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a b s t r a c t 

Subject- and site-specific modeling techniques greatly improve the accuracy of computational models 

derived from clinical-resolution quantitative computed tomography (QCT) data. The majority of shoul- 

der finite element (FE) studies use density–modulus relationships developed for alternative anatomical 

locations. As such, the objectives of this study were to compare the six most commonly used density–

modulus relationships in shoulder finite element (FE) studies. To achieve this, ninety-eight (98) virtual 

trabecular bone cores were extracted from uCT scans of scapulae from 14 cadaveric specimens (7 male; 7 

female). Homogeneous tissue moduli of 20 GPa, and heterogeneous tissue moduli scaled by CT-intensity 

were considered. Micro finite element models (μ-FEMs) of each virtual core were compressively loaded to 

0.5% apparent strain and apparent strain energy density (SED app ) was collected. Each uCT virtual core was 

then co-registered to clinical QCT images, QCT-FEMs created, and each of the 6 density–modulus relation- 

ships applied (6 × 98 = 588 QCT-FEMs). The loading and boundary conditions were replicated and SED app 

was collected and compared to μ-FEM SED app . When a homogeneous tissue modulus was considered in 

the μ-FEMs, SED app was best predicted in QCT-FEMs with the density–modulus relationship developed 

from pooled anatomical locations (QCT-FEM SED app = 0.979μ-FEM SED app + 0.0066, r 2 = 0.933). A differ- 

ent density–modulus relationship best predicted SED app (QCT-FEM SED app = 1.014μ-FEM SED app + 0.0034, 

r 2 = 0.935) when a heterogeneous tissue modulus was considered. This study compared density–modulus 

relationships used in shoulder FE studies using an independent computational methodology for compar- 

ing these relationships. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Clinical-computed tomography (CT) scans are commonly

performed for diagnostics and surgical planning of upper limb

orthopaedic surgical procedures. Improvements in surgical proce-

dures, implant designs, understanding of joint biomechanics, and

pathologic conditions can be elucidated using clinical-resolution-

derived computational finite element models (FEMs). As initial
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nput to these models a constitutive relationship must be chosen

hat relates the CT-intensity to the bones’ mechanical properties,

o ensure that the resulting model is an accurate representation of

he bone being modeled. 

These density–modulus relationships have been shown to re-

ult in clinical-resolution-derived whole-bone FEMs that are highly

orrelated with experimental results ( R 2 > 0.90) [1,2] . These re-

ationships are thought to be site-specific, with anatomic site- and

ubject-specific modeling parameters shown to greatly improve the

ccuracy of clinical-resolution-derived FEMs [3–6] . However, it is

ommon for relationships developed for one anatomic site, such as

he hip, to be used in another, due to a paucity of established re-

ationships. Pooling relationships from multiple anatomic sites to

mprove the modeling of mechanical properties in alternative sites

https://doi.org/10.1016/j.medengphy.2019.02.005
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2019.02.005&domain=pdf
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s one approach to cover a greater density range. However, this

ethod neglects site-specific trabecular architecture, the local dis-

ribution of bone, and the geometric contributions from the corti-

al structure of whole-bones. 

Anatomic site-specific linear isotropic density–modulus re-

ationships are commonly used in biomechanics research for

ccurate material mapping in FEMs derived from commercially

vailable (Mimics, Materialise, Leuven, BE.; Simpleware, Synopsys,

ountain View, CA, USA) and open source (BoneMat) software,

aking these relationships essential to FEM development. A

arge number of density–modulus relationships exist within the

iterature [7] , with relationships primarily developed by testing

hysical trabecular and/or cortical bone specimens. However,

hen mechanically testing specimens, variations in experimental

esting protocols have resulted in large systematic errors due to

nd-artifacts, specimen geometry, misrepresented boundary con-

itions, and the loss of load-carrying capacity of outer trabeculae

ue to coring [7–9] . To improve model accuracy and reduce these

rrors, computational μ-FEMs that account for mineral hetero-

eneity [10–15] may provide a robust method of density–modulus

evelopment. 

A computational methodology has recently been reported that

ses μ-FEMs and co-registered QCT-FEMs to compare the loading

f trabecular bone cores [16] . This methodology eliminates some

f the errors associated with traditional experimental mechanical

esting of trabecular bone cores [17] and allows for the use of

dentical boundary conditions across models. Consistent with pre-

ious work, this methodology uses apparent strain energy den-

ity (SED app ) to compare multi-resolution modeling of trabecular

one [16,18] . Accounting for trabecular tissue heterogeneity at the

icro-level has been shown to improve μ-FEM accuracy by allow-

ng for a more accurate representation of trabecular bending stiff-

ess [10–13,15] . Computationally, this is represented as a heteroge-

eous distribution of varying tissue modulus and is consistent with

tudies that have illustrated variations in trabecular tissue density

uperficially and at the core due to trabecular bone remodeling

19,20] . 

Six relationships are commonly used in shoulder FE studies

21–26] , with only a single study having used scapular trabecular

one samples [22] for development. Shoulder FE studies lack ex-

erimental validation of the FE results, limiting the ability to trans-

ate outcomes and compare studies. This study compares these six

elationships on the ability to predict SED app in μ-FEMs derived

rom glenoid trabecular bone. 

. Materials and methods 

.1. Micro finite element model generation 

Fourteen full-arm cadaveric specimens were obtained (7 male;

 female; mean age 67 ± 8 years). The scapula was removed and

enuded of all soft tissues. The glenoid fossa of each scapula was

canned with a micro-computed tomography scanner (Nikon XT

 225 ST, Nikon Metrology, NV, 95 kVp, 64 μA, 3141 projections,

0 0 0 ms exposure). To include the entire glenoid structure in all

cans from the largest to the smallest specimen, a fixed spatial res-

lution of 32 μm was used. As recommended for numerical con-

ergence in subsequent μ-FEMs, this spatial resolution was less

han one-fourth the mean trabecular thickness [27,28] . The images

ere exported as 16-bit Digital Imaging and Communications in

edicine (DICOM) format, and loaded to medical imaging software

Mimics, V.20.0, Materialise, Leuven, BE). 

The raw images were filtered with a Gaussian filter ( σ = 1.25,

upport = 2) to remove high frequency noise. A specimen-specific

hreshold was used to separate bone from the surrounding mar-

ow, preserving trabecular geometry [29] . A three-dimensional
tereolithography (STL) model was created and transferred to

-Matic (V.12.0, Materialise, Leuven, BE). Volumes of interest

VOIs) with 5 mm edge length and 10 mm in length were placed

edial to the glenoid articular surface subchondral bone. This

ize was chosen for consistency between the smallest and largest

pecimens, while maintaining the recommended 2:1 aspect ratio

7] . A maximum number of VOIs were placed in each specimen to

nsure only glenoid vault trabecular bone was removed, resulting

n 98 ‘virtual cores’ among the 14 specimens. The 3D morpho-

etric measurements for the cores had an average bone volume

raction (bone volume/total volume (BV/TV)) of 0.25 ± 0.08

range: 0.10–0.51), trabecular thickness (Tb.Th 

∗) of 0.26 ± 0.05

range 0.17–0.40), trabecular separation (Tb.Sp 

∗) of 0.80 ± 0.13

range: 0.29–1.03), and a trabecular number (Tb.N 

∗) of 0.93 ± 0.23

range: 0.53–1.52) (Skyscan CTAn, Bruker micro-CT, Kontich, BE). 

Each VOI was transferred back to Mimics and registered to

he DICOM images, to associate each VOI with the corresponding

rayscale intensity of the contained voxels. Region growing with

-connectivity was used to ensure connected voxels. The central

oxel coordinates and associated grayvalues were exported and

ustom code was used for direct conversion to eight node hexa-

edral elements [30] . Two tissue moduli cases were considered in

-FEM development: a homogeneous tissue modulus, and a hetero-

eneous tissue modulus. In the former, all elements were assigned

 uniform modulus of 20 GPa. In the latter, an element-wise mate-

ial mapping was performed that used each voxel’s grayvalue and

 quantitative linear mapping to a reference modulus of 20 GPa,

ith a slope factor of 1.4 [13] . This resulted in a tissue modulus

anging from 4.3 to 21.5 GPa (16.9–39.2% coefficient of variation

COV)), and mean tissue modulus of 9.8 ± 1.0 GPa for all 98 het-

rogeneous μ-FEMs. 

Following the methods described by Knowles et al. [16] , the

odes of the bottom face of the resulting linear-isotropic homo-

eneous (98 μ-FEMs) and heterogeneous (98 μ-FEMs) were fully

onstrained, with the top nodes constrained to compressive only

oading of 0.5% apparent strain [31] (Abaqus V.6.14, Simulia, Provi-

ence, RI, USA). Custom Matlab (Mathworks Inc., Natick, MA, USA)

ode generated the Abaqus input file, ensuring identical boundary

onditions and loads between models. The apparent strain energy

ensity (SED app ) was calculated for each of the 196 μ-FEMs. 

.2. Quantitative computed tomography (QCT) finite element model 

eneration 

The 14-cadaveric scapulae were also scanned with a clinical

ulti-slice CT-scanner (GE Discovery CT750 HD, Milwaukee, WI,

SA, 120 kVp, 200 mAs, 320 mm FOV, 0.625 mm isotropic vox-

ls, BONEPLUS convolution kernel). A liquid dipotassium phos-

hate (K 2 HPO 4 ) calibration phantom (QCT Pro, Mindways Soft-

are Inc., Austin, TX, USA) was scanned with each specimen to

rovide a consistent density scaling reference among specimens

g K2HPO4 /cm 

3 ). The DICOM images were loaded into Mimics, a 3D

TL model was generated and transferred to 3-Matic. The QCT-

odel was co-registered to the μ-CT model using iterative clos-

st points fitting. The previously placed uCT VOIs were duplicated

nd transformed to the QCT coordinate system using the coordi-

ate transform between the two models. Each QCT VOI was trans-

erred back to Mimics and registered to the DICOM images. The

OI size is evenly divisible by the QCT voxel dimensions, ensuring

artial volume effects are eliminated during registration. 

Custom-written Matlab code generated linear-isotropic mod- 

ls with eight-node hexahedral elements [30] and generated the

baqus input file, with identical boundary and loading conditions

o the μ-FEMs. The code was also used to implement each of

he six non-linear density–modulus relationships used in shoul-

er finite element (FE) studies ( Table 1 ). These relationships were
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Table 1 

Density–modulus relationships used in scapular FE studies. 

E = αρβ

Reference Density measure ( ρ) Density range (g/cm 

3 ) Anatomic location α β r 2 

Morgan et al. [21] Apparent (0.09–0.75) Pooled 8920 1.83 0.88 

Morgan et al. [21] Apparent (0.26–0.75) Femoral neck 6850 1.49 0.85 

Gupta and Dan [22] Apparent < 0.35 Scapulae 1050 2 0.403 

0.35–1.8 30 0 0 3 0.987 

Büchler et al. [23] Apparent/1.8 n/r n/r 15,0 0 0 2 n/r 

Carter and Hayes [24] Apparent (0.18–2.00 rfg) Human tibia and bovine femur 2875 3 n/r 

Schaffler and Burr [32] Ash (0.644–0.723) < 1.54 Bovine tibia and femur 60 + 900 2 n/r 

Apparent 

Rice et al. [25] Apparent (1.80–2.00) > 1.54 Human and bovine 90 7.4 n/r 

Apparent 

Density range refers to piecewise density relationships. In brackets are the ranges of physical bone samples tested in the respective studies. 

Pooled values are from Vertebra (T10-L5), Proximal Tibia, Greater Trochanter, and Femoral Neck. The Büchler et al. [23] relationship is derived 

from Hayes [26] , Reilly et al. [33] , and Rice et al. [25] does not report which studies contributed to the relationships. Therefore, density range 

and anatomic location could not be extracted. Carter and Hayes [24] assume a physiologic strain rate of 0.01/s. n/r – not reported. rfg – read 

from graph. 
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applied element-wise, such that each element had a unique mod-

ulus assigned based on its corresponding voxel QCT density. The

following equations derived from the co-registered VOIs were de-

veloped to convert QCT to apparent density. A linear relationship

between the BV/TV of each μ-CT VOI and corresponding QCT den-

sity of each co-registered QCT VOI was used to develop Eq. (1) .

The relationship between BV/TV and apparent density described by

Carter and Hayes [24] was then used to relate the QCT density to

apparent density ( Eq. (2) ). This allowed Eq. (3) to be used to con-

vert between QCT and apparent density and resulted in QCT-FEMs

with a range of average apparent densities of 0.10 – 0.90 g/cm 

3 . 

ρQCT 

[ 
g K2 HPO 4 

c m 

3 

] 
= 0 . 821 

BV 

T V 

− 0 . 003 (1)
Fig. 1. The workflow used to create μ-FEMs and QCT-FEMs. Fourteen specimens were us

( E tissue = 20 GPa) or heterogeneous ( E tissue scaled by CT-intensity [13] ), loaded in unconstr

Co-registered QCT-FEMs were loaded with identical boundary conditions and the SED app w
QCT 

[ 
g K2 HPO 4 

c m 

3 

] 
= 0 . 821 

ρapp 

1 . 8 

− 0 . 003 , (2)

here BV 
T V = 

ρapp 

ρreal 
, with ρreal = 1 . 8 [ g 

c m 

3 ] [24] 

app 

[ 
g 

c m 

3 

] 
= 2 . 192 ρQCT + 0 . 007 (3)

For each QCT-FEM (6 × 98 = 588 models), the apparent strain

nergy density (SED app ) was calculated. The SED app between QCT-

nd μ-FEMs were used to compare each density–modulus relation-

hip’s ability to map the apparent modulus to each virtual core

 Fig. 1 ). To account for the larger number of cores than specimens,

estricted maximum likelihood estimation (REML) linear regression

ts were used (Matlab Statistics Toolbox, V. R2017a). 
ed to acquire μ-CT and QCT images. The μ-FEMs were applied either homogeneous 

ained compression and used to determine μ-FEMs apparent strain energy (SED app ). 

as compared to the μ-FEM SED app . 
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Table 2 

Results from restricted maximum likelihood estimation linear regression fits of apparent strain energy (SED app ) predic- 

tions between QCT-FEMs and homogeneous tissue modulus μ-FEMs (20 GPa). 

QCT-FEM SED app = mμ-FEM SED app + b 

Author r 2 m b SE SE/mean (%) 

Morgan et al. [21] – pooled 0.933 0.979 0.0066 0.0049 17.5 

Morgan et al. [21] – femur 0.937 0.739 0.0098 0.0037 14.4 

Gupta and Dan [22] 0.891 0.326 −0.0013 0.0019 32.2 

Büchler et al. [23] 0.942 0.516 0.0021 0.0023 17.5 

Carter and Hayes [24] 0.901 0.317 −0.0014 0.0017 31.7 

Schaffler and Burr [32] 0.940 0.105 0.0013 0.0 0 05 13.7 

Rice et al. [25] 

r 2 – coefficient of determination; m – slope of regression line; b – intercept of regression line; SE – standard error of 

regression; SE/mean – standard error of regression as a percentage of the mean value. 
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. Results 

When considering comparisons between QCT-FEMs and μ-FEMs

ith a homogeneous tissue modulus, near absolute statistical

greement ( Y = X ) was observed between the μ-FEMs and the QCT-

EMs using the Morgan et al. [21] pooled relationship ( Table 2 ).

ot surprisingly, due to the similarity between the two relation-

hips ( Table 2 ), the Gupta and Dan [22] and Carter and Hayes

24] models showed near identical REML linear regression fit pa-

ameters. All relationships other than the Morgan et al. [21] pooled

elationship, greatly underestimated the μ-FEM apparent strain en-

rgy density (SED app ) when considering a homogeneous tissue

odulus in the μ-FEMs ( Fig. 2 ). The Schaffler and Burr [32] and

ice et al. [25] relationship had the lowest standard error di-

ided by the mean and the highest coefficient of determination,

ut greatly underestimated the μ-FEM SED app . The underestima-

ion of SED app was also evident from the Bland–Altman plots for

he homogeneous tissue modulus models. Significant proportional

rror for the Gupta and Dan [22] , Carter and Hayes [24] , the Schaf-

er and Burr [32] , and Rice et al. [25] relationships was observed.

here was also moderate proportional error for the Büchler et al.

23] relationship in these comparisons. 

The same result with the pooled relationship did not hold true

hen the heterogeneous tissue modulus was considered in the

-FEMs. The Büchler et al. [23] relationship most accurately pre-

icted the SED app for this comparison ( Table 3 ). The Gupta and Dan

22] and Carter and Hayes [24] relationships again showed near

dentical REML linear regression fit parameters, and for the hetero-

eneous case, the Bland–Altman plots were nearly identical ( Fig. 3 ).
 l  

ig. 2. Restricted maximum likelihood linear regression fits (upper row) and Bland–Altm

-FEM homogeneous tissue modulus of 20 GPa. 
gain, the Schaffler and Burr [32] and Rice et al. [25] relationship

ad the lowest standard error divided by the mean and the highest

oefficient of determination, but greatly underestimated the μ-FEM

ED app . The Bland–Altman proportional error illustrates an over-

stimation in SED app with both Morgan et al. [21] relationships

nd proportional error underestimation of SED app with the Schaf-

er and Burr [32] and Rice et al. [25] relationship. 

. Discussion 

This study compared the six most commonly used density–

odulus relationships used in finite element (FE) modeling of the

houlder using a computational methodology with co-registered μ-

EMs [16] . When a homogeneous effective tissue modulus is used

n μ-FEMs the results suggest that density–modulus relationships

apped to co-registered QCT-FEMs pooled from multiple anatomic

ites, may accurately predict the apparent strain energy density

SED app) of glenoid trabecular bone. When considering a hetero-

eneous tissue modulus, the Büchler et al. [23] relationship most

ccurately predicted the SED app of the μ-FEMs. The differences in

ED app between these two relationships and their ability to repre-

ent micro-level SED app may be due to variations in the trabecular

ensity range of the samples used in density–modulus relationship

evelopment and the resulting heterogeneity of the trabeculae. 

The μ-FEMs used in this study were linear isotropic and there-

ore the arbitrary homogeneous effective tissue modulus can be

caled to determine the ‘ideal’ modulus for absolute statistical

greement ( Y = X ). In this case, the ideal effective tissue modu-

us for the Morgan et al. [21] pooled relationship was 20.43 GPa,
an plots (lower row) of the of the six density–modulus relationships compared for 
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Table 3 

Results from restricted maximum likelihood estimation linear regression fits of apparent strain energy (SED app ) predic- 

tions between QCT-FEMs and heterogeneous tissue modulus μ-FEMs. 

QCT-FEM SED app = mμ-FEM SED app + b 

Author r 2 m b SE SE/mean (%) 

Morgan et al. [21] – pooled 0.926 1.914 0.0091 0.0052 18.5 

Morgan et al. [21] – femur 0.928 1.432 0.0119 0.0040 15.4 

Gupta and Dan [22] 0.892 0.638 −0.0 0 05 0.0019 32.2 

Büchler et al. [23] 0.935 1.014 0.0034 0.0025 18.7 

Carter and Hayes [24] 0.900 0.617 −0.0 0 07 0.0018 32.2 

Schaffler and Burr [32] 0.947 0.211 0.0015 0.0 0 05 12.9 

Rice et al. [25] 

Element-wise material heterogeneity in the μ-FEMs was applied to each model using a slope factor of 1.4 and a ref- 

erence tissue modulus of 20 GPa [13] . r 2 – coefficient of determination; m – slope of regression line; b – intercept of 

regression line; SE – standard error of regression; SE/mean – standard error of regression as a percentage of the mean 

value. 

Fig. 3. Restricted maximum likelihood linear regression fits (upper row) and Bland–Altman plots (lower row) of the of the six density–modulus relationships compared for 

μ-FEM heterogeneous tissue modulus. The modulus was applied using a slope factor of 1.4 and a reference tissue modulus of 20 GPa [13] . 
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which is consistent with the 20 GPa modulus chosen. Although

Morgan et al. [21] do not report an effective tissue modulus for the

pooled samples in their study, they do report an effective tissue

modulus of 22 GPa for their relationship developed from femoral

neck specimens. Our effective tissue modulus for this same rela-

tionship would be 27 GPa, when scaled to reach absolute statistical

agreement. When translating micro-level mechanical property rela-

tionships to the apparent level, the apparent density is determined

by the relationship between apparent modulus and apparent den-

sity. For accurate characterization among anatomic sites, this den-

sity range must be consistent because it is the only factor that is

controlled in the density–modulus mapping to clinical-resolution

derived FEMs. 

Single anatomic site relationships are typically developed us-

ing an average density of a physical bone specimen, resulting

in a relatively narrow range of density values. This is espe-

cially true in vertebrae, the greater trochanter, and the proximal

tibia ( ρapp = 0.09–0.41) [21] . Anatomic sites that experience larger

loads typically result in density values that extend to a larger

range. When mapping density–modulus relationships derived from

clinical-resolution scans, regardless of anatomic site, each voxel in-

corporates the full range of density values representative of bone,

and therefore requires extrapolation beyond the typical range of

average densities presented in many density–modulus relation-

ships [7] . 

It is generally reported that due to variations in trabecular

architecture and density by anatomic site, extrapolation beyond
he presented density ranges and to alternative anatomic sites, is

ot recommended [7,21,34] . However, the apparent density ranges

or the Morgan et al. [21] relationships (0.26–0.75 g/cm 

3 for the

emoral neck, and 0.09–0.75 g/cm 

3 for pooled), were consistent

ith the apparent density range of the samples used in the present

tudy (0.10–0.90 g/cm 

3 ). Even though the density range is sim-

lar, these relationships ignore the variable contribution of tra-

ecular architecture between anatomic sites. It has been reported

hat bone volume fraction (BV/TV) accounts for ∼90% of the elas-

ic properties of trabecular bone, with architecture (based on fab-

ic tensor) accounting for ∼10% [35] . Because BV/TV is inher-

ntly related to apparent density, this may indicate that a single

ensity modulus relationship could accurately represent the me-

hanical properties of trabecular bone, independent of anatomic

ite. For this to hold true, the density range must be similar and

nisotropy must be integrated into the QCT-FEMs. The integration

f anisotropy into QCT-FEMs adds a level of complexity that is be-

ond the scope of many studies and has yet to be compared be-

ond the patella [36] , femur [37] , or tibia [38] . 

For the Büchler et al. [23] relationship the apparent density

ange for the samples used in the development of this relation-

hip is unknown. However, it is possible that the heterogeneous

issue modulus of these samples more closely match the true het-

rogeneous distribution of the specimens tested in this study and

ay account for why this relationship was a stronger predictor

f heterogeneous μ-FEMs SED app . Load transfer paths are depen-

ent not only on trabecular architecture, but also on the density of
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ndividual trabeculae [9] . As such, multiple studies using experi-

ental results for reference, have found that accounting for mate-

ial heterogeneity in trabeculae improves the accuracy of μ-FEMs

ompared to homogeneous μ-FEMs [10–15] . The variation in min-

ralization across the width of trabeculae has significant influence

n the bending stiffness, and as such may greatly alter the me-

hanical properties under compressive loading [12] . Due to this

act, it is not possible to scale the heterogeneous tissue modulus

s with the homogeneous effective tissue modulus. Although the

-FEM material mapping uses a linear mapping of tissue modu-

us based on CT-intensity, the distribution of CT-intensity varies by

pecimen, and the bending stresses are dependent on this tissue

odulus distribution at the trabecular level. 

The ‘ideal’ density–modulus relationship would result in ab-

olute statistical agreement ( Y = X ) between μ-FEM and QCT-FEM

ED app , which was the primary metric for determining which rela-

ionship best mapped the mechanical properties to the QCT-FEMs.

lthough the Schaffler and Burr [32] and Rice et al. [25] relation-

hip had the largest coefficient of determination ( r 2 ) and lowest

tandard error of regression (SE), the proportional error shown

n the Bland–Altman plots was largest for this relationship. The

organ et al. [21] relationships showed similar coefficients of

etermination ( r 2 ) and standard errors of regression (SE) for both

he homogeneous ( Table 2 ) and heterogeneous cases ( Table 3 )

ut had lower bias for the homogeneous case ( Fig. 2 ), compared

o the heterogeneous case ( Fig. 3 ). If an effective homogeneous

issue modulus is assumed to accurately represent the tissue-level

echanical response of the trabecular bone, then the Morgan

t al. [21] density–modulus relationship from pooled anatomic

ites should be used. However, the perhaps more relevant hetero-

eneous tissue modulus case [10–15] indicates that the Büchler

t al. [23] density–modulus relationship should be used to model

rabecular bone in shoulder FEMs. 

A limitation of this study is that physical bone specimens

ere not directly tested. The wide variety of testing protocols

hat are reported in density–modulus relationship development

7] provides a confounding bias that is difficult to account for

hen testing the mapping of constitutive relationships. Although

hysical bone specimen testing has become the ‘gold standard’ in

ensity–modulus relationship development, recent literature has

hown excellent correlations of μ-FEMs with empirical data [17,39] ,

ndicating that μ-FEMs can accurately determine the apparent me-

hanical properties of trabecular bone without the need for em-

irical mechanical testing. The computational methodology used

n this study [16] eliminates the systematic error resulting from

pecimen preparation, end-artifacts, physical measurement error, 

nd stiffness variations that may occur in testing apparatus. This

ethodology allows for an indirect comparison and determination

f the most accurate density–modulus relationships, as suggested

y Helgason et al. [7] . To provide external validation with these

omparisons, empirical modeling could be combined with μ-FEM

evelopment. These models should replicate empirical boundary

onditions using digital volume correlation (DVC) and compare

ull-field DVC results to computational results [17] . Further studies

hould be performed to determine whether these relationships can

e translated to whole bones. This may provide insight into the

redictive capabilities of using pooled or custom density–modulus

elationships in the mapping of mechanical properties in future

linical-resolution derived FEMs of the shoulder. 
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