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Introduction

Whole-bone fracture resistance depends on bone quantity (as
assessed clinically by bone mineral density, BMD) and bone qual-
ity, which encompasses the additional geometric, microarchitec-
tural, and material factors that contribute to skeletal integrity.
Although BMD is currently used clinically to predict fracture risk,
variation in BMD explains only 30-60% of the observed variation
in bone strength [1-7]. As the limitations of BMD in predicting
fracture have become apparent, clinical and scientific interest in
bone quality factors have increased [8]. Recently, average tissue
mineral and matrix properties assessed by Fourier transform infra-
red imaging (FTIRI), including the mineral to matrix ratio, the
mineral crystallinity, and the collagen maturity, were identified as
bone quality factors that contribute to fracture risk independently
of changes in BMD [9]. This study demonstrated that average tis-
sue compositional properties assessed at the microscale played a
critical role in the macroscopic fracture behavior of whole bones.
However, the material properties of bone are not homogeneous;
rather, spatial variations in material properties within the tissue
arise from the composite structure (Fig. 1) and continuous remod-
eling activity.

Nanoscale or microscale heterogeneity, i.e., spatial variation in
material properties, is emerging as a potentially important contrib-
utor to bone quality because of its putative contribution to tissue-
level toughening mechanisms [10]. The microstructure of bone
encompasses numerous toughening mechanisms that act across
multiple hierarchical levels. From a materials science perspective,
heterogeneity of bone tissue material properties is expected to
provide intrinsic toughening by promoting plasticity that resists
crack initiation and propagation, in addition to “extrinsic” tough-
ening provided by lamellar or osteonal interfaces that may deflect
cracks once they have begun to propagate [11]. However, the
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Multiscale Contribution of Bone
Tissue Material Property
Heterogeneity to Trabecular
Bone Mechanical Behavior

Heterogeneity of material properties is an important potential contributor to bone frac-
ture resistance because of its putative contribution to toughness, but establishing the con-
tribution of heterogeneity to fracture risk is still in an incipient stage. Experimental
studies have demonstrated changes in distributions of compositional and nanomechanical
properties with fragility fracture history, disease, and pharmacologic treatment. Compu-
tational studies have demonstrated that models with heterogeneous material properties
predict apparent stiffness moderately better than homogeneous models and show greater
energy dissipation. Collectively, these results suggest that microscale material heteroge-
neity affects not only microscale mechanics but also structural performance at larger
length scales. [DOI: 10.1115/1.4029046]

current understanding of the contribution of heterogeneity of ma-
terial properties to fracture risk is still in an incipient stage, in part
due to the multiple levels of microstructural hierarchy involved.

Over the past decade, experimental evidence highlighting
changes in microscale heterogeneity of tissue properties with
patient fragility fracture history, disease, and pharmacologic treat-
ment has suggested that these properties might be important senti-
nels of altered bone quality in pathologic tissue [8,12—15]. In
parallel, analytical and computational studies incorporating heter-
ogeneous material properties have begun to provide mechanistic
insight into the effects of microscale material property variations
on bone structural performance at the bulk tissue level [16-20].

Here, we review studies examining the contribution of hetero-
geneity of material properties to the structural behavior of cancel-
lous bone. We focus primarily on experimental studies assessing
the material properties of bone tissue in a spatially resolved fash-
ion and secondarily on computational studies that integrate tissue-
level material properties across multiple hierarchical levels. In
this review, we do not address factors that contribute exclusively
to cortical bone behavior, such as cortical microarchitecture, as
reviewed elsewhere [21-23]. We do not address heterogeneity of
trabecular architecture and density, although these properties
clearly affect bone behavior at a structural level [24-26]. Here,
we examine studies that probe bone compositional and mechani-
cal properties across multiple hierarchical levels of the micro-
structure (Fig. 1). For consistency, we adopt the following
terminology: (1) “microscale” refers to structures in bone approxi-
mately 1-10 um, for instance, lamellae; (2) “mesoscale” refers to
structures on the order of 100 um, for instance, individual trabecu-
lae; and (3) “millimeter scale” refers to structures approximately
1-10 mm or bulk cancellous tissue.

Experimental Assessment of Tissue Material
Heterogeneity

To characterize the heterogeneity of bone tissue material properties
at these length scales, a variety of materials characterization
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techniques can be used, as outlined in Fig. 1. At the microscale,
mechanical properties can be directly assessed only by nanoinden-
tation, which can measure both elastic and inelastic properties
[27-30]. At the mesoscale, reference point indentation measures
mechanical response to impact loading in vivo [31,32], and three-
point bend tests on individual trabeculae or cortical microbeams
assess stiffness, strength, and fracture properties [33—35]. Finally,
at the millimeter scale, bulk cancellous tissue can be compressed
to assess apparent stiffness, yield stress, and ultimate strength
[36]. To measure composition of bone tissue at the microscale,
techniques include scanning electron microscopy, quantitative
backscattered electron imaging (qBEI), FTIRI, and Raman
imaging. Of these techniques, the electron microscopy-based tech-
niques assess only the mineralized components of the tissue;
Raman imaging and FTIRI are the only techniques capable of
assessing collagen matrix properties [37,38]. However, SEM and
gqBEI are higher throughput techniques that allow analysis of
greater specimen numbers for large studies [39]. These techniques
can be combined to generate complementary data on bone quality.
The strengths and limitations of each of these methods have been
reviewed previously [40].

Microscale. Application of materials characterization techni-
ques to bone tissue have allowed assessment of bone composi-
tional and nanomechanical properties at spatial resolutions
~1 pum. These characterization techniques have been used in a va-
riety of studies evaluating the effect of several variables on tissue
heterogeneity, including fragility fracture history, disease status,
and pharmacologic treatment history (Table 1). Taken together
the results of these studies suggest that microscale heterogeneity
of bone tissue affects not only microscale mechanical properties
but also structural performance at larger length scales.

Association Between Fracture Status and Microscale Tissue
Heterogeneity. In human patients, comparison of bone tissue
properties in cohorts of patients with and without fragility frac-
tures is the only experimental approach that enables microscale
tissue material properties to be related to whole-bone structural
behavior in vivo. Assessments of heterogeneity in patient groups
with and without fragility fractures using several analytical
techniques have shown differences between groups in the widths
of material property distributions. However, while most studies
show significant differences in distribution widths between frac-
ture and nonfracture groups, their results are in conflict regarding
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which group is characterized by wider distributions of material
properties.

Several studies comparing properties of tissue from patients
with and without histories of fragility fractures have observed nar-
rower distributions of tissue material properties in the fracture
group versus the nonfracture group (Fig. 2). When the mineral
content of bone tissue from patients with and without fractures
was assessed with qBEI, cancellous iliac crest tissue from patients
with fractures had a 9% smaller coefficient of variation than
patients without fractures. This result held for both superficial and
deep remodeling packets of trabeculae from the iliac crest [41].
Similarly, cancellous and cortical bone from the femoral necks of
patients with fragility fractures characterized with FTIRI had nar-
rower distributions of mineral to matrix ratio and carbonate to
phosphate ratio compared to fracture-free cadaveric controls [12].
However, cortical tissue from the fracture group had wider distri-
butions of crystallinity values compared to those of the nonfrac-
ture group [12]. Finally, FTIRI studies of iliac crest biopsies from
perimenopausal women with and without fragility fractures
recently showed that the distributions of cortical crystallinity and
trabecular collagen maturity were, respectively, 26% and 33%
narrower in the fracture group relative to the nonfracture group
[42]. These data sets point to an emerging trend toward reduced
heterogeneity of material properties in patients with a history of
fragility fracture.

In contrast, a substantial minority of studies comparing miner-
alization distributions in tissue from patients with and without fra-
gility fractures have observed broader distributions of mineral
properties in the fracture group versus the nonfracture group. A
microradiograpic study of the femoral neck showed that the heter-
ogeneity of mineralization was increased in patients with a history
of fragility fracture versus nonfracture controls [43]. In a qBEI
study of iliac crest biopsies from pediatric patients with idiopathic
osteoporosis who had had at least one vertebral fragility fracture,
the fracture group had a similar mean mineralization, but a signifi-
cantly higher heterogeneity of mineralization, compared to a pre-
viously assessed normal BMD distribution (BMDD) for children
and young adults [44,45]. Thus, consistent trends in bone tissue
heterogeneity with fracture status have not yet coalesced, in part
because variation in anatomic site, patient age, and experimental
technique likely contributes to the observed variation in material
property distributions.

Effect of Osteoporosis on Microscale Tissue Heterogeneity.
Osteoporosis alters the properties of bone tissue, and these
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Fig. 1 Diagram of the physiologically relevant length scales at which to measure heterogeneity in trabecular bone. This review

focuses on heterogeneity at the millimeter-scale (bulk tissue), the mesoscale (single trabeculae), and the microscale. Techni-
ques that can be used to assess both mechanical and compositional properties of bone are included, along with the length
scale at which they are relevant. Adapted with permission from Ref. [8], License No. 3480580167028.
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Fig. 2 Representative FTIR images and pixel histograms of collagen maturity in trabeculae
from perimenopausal women without history of fragility fracture (—Fx) and with history of fragil-
ity fracture (+Fx). The mean and the full width at half maximum values of the Gaussian fits to
the distributions are indicated on each histogram.

changes in tissue properties contribute to fracture risk independ-
ently of changes in BMD [9]. Comparison of distributions of ma-
terial properties in tissue from osteoporotic patients to those in
healthy controls has also revealed altered microscale heterogene-
ity in osteoporotic tissue. However, just as in the studies compar-
ing tissue from patients with fragility fractures to that of
nonfracture controls, there is an apparent divergence in the results
between those that find that tissue from patients with osteoporosis
has narrower distributions of material properties compared to that
of healthy patients, and those that find that tissue from osteopor-
otic patients has wider distributions of material properties com-
pared to controls. This divergence in results could be due to the
fact that bone turnover, expected to have a substantial effect on
bone tissue heterogeneity, has not been assessed in the majority of
studies that compare patients with and without osteoporosis.

FTIRI studies of iliac crest biopsies revealed narrower distribu-
tions of mineral crystallinity and mineral to matrix ratio in cortical
bone tissue from untreated osteoporotic patients compared to
healthy age-matched controls [46,47]. A comparison of nanome-
chanical and compositional properties of iliac crest biopsies from
osteoporotic patients with age-matched healthy controls using
gBEI and nanoindentation showed an 8% lower standard devia-
tion in trabecular hardness and a corresponding trend toward a
reduced standard deviation of mineralization that did not reach
statistical significance in osteoporotic versus control bone. No sig-
nificant differences in the mean mechanical properties or in tissue
mineral content were observed [48].

On the other hand, qBEI analysis of iliac crest biopsies of
osteoporotic patients and those of healthy controls revealed a
wider BMDD in the osteoprotic tissue compared to that of the
control bone [15]. Similarly, qBEI analysis of cadaveric bone
from the iliac crest and vertebrae showed that individual trabecu-
lar rods from osteoporosis patients, while thinner, were more
highly mineralized and had a wider distribution of mineralization
than control trabeculae [49]. In addition, this study was unique in
mechanically testing individual trabeculae along with assessing
compositional properties. In three-point bending tests of individ-
ual dry trabeculae, even after normalizing for smaller size, osteo-
porotic trabeculae had significantly lower stiffness, strength, and
work to fracture. While these results from dry trabeculae likely do
not reflect absolute in vivo values, because drying increases stiff-
ness and decreases work to fracture [50,51], the relative
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differences between osteoporotic and non-osteoporotic groups
may be preserved [49]. These differences in material property dis-
tributions may reflect a reparative response. In osteoporotic bone,
overloading may arise in the thinner and sparser trabecular archi-
tecture, which could cause microdamage in the bone and stimulate
resorption and microfracture repair. The subsequent increase in
new bone formation would be expected to increase the heteroge-
neity of mineralization by adding new low-mineral-content tissue
to the mineralization distributions.

While there appears to be a contradiction in the data regarding
both fracture and osteoporosis studies, this contradiction may be
explained in part by controlling for turnover. In the absence of an
imbalance of bone formation and resorption, increased turnover
generates increased compositional heterogeneity in bone tissue.
However, in osteoporotic patients, resorption exceeds formation,
and differences in rates of turnover across patient groups affect
not only the measured tissue heterogeneity across groups but can
also shift the mean values of the distributions of material proper-
ties. For instance, when qBEI mineralization data from patients
with and without fragility fractures was further subdivided into
low-turnover and high-turnover groups, only the low-turnover
subgroup showed a significantly wider distribution in the nonfrac-
ture group versus the fracture group [41]. Similarly, when iliac
crest biopsies from patients with low-turnover and high-turnover
osteoporosis were compared to healthy controls using FTIRI, the
standard deviation of the mineral to matrix ratio was significantly
lower in high-turnover biopsies compared to control biopsies.
However, the standard deviation in low-turnover biopsies was
lower but did not reach statistical significance [13]. In the three
FTIRI parameters studied (mineral to matrix ratio, carbonate sub-
stitution, crystallinity, and acid phosphate content), coefficients of
variation showed trends toward the narrowest distributions being
high-turnover osteoporosis biopsies, and the widest distributions
being from normal controls, with low-turnover osteoporosis biop-
sies having intermediate values. While these trends were not stat-
istically significant, they were consistent across all parameters.
The one exception to these trends was crystallinity, which was
greater in both high- and low-turnover osteoporosis patients [13].
Generally, these studies point to trends toward wider distributions
with lower turnover disease states and narrower distributions with
high-turnover disease states. The trends toward narrower distribu-
tions in high-turnover osteoporosis suggest that in high-turnover
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disease states, resorption outpaces formation, leading to dispro-
portionate loss of relatively recently formed tissue of low mineral
content and collagen maturity on bone surfaces, resulting in
narrowed distributions of tissue material properties.

In contrast, a study of juvenile patients with vertebral fractures
due to idiopathic osteoporosis found that FTIRI parameter distri-
bution widths increased with an increase in serum bone turnover
markers [44]. However, interpretation of results of this study are
complicated by the potential effects of fracture healing on turn-
over, the young patient population, and the putatively pathologic
baseline turnover values in this patient population. In fact, the
authors concluded that this particular group of patients likely had
suppressed bone turnover prior to their vertebral fractures,
because turnover rates immediately after fracture were not above
average for a healthy control. In growing patients biopsied within
18 months of fragility fracture, bone tissue heterogeneity is
expected to increase due to the increase in turnover associated in
remodeling, particularly when the imbalance in resorption and
formation associated with osteoporosis may be attenuated by skel-
etal growth.

Effect of Antiresorptive Treatment on Microscale Tissue
Heterogeneity. Antiresorptive agents used to treat osteoporosis
are expected to alter tissue property distributions through their
modulation of bone turnover. In particular, studies of postmeno-
pausal osteoporosis patients treated with bisphosphonates using
multiple assessment techniques have shown that bisphosphonate
treatment narrows the distributions of tissue material properties.
Iliac crest tissue of patients taking alendronate assessed with qBEI
had mean mineralization higher than that of patients taking pla-
cebo and had significantly narrower mineralization distribution
compared to placebo group [14,15]. A canine model assessed with
FTIRI showed that several dose levels of alendronate and risedro-
nate increased the mean values of the mineral to matrix ratio and
the collagen maturity in both cortical and cancellous bone com-
pared to the vehicle control group. The heterogeneity of the min-
eral to matrix ratio and crystallinity was also significantly lower
in the alendronate- and risedronate-treated groups in both cortical
and cancellous bone [52]. Similarly, in an FTIRI analysis of biop-
sies from patients taking alendronate, risedronate, and ibandro-
nate, the distribution widths of cortical mineral crystallinity and
collagen maturity were significantly narrower compared to
bisphosphonate-naive controls [53]. Thus, by reducing bone turn-
over, antiresorptive therapy decreases formation of new bone that
would otherwise broaden the distribution of tissue material
properties, and the distributions of bone tissue properties becomes
narrower relative to those in untreated tissue.

Mesoscale. Trabecular bone, while lacking some of the extrin-
sic toughening mechanisms associated with cortical bone (as
reviewed previously in Refs. [11,54,55]), has heterogeneity at the
length scale of hundreds of microns that affects the mechanical
properties at larger length scales. The primary effect of composi-
tional heterogeneity at the length scale of single trabeculae is the
variation in tissue material properties arising from variation in tis-
sue age. The variations in material properties from the outer, more
recently formed trabecular surface, to the older inner core of the
trabeculae creates a gradient similar to concentric composite
beams, with an older, stiffer core and a newer, more compliant
shell.

High-resolution (HR) spatially resolved gBEI and micro
computed tomography (CT) measurements of mineral content in
trabecular bone have revealed gradients of mineralization from
the inside to the outside of trabeculae [16,56-58]. Specifically,
trabecular remodeling packets that are in contact with the trabecu-
lar surface are less mineralized than packets that are in the interior
[41,59]. A similar gradient has been shown to exist in collagen
cross-linking through FTIRI studies, with greater collagen matu-
rity on the interior of trabeculae than at the surface [47,60]. In
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parallel with the gradient of compositional properties with dis-
tance from the trabecular surface, there is a gradient of mechani-
cal properties, with nanoindentation studies showing that the inner
trabecular packets are stiffer than those at the surface [59]. This
gradient of compositional and nanomechanical properties arises
from differences in tissue age. Remodeling packets near the center
of trabeculae are older than those near the surface, which have
been recently remodeled.

This variation of material properties across the thickness of a
single trabecula is critical to the mechanical properties of cancel-
lous bone because it acts as an intrinsic toughening mechanism. In
trabeculae that are damaged, microdamage accumulates in the
highly mineralized, stiffer core, while the less mineralized and
stiff surface layer hinders crack propagation and maintains the
structural integrity of the trabecula [61,62].

The importance of the gradient in trabecular composition as an
intrinsic toughening mechanism is exemplified in studies of iliac
crest biopsies from patients with high- and low-turnover osteopo-
rosis. In these cases, it was found that while normal bone showed
a large amount of variation in compositional properties from the
surface to the core of trabeculae, low-turnover osteoporotic
patients showed significantly less variation in properties from the
surface to the core, and high-turnover osteoporotic patients
showed no detectable variation in properties [13]. The loss of this
toughening mechanism of cancellous bone could therefore con-
tribute to the increased fracture risk in osteoporotic patients. Con-
versely, restoration of normal turnover rates and balance between
formation and resorption could reestablish a broad distribution of
tissue properties and potentially restore this toughening
mechanism to diseased tissue.

Millimeter-Scale. On the scale of a whole-bone cross section,
trabeculae are loaded variably across the cross section, particularly
in long bones subjected to complex bending loads during physio-
logic loading. When whole bones are loaded in bending, certain
regions of the cross section are subjected to compression, while
others are subjected to tension. Additionally, variations in micro-
damage arising from the differential loading are expected to cause
local variations in remodeling. This variation in both strain and
remodeling within the bone is expected to give rise to complex spa-
tial variation in material properties, but the material properties of
trabeculae subjected to different loading modes have not been
examined systematically until recently. In a study of deer calcanei,
trabecular regions subjected to compression during physiologic
loading had 3% greater mineral content than those in tension, sug-
gesting an adaptive response in tissue material properties to the
loading environment [63]. When the heterogeneity of the minerali-
zation was examined in these areas, differences between compres-
sive and tensile trabecular regions were observed only in juvenile
growing bone—in adult bone, there were no significant differences
in trabecular heterogeneity between tensile and compressive
regions.

In human femoral neck samples analyzed with FTIRI as a func-
tion of anatomical quadrant, mean FTIRI parameters were similar
across quadrants, but there were many differences among
quadrants in compositional heterogeneity [12]. Specifically, the
heterogeneity of the mineral to matrix ratio was 7-10% greater
posteriorly than in the superior and anterior quadrants. The hetero-
geneity of the mineral crystallinity was also highest posteriorly,
with a 12% increase over the superior quadrant. The heterogeneity
of the crystallinity was lowest in the inferior quadrant, with a
12-19% reduction in heterogeneity from the superior quadrant.
Although the variation in material property distributions across
the femoral neck may reflect an adaptive response to the local
loading environments, the variation in the heterogeneity is not
straightforwardly correlated with loading during walking. The
greatest variations in tissue material properties were observed in
the posterior quadrant, which during walking lies near the neutral
axis, where the bone is under neither tension nor compression
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[64]. In contrast, in a sideways fall, compression loading is
maximized posterosuperiorly [64], where greater heterogeneity
may contribute to crack arrest processes.

Computational Modeling Incorporating Experimentally
Assessed Tissue Material Properties

While experimental studies are the sole method for direct
assessment of bone material heterogeneity, computational model-
ing has important advantages. Experimentally derived parameters
measured at the microscale can be incorporated into multiscale
models to predict properties at larger length scales, and the effects
of different material property distributions on bone structural per-
formance can be explored while holding other variables constant,
enabling isolation of the effects of property heterogeneity on bone
structural properties.

Microscale. Analytical and computational models of the
effects of inelastic mechanical property heterogeneity on the prop-
erties of cortical bone tissue demonstrate that nano- to microscale
heterogeneity in material properties increases toughness. Analyti-
cal models of nanoscale variation in mechanical properties
suggest that for bone and other biological composites, there is a
characteristic length scale of approximately 200 nm at which het-
erogeneity acts as a toughening mechanism rather than a stress
concentrator [65,66]. At this length scale, mineral platelets are
insensitive to cracklike flaws and behave similarly to perfect
crystals, whereas above this length scale, cracklike flaws in miner-
alized tissue cause the platelet to fail by stress concentration at
crack tips. This was confirmed through finite element models
incorporating both arbitrarily heterogeneous nanoscale material
properties [65], and experimentally determined heterogeneous
material properties [10,19,67]. Finite element analyses (FEA) of
cortical bone created from nanomechanical property maps meas-
ured by contact atomic force microscopy and nanoindentation
demonstrated that a model incorporating heterogeneous elastic
properties dissipated more energy than a model incorporating ho-
mogeneous elastic properties when inelastic deformation was
applied [10]. In an extension of this work, a model incorporating
heterogeneous inelastic mechanical properties dissipated more
energy than a model incorporating heterogeneous elastic mechani-
cal properties [67]. Thus, models incorporating heterogeneity of
elastic and inelastic material properties at a length scale smaller
than 200 nm have shown increased energy dissipation, leading to
the hypothesis that this nanoscale heterogeneity could be an im-
portant intrinsic toughening mechanism in bone.

In addition to studies of nanoscale heterogeneity in bone,
computational models of crack propagation in iliac crest biopsies
suggest that trabecular bone lamellar-level compositional proper-
ties have an important effect on crack propagation [68]. Two-
dimensional finite element models created from gBEI maps of
transiliac biopsies from osteoporotic and nonosteoporotic patients
demonstrated that even when mean mineralization was held con-
stant, the osteoporotic fracture group had a wider mineralization
distribution and greater lamellar mineral variation than the healthy
control group, leading to increased crack number, but decreased
crack length and crack area [68]. Thus, differences in composi-
tional variation in lamellae at the microscale could lead to differ-
ences in microcrack propagation in trabecular bone.

Mesoscale. At the scale of a single trabecula, computational
studies have not yet addressed the effect of heterogeneity. Current
computational studies at this length scale address the effect of
osteoclast remodeling lacunae on trabecular strut mechanics
[69-72] and the effects of loading orientation on trabecular me-
chanical behavior [73].

Millimeter-Scale. At the millimeter scale, the trabecular archi-
tecture dominates structural properties in experimental studies.
Thus, at this length scale, computational modeling is ideally
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suited to address the effect of microscale material property hetero-
geneity on larger-scale mechanics, as the material properties in fi-
nite element models created from patient data can be varied while
keeping architecture constant. The studies presented here share
the same general methodology. Micro-CT is used to generate a
three-dimensional image of a sample of cancellous bone, with
grayscale values representing the x-ray attenuation at each point
in the sample. These gray-scale values are then thresholded and
converted, through various algorithms, into modulus values for
each voxel of the model. The finite element model is then com-
pressed, and the resulting data are validated in some way against
experimental results.

Computational studies incorporating experimentally obtained
heterogeneous material property values are motivated by compu-
tational studies that arbitrarily increased specimen heterogeneity
[16,17]. These studies used a voxel-based finite element model to
compare cancellous bone with homogenous properties to models
in which the coefficient of variation of the modulus had been arbi-
trarily increased. Homogenous models overpredicted apparent
stiffness by up to 20% and underpredicted the percentage of bone
that had been damaged, thus indicating the possibility that hetero-
geneous intraspecimen material properties have a meaningful
effect on the mechanical properties of bulk cancellous tissue.

Thus, several groups used varying methods to incorporate heter-
ogeneous tissue properties into finite element models to predict
apparent stiffness. When specimen x-ray attenuation was used to
scale the modulus values of the elements, a homogeneous model
overpredicted experimental compression apparent modulus by up
to 20%. A heterogeneous model had at least 13% greater explana-
tory power for the subset of specimens with the greatest variation
in mineralization [18]. However, a specimen-specific homogenous
model based on average attenuation was also a better predictor of
apparent modulus than a homogeneous model with a reference
modulus, with at least 8% more explanatory power [18]. A similar
study using synchrotron micro-CT showed that a homogeneous
model overpredicted apparent stiffness by 4% compared to a
specimen-specific model with heterogeneous material properties
[74]. Thus, incorporation of specimen-specific heterogeneous mate-
rial properties improves prediction of apparent modulus and is
most critical for specimens with large variability in tissue modulus.

Incorporating experimentally determined nanomechanical prop-
erty data, Harrison and coworkers used nanoindentation measure-
ments of specimen modulus to map mechanical properties to
voxels, rather than using CT attenuation, and found that a scaled
heterogeneous model was a very good predictor of tissue apparent
modulus, with an average error of less than 10% compared to ex-
perimental results. They also found that the heterogeneous scaled
model predicted highest tissue stresses in struts that were observed
to fail first experimentally [75]. Furthermore, finite element stud-
ies have also demonstrated that models with heterogeneous mate-
rial properties that scale tissue modulus from CT attenuation have
altered distributions of tissue stress and strain as compared to ho-
mogenous models [75-77]. For example, an increase in the coeffi-
cient of variation in tissue modulus from 20% to 50% resulted in
up to a 28-fold increase in the volume of failed tissue [67], sug-
gesting that large variations in tissue modulus may substantially
alter the failure behavior of cancellous bone.

Finite element models have also been used to examine the
effects of larger-scale heterogeneity, by applying a gradient of
properties from the inside to the outside of individual trabeculae.
When modulus was scaled linearly from CT attenuation, heteroge-
neous models were 8% less stiff than homogeneous models; how-
ever, when a power law relation was used, heterogeneous models
were stiffer than their homogeneous counterparts [16,78]. In FEA
models incorporating heterogeneous trabecular surface and core
properties, specimen-specific models performed better at predict-
ing experimental moduli than a homogenous model, with an
average of 9% greater explanatory power [18].

While the FEA studies demonstrate the effect of heterogeneous
elastic mechanical properties on the apparent stiffness of
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Table 1 Summary of the microscale heterogeneity data on changes in material parameter distribution widths associated with
fragility fracture status, osteoporosis disease states, and antiresorptive treatment.

Parameter

Cause of change (assessment method)

Distribution width

change (+, —, or no change) Reference

Fragility fracture status Mineralization (qBEI)
Mineralization (microradiography)
Mineral to matrix ratio (FTIRI)
Carbonate to phosphate ratio (FTIRI)
Crystallinity (FTIRI)

Collagen maturity (FTIRI)

Osteoporosis (pooled) Mineralization (qBEI)

Mineral to matrix ratio (FTIRI)
Crystallinity (FTIRI)

Hardness (Nanoindentation)
Mineralization (qBEI)

Mineral to matrix ratio (FTIRI)
Crystallinity (FTIRI)

Mineralization (qBEI)
Mineral to matrix ratio (FTIRI)
Crystallinity (FTIRI)

Mineralization (qBEI)

Osteoporosis (low-turnover)

Osteoporosis (high-turnover)

Antiresorptive treatment
Mineral to matrix ratio (FTIRI)

Crystallinity (FTIRI)
Collagen maturity (FTIRI)

Ciarelli et al. [41]
Tamminen et al. [44]
Bousson et al. [43]
Gourion-Arsiquaud et al. [12]
Gourion-Arsiquaud et al. [12]
Gourion-Arsiquaud et al. [12]
Wang et al. [42]
— Wang et al. [42]
Tjhia et al. [48]
Roschger et al. [15]
Busse et al. [49]
Boskey et al. [47]
Boskey et al. [47]

- Tjhia et al. [48]

+ Ciarelli et al. [41]
No difference Boskey et al. [13]

+ Boskey et al. [13]

No difference Ciarelli et al. [41]
— Boskey et al. [13]
+ Boskey et al. [13]
— Roschger et al. [14]
— Roschger et al. [15]
- Gourion-Arsiquaud et al. [52]
— Donnelly et al. [53]
— Gourion-Arsiquaud et al. [52]
— Donnelly et al. [53]

I+ + | T+ 1+ + 1

cancellous bone, they are limited in only looking at one facet of
cancellous bone’s mechanical properties and capture only its elas-
tic response. In predicting the fracture response of bone, tough-
ness and crack growth are extremely important [79]. Analytical
models of layered composite structures have demonstrated that in
materials with periodically varying moduli, if the variation in
modulus is great enough, the soft layers will act as crack arrest
mechanisms [20]. Thus, in a layered composite material like la-
mellar bone, models that incorporate crack growth are important
for understanding the role of heterogeneity of material properties
in whole-bone fracture behavior. Recently, fracture mechanics cri-
teria have begun to be incorporated in finite element models of
bone, both in idealized models [80-82], and in HR peripheral
quantitative CT (HR pQCT)-based models of cancellous bone
[83]. An HR pQCT-based FEA model of distal radii in patients
with and without fragility fractures demonstrated that although
cortical thickness was the best single predictor of whole-bone
fracture load in the nonfracture group (R*=0.52, p=0.019), tra-
becular thickness was the best sin%le predictor of whole-bone
fracture load in the fracture group (R”=0.40, p < 0.05) [83], indi-
cating that trabeculae contribute critically to fracture resistance in
whole bones.

Although heterogeneous material properties have not yet been
incorporated into HR pQCT-based FEA models of cancellous
bone, arbitrarily heterogeneous material properties have recently
been incorporated into a fracture-mechanics-based FE model of
cortical bone [84]. To assess the influence of arbitrarily increased
compositional heterogeneity in cortical bone, two simulations
were performed by assigning homogeneous and heterogeneous
material properties to the cortical microstructure based on values
reported in the literature. When homogeneous and random
heterogeneous models were compared, total crack growth in the
interstitial bone and osteons was nearly double in the homogene-
ous model compared to the heterogeneous models, with extensive
uncracked ligaments in the heterogeneous models [84]. This
study demonstrated that heterogeneous microscale material
properties increase fracture resistance at larger length scales.
Incorporation of heterogeneous material properties into
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fracture-mechanics-based FE models of cancellous bone provide
a promising avenue for further investigation of the role of hetero-
geneous material properties in the fracture behavior of cancellous
tissue.

Conclusion

Experimental studies allow direct assessment of bone material
properties, but the majority to date has measured only tissue com-
position. Few have related composition to material properties. At
the microscale, analytical and computational studies suggest that
material property heterogeneity at a length scale ~200 nm intrinsi-
cally enhances bone toughness. Experimental results, however,
diverge into those that show an increase in heterogeneity in
patient cohorts known to be susceptible to fracture, and those that
show a decrease in heterogeneity. Variation in turnover, anatomic
site, and loading orientation further contribute to the composi-
tional heterogeneity in these patient cohorts.

At the mesoscale, variation in properties in single trabeculae
due to variation in tissue age act as an intrinsic toughening mecha-
nism. The combination of a stiffer, more mineralized core and a
more compliant, less mineralized trabecular surface increases
toughness across computational and experimental studies.

At the macroscale, experimental studies have shown that the
relationship between anatomic location and heterogeneity of ma-
terial properties is complicated, but influenced by the loading
mode that different bone areas experience during physiologic
loading. Computational studies have shown that integrating
microscale heterogeneity at the bulk tissue level in models leads
to modestly better predictions of apparent stiffness. Incorporating
fracture mechanics parameters into finite element models is
expected to improve our understanding of the influence of micro-
scale heterogeneity on the fracture toughness of cancellous bone
at the macroscale.
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