups, but intercepts from the pooled data are within the 95 % 
confidence interval of the intercept for each group. The R2 values for 

FEMUR (F) RADIUS (R)

0

0.5

1

PC1 PC2 PC3 PC4 PC5 PC6

Cumulative Proportion

0

0.5

1

PC1 PC2 PC3 PC4 PC5 PC6

Cumulative Proportion

0.692 0.200 0.098 0.009 0.001 0.000
Proportion of variance

0.636 0.228 0.120 0.015 0.002 0.000
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Fig. 1. PCA of morphology parameters in the femur and radius. 
Contribution of each morphology parameter collected from uCT of the femur (A) and radius (B) to the individual dimensions of a principal component analysis (PCA). 
For both bones, the first three components (PC) explain over 90 % of variation between animals. TtAr, CtAr, and J contribute the most to PC1. MaAr and CtTh 
contribute the most to PC2. Le is the only variable highly contributing to PC3. Inset graphs show cumulative proportion of variance from each principal component. 
F: femur, R: radius, Le: length, TtAr: total area, MaAr: marrow area, CtAr: cortical area, CtTh: cortical thickness, J: moment of inertia, PC: principal component. 
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Proportion of variance
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Proportion of variance
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Fig. 2. PCA of mechanical properties in the femur and radius. 
Contributions of each mechanical property collected from 3 pt. bending of the femur (A) and radius (B) to the individual dimensions of a principal component 
analysis (PCA). For the femur, the first two components (PC) explain over 80 % of variation between animals. For the radius, the first two components explain over 
90 % of variation between animals. K, Fy, and Fu (stiffness and strength properties) contribute the most to PC1. PYD and Wfx (ductility properties) contribute the 
most to PC2. Inset graphs show cumulative proportion of variance from each principal component. 
F: femur, R: radius, Fu: ultimate force, Fy: yield force, K: stiffness, PYD: post-yield displacement, Wfx: work to fracture, PC: principal component. 
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A BFemoral Traits Radial Traits

Fig. 3. Pearson's correlation matrix for all measured bone traits in the femur and radius. 
Correlation matrix of all 14 bone properties measured for the femur (A) and radius (B). Black boxes surround variables that cluster together using hierarchical 
clustering. Material properties (Sy, Su, E) highly correlate with each other for both bones. E in the femur has negative correlation with many morphometry pa-
rameters, a relationship absent in the radius. Lower triangle shows Pearson's r values. 
F: femur, R: radius, Le: length, TtAr: total area, MaAr: marrow area, CtAr: cortical area, CtTh: cortical thickness, J: moment of inertia, Fu: ultimate force, Fy: yield 
force, K: stiffness, PYD: post-yield displacement, Wfx: work to fracture, Su: ultimate stress, Sy: yield stress, E: elastic modulus. 

Slope x Grp: ns
Int x Grp: ****

Slope x Grp: ns
Int x Grp: **

Slope x Grp: ns
Int x Grp: ****

Slope x Grp: ns
Int x Grp: *

Slope x Grp: ns
Int x Grp: ns

Slope x Grp: ns
Int x Grp: ns

A B C

D E F

R2: 0.36 R2: 0.39 R2: 0.25 

R2: 0.43 R2: 0.44 R2: 0.18 

Fig. 4. Morphology correlations between femur and radius. 
Correlation of morphology traits between the femur (x-axis) and radius (y-axis) with linear regression lines displayed per sex/diet group. Slopes are not significantly 
different between sex/diet groups, for any variable. Intercept values are significantly different for bone length (A), total area (B), medullary area (C), and moment of 
inertia (D). For all traits and all groups, the slopes of the linear regression line are significantly different from zero. Goodness of fit (R2) for all groups pooled is shown 
on each graph. 
Slope: significance of different slopes between groups, Int: significance of different intercepts between groups, ns: not significant, *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, FH: female high fat, FL: female low fat, MH: male high fat, ML: male low fat. 

N. Migotsky et al.                                                                                                                                                                                                                               



Bone Reports 17 (2022) 101615

6

each sex-diet group are generally similar, which is further indication 
that there is a similar relationship between bones across the four groups 
(Supp. Table S1). When sex/diet groups are pooled, cortical area and 
moment of inertia have the strongest correlations between bones (R2 =

0.44 and 0.43, respectively; Fig. 4), while medullary area and cortical 
thickness have the weakest correlations (R2 = 0.25 and 0.18, respec-
tively; Fig. 4). Thus, morphological traits related to size of the radius and 
femur are moderately well correlated in this mouse population and these 
relationships are similar across sex and diet. 

Mechanical properties are weakly correlated between long bones 
(Fig. 5). Ultimate force is the only mechanical property where the slopes 
are different between sex/diet groups (p = 0.03); individual group 
slopes range from 32 % lower to 12 % higher than the pooled slope 
(Supp. Table S2). For post-yield displacement, all four sex/diet groups 
have slopes not different from zero indicating no correlation between 
the femur and radius. Additionally, despite having no significant dif-
ferences in slopes between groups, only female low-fat (FL) and male 
high-fat (MH) have slopes not different from zero for work-to-fracture. 
Material properties are not correlated between long bones, where all 
four sex/diet groups for the three material properties have slopes not 
significantly different from zero (Fig. 6). The estimated values for each 
material property are approximately two times higher in the radius than 
the femur. Thus, whole-bone mechanical properties of the radius and 
femur are only weakly correlated, while estimated material properties 
are not correlated. 

3.3. Prediction of whole-bone strength 

We created a multivariate linear regression to predict ultimate force, 
a measure of whole-bone strength, from morphology parameters 

(Fig. 7). Ultimate force can be predicted with moderate accuracy for 
both bones, with the femur prediction being more accurate (adj R2 =

0.72 (fem) vs. 0.54 (rad)) (Fig. 7.A, B). After using backwards elimina-
tion to exclude non-significant contributing variables, the femur ulti-
mate force can be well predicted from cortical area, moment of inertia, 
cortical thickness, and length (Fig. 7.A). Note that these four parameters 
span the three main PCs explaining a majority of the intra-bone varia-
tion (Fig. 1.A). For the radius, only total area, marrow area, and length 
are needed to predict ultimate force (Fig. 7.B), which corresponds to one 
variable per PC cluster (Fig. 1.B). For both bones, the largest contrib-
uting variable is a measure of cross-sectional bone size. We compared 
this non-biased model to a model using a pre-selected reduced set of 
morphology traits (Ct.Ar, Ma.Ar, Le; determined in Section 3.1 - Cor-
relation of traits within each bone). The goodness of fit is almost iden-
tical to that of the un-biased model (adj R2 = 0.71 (fem) and 0.54 (rad); 
Fig. 7.C, D) supporting the finding that these three parameters are a 
functionally meaningful set. 

3.4. Implications of using beam theory to predict material properties 

Finally, we further examined the negative correlations between 
material properties and morphology parameters identified in the cor-
relation matrix (Fig. 3). In the femur, elastic modulus correlated strongly 
with marrow area, total area, and moment of inertia (r = − 0.64 to 
− 0.71; p < 0.0001). These same correlations in the radius were much 
weaker, albeit significant (r = − 0.16 to − 0.25; p < 0.0001). We used 
bivariate linear regression to investigate these relationships individually 
(Fig. 8). Marrow area correlates the most strongly to elastic modulus and 
this correlation is much stronger in the femur than radius (R2 = 0.51, 
fem (Fig. 8.A) vs 0.061, rad (Fig. 8.D)). Total area correlates moderately 

A B C

D E

Slope x Grp: *
Int x Grp: --

Slope x Grp: ns
Int x Grp: ****

Slope x Grp: ns
Int x Grp: ****

Slope x Grp: ns
Int x Grp: ****

Slope x Grp: ns
Int x Grp: *

R2: 0.25 R2: 0.07 R2: 0.11 

R2: 0.02 R2: 0.01 

Fig. 5. Mechanical property correlations between femur and radius. 
Correlation of mechanical properties between the femur (x-axis) and radius (y-axis) with linear regression lines displayed per sex/diet group. Slopes are not 
significantly different between sex/diet groups, except for ultimate force (A). Intercept values are significantly different for all other traits (B-E). For ultimate force 
(A), yield force (B), and stiffness (C), the slopes of the linear regression line are significantly different from zero. For work to fracture, best fit lines from the FL and 
MH groups are not significantly different from zero. The post-yield displacement regression lines are not significantly different from zero for all sex/diet groups. 
Slope: significance of different slopes between groups, Int: significance of different intercepts between groups, ns: not significant, –: not evaluated, *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, FH: female high fat, FL: female low fat, MH: male high fat, ML: male low fat. 
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A B C
Slope x Grp: ns
Int x Grp: *

Slope x Grp: ns
Int x Grp: ****

Slope x Grp: ns
Int x Grp: ***R2: 0.00 R2: 0.00 R2: 0.00 

Fig. 6. Material property correlations between femur and radius. 
Correlation of material properties between the femur (x-axis) and radius (y-axis) with linear regression lines displayed per sex/diet group. The slopes of the linear 
regression line are not significantly different from zero for any material property trait, and are not significantly different between sex/diet groups. Intercept values 
are significantly different for all traits (A–C). 
Slope: significance of different slopes between groups, Int: significance of different intercepts between groups, ns: not significant, *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, FH: female high fat, FL: female low fat, MH: male high fat, ML: male low fat. 

Fig. 7. Prediction of ultimate force. 
Multivariate linear regression of ultimate force for the femur (A & C) and radius (B&D). (A & B) All morphology parameters were initially included in the model. 
Backwards elimination was used to narrow down only significantly contributing variables. (C & D) Only the reduced set of morphology parameters (Ct.Ar, Ma.Ar, Le) 
were included in the model. The R2 value is extremely similar between models within each bone. Ultimate force is more accurately predicted in the femur compared 
to the radius, as shown by the larger adjusted R2 value. 
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to elastic modulus in the femur (Fig. 8.B) yet very weakly in the radius 
(Fig. 8.E). Moment of inertia had the weakest correlation to elastic 
modulus, but was still moderately correlated in the femur (R2 = 0.40; 
Fig. 8.C). The radius shows a very weak correlation between elastic 
modulus and moment of inertia (R2 = 0.025; Fig. 8.F). Taken together, 
these analyses indicate that beam theory-estimated material properties 
for the femur have a strong dependence on morphology, while the 
estimated material properties of the radius have only a weak depen-
dence on morphology. 

4. Discussion 

We reported previously that long bone traits are different between 
sexes and are altered by diet in LG,SM AI mice (Silva et al., 2019). Using 
these same data from >1100 mice, here we focused on the intra- and 
inter-bone relationships to address four questions: 1) What are a reduced 
set of traits that can describe the morphology and mechanical properties 
of mouse long bones? 2) Do traits correlate between bones? 3) Can the 
reduced set of morphology traits accurately predict bone strength? and 
4) What are the implications of using beam theory to estimate material 
properties in the femur compared to the radius? We find that PCA and 
correlation analysis reveals similar relationships between morphological 
and mechanical properties across the sex/diet groups for both the femur 
and radius, which implies that relationships between bone parameters 
were conserved across sex, diet, and bone. This suggests that the reduced 
set of parameters we report here may be useful to describe mouse long 
bones from other populations. Correlations of individual traits between 
long bones reveal that morphology parameters are positively and 
strongly correlated, whereas mechanical and material properties have 
weak to no correlations between bones. These correlations are again 
independent of sex or diet. Multivariate regression reveals that 54–72 % 
of variation in ultimate force can be predicted from bone morphology 
measured using microCT. Finally, elastic modulus and bone morphology 
are moderately correlated for the femur but not the radius. The 

dependency of material property estimates in the femur on morphology 
raises the possibility of a size-dependent error when using beam theory 
to estimate material properties of mouse femurs. 

We investigated intra-bone relationships of cortical bone traits using 
principal component analysis (PCA) to evaluate which combination of 
variables contribute the most to bone variability in the F34 LGXSM AI 
population. Reducing dimensionality using PCA can simplify interpre-
tation while minimizing data loss. Additionally, we built a correlation 
matrix to investigate the relationship of each pair of traits. Using these 
analyses, we identified a minimal set of cortical bone properties (traits) 
to describe mouse long bones that may be useful when assessing dif-
ferences between experimental groups or variations within other mouse 
populations. For morphometry we identified cortical area, medullary 
area, and bone length; these parameters span the first three principal 
components and together can describe bone expansion periosteally, 
endosteally, and axially. For mechanical properties we identified ulti-
mate force and post-yield displacement; these two parameters are inde-
pendent, contribute almost exclusively to different principal 
components, and represent a force measurement and deformation 
measurement. Compared to other measurements that describe whole- 
bone function (e.g., stiffness), ultimate force is more accurately 
computed since it is independent of deformation measurements, and 
ultimate force had the strongest correlations to morphology parameters 
in our data set (Fig. 3). For material properties, we identify ultimate 
stress. Calculations of ultimate stress do not depend on strain estimation 
and are therefore less variable and more accurate than modulus esti-
mations (Jepsen et al., 2015). 

We investigated inter-bone relationships between the femur and 
radius using bivariate linear regressions for each of the fourteen traits 
reported. Morphometry traits are all significantly and positively corre-
lated between long bones. The lack of significant difference in slopes 
between the sex/diet groups in all these correlations indicates that 
morphometry traits scale between long bones independently of sex or 
diet. In contrast to the moderately strong correlations between bones for 

A B C

D E F
R2: 0.06 R2: 0.04 R2: 0.03 

R2: 0.51 R2: 0.48 R2: 0.40 

Fig. 8. Correlation of elastic modulus with morphology parameters. 
Correlation of elastic modulus with morphology parameters in the femur (A–C) and radius (D–F). Medullary area correlates most strongly with elastic modulus for 
both bones (A & D), but the correlation is stronger in the femur. For each trait, the correlation is stronger in the femur (top row) compared to the radius (bottom row). 
All slopes from the linear regression are significantly different from zero. All 4 sex/diet groups were combined for analysis. 
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morphometric properties, mechanical properties are only weakly 
correlated. Ultimate force is the most strongly correlated (R2 = 0.25) 
between the radius and femur, followed by bone stiffness (R2 = 0.11). 
The correlation between radius and femur for ultimate force reported 
here for mice is comparable to the correlation reported in Patton et al. 
for humans (Patton et al., 2019). However, work-to-fracture and post 
yield displacement do not correlate between long bones indicating 
yielding behavior and ductility assessed by three-point bending are 
bone-dependent properties. Estimated material properties have no cor-
relation between long bones. While this result could mean that murine 
bone material properties differ between bones, it may be an artifact of 
inaccurate estimations of femur material properties using beam theory. 
To answer this question, more direct methods to estimate material 
properties are required. Regardless, the lack of strong correlation of 
mechanical and material properties between the radius and femur in-
dicates that the results from routine three-point bending tests of one long 
bone (e.g., femur) may not be generalizable to another long bone (e.g., 
radius). 

Next, we investigated the feasibility of predicting bone strength 
using bone morphology determined by microCT. If variation in bone 
strength can be estimated using non-destructively measured parameters, 
physically breaking bones may be unnecessary and bone samples could 
be used for other outcomes (e.g., histology). The unbiased multi-variable 
model we report here can predict nearly 72 % of the variation in ulti-
mate force in the femur and nearly 54 % in the radius. A reduced set of 
morphology parameters predict the same amount of variation as the 
unbiased model for both bones. Additionally, using just one of the 
morphometry parameters in the reduced set (cortical area) explains 
nearly the same amount of variation in ultimate force (71 % for femur, 
49 % for radius). Bone mineral density alone can explain 50–75 % of the 
variation in ultimate strength in various mammalian models, and 
around 57 % for rat humerus (Ammann and Rizzoli, 2003), which is 
similar to the range of variation explained by our model. Additionally, 
other groups have used similar multivariable models and have been able 
to predict almost 80 % of femur strength using bone volume, cortical 
thickness, and total area (Voide et al., 2008). The higher goodness of fit 
of the model in that study might be due to the differences in mouse 
number, range of bone sizes, and measurement technique. While 
morphometry-based estimation of bone strength is an appealing 
concept, 28–46 % of variation in ultimate force was not explained by our 
model leading us to conclude that mechanical testing is still essential to 
assess differences in bone strength between experimental groups. 

Finally, we investigated the implications of using beam theory to 
estimate bone material properties. Three- (or four-) point bending is the 
preferred method to mechanically test bones of small animals (Jepsen 
et al., 2015). Typically, material properties are estimated using engi-
neering beam theory where the test specimen is assumed to have a 
constant cross-section, homogenous and isotropic properties, and a large 
length-to-width ratio. The femur, which is the most common bone used 
for mechanical testing, does not meet these assumptions and therefore 
estimated values of material properties are generally underestimated 
(Jepsen et al., 2015; Schriefer et al., 2005; van Lenthe et al., 2008). The 
radius is a longer, more slender bone that more accurately meets beam 
theory assumptions, but can be more difficult to handle and requires 
more sensitive testing equipment due to its small size. A previous study 
comparing the accuracy between the radius and femur did so in mouse 
bones of two genetic backgrounds having distinctly different bone size 
(B6, C3H) (Schriefer et al., 2005). The mice in the current study have a 
more continuous range of bone sizes and strengths and include larger 
variations of genetic backgrounds, allowing us to test if the limitations of 
applying beam theory to mouse bones are more broadly applicable. We 
found strong correlations of elastic modulus with bone morphometry 
parameters in the femur only, with 40–50 % of variation in elastic 
modulus being explained by bone geometry. These correlations are 
almost entirely absent in the radius, with only 2.5–6 % of the variation in 
elastic modulus being explained by bone geometry. This suggests that 

size differences in bones may bias femur-estimated values of material 
properties much more so than radius-estimated properties. These find-
ings provide additional support to previous recommendations for me-
chanical testing of the radius when a goal is to estimate material 
properties (Jepsen et al., 2015; Schriefer et al., 2005). 

In summary, we used a large, previously published data set (Silva 
et al., 2019) from mice spanning a large range of body size and weight to 
investigate the structure-function relationship of two long bones and the 
dependency on sex and diet. In both the femur and radius, bone traits 
similarly cluster together using PCA and correlation analysis. Addi-
tionally, how bone traits cluster did not change based on sex/diet 
groups. The independence on bone type, sex, and diet provide support 
that these correlations are more broadly applicable to cortical traits of 
long bones from various mouse populations. We identified a reduced set 
of parameters for morphometry, mechanical properties, and material 
properties that are fairly independent yet span the various principal 
components to explain the most variation in the population. For 
morphometry, we identified cortical area, medullary area, and bone 
length; for mechanical properties, we identified ultimate force and post- 
yield displacement; for material properties, we identified ultimate 
stress. We observed that up to 50 % of the variation in femur-estimated 
elastic modulus could be explained by size parameters, which suggests 
that caution should be taken when interpreting estimated material 
properties of the femur. Finally, while many morphometry parameters 
are highly correlated with mechanical properties, predicting ultimate 
force from morphometry alone did not account for up to 50 % of the 
variation between animals in our study, highlighting the value of 
destructive mechanical testing. Our results support that testing be done 
on the bone of interest because mechanical, and especially material, 
properties correlated poorly between the femur and radius. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bonr.2022.101615. 
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