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Abstract

Background The skeleton plays a critical structural role

in bearing functional loads, and failure to do so results in

fracture. As we evaluate new therapeutics and consider

treatments to prevent skeletal fractures, understanding the

basic mechanics underlying whole bone testing and the key

principles and characteristics contributing to the structural

strength of a bone is critical.

Questions/purposes We therefore asked: (1) How are

whole bone mechanical tests performed and what are the

key outcomes measured? (2) How do the intrinsic charac-

teristics of bone tissue contribute to the mechanical

properties of a whole bone? (3) What are the effects of

extrinsic characteristics on whole bone mechanical

behavior? (4) Do environmental factors affect whole bone

mechanical properties?

Methods We conducted a PubMed search using specific

search terms and limiting our included articles to those

related to in vitro testing of whole bones. Basic solid

mechanics concepts are summarized in the context of

whole bone testing and the determinants of whole bone

behavior.

Results Whole bone mechanical tests measure structural

stiffness and strength from load-deformation data. Whole

bone stiffness and strength are a function of total bone

mass and the tissue geometric distribution and material

properties. Age, sex, genetics, diet, and activity contribute

to bone structural performance and affect the incidence of

skeletal fractures.

Conclusions Understanding and preventing skeletal

fractures is clinically important. Laboratory tests of whole

bone strength are currently the only measures for in vivo

fracture prediction. In the future, combined imaging and

engineering models may be able to predict whole bone

strength noninvasively.

Introduction

The adverse outcome of many skeletal diseases is fracture

or failure of the skeleton. Fracture is an inherently

mechanical event indicating the load-bearing capacity of a

particular skeletal element has been exceeded. To deter-

mine whether a bone will fail under loading, one should

consider the loads or forces applied to the skeleton and the

structural strength or resistance to fracture of the bone

itself. In particular, if the applied loads exceed the struc-

tural strength of the bone, fracture will occur. The forces

generated during various daily activities have been mea-

sured at the hip and ranged from less than body weight to

many multiples of body weight. The lowest forces occurred

during nonweightbearing rehabilitation exercises and the

highest forces while rising from a chair or climbing stairs

[7, 74]. For any given set of applied loads, the character-

istics of the bone, joint, or other skeletal structure of
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interest determine whether the skeleton can carry these

loads successfully or fracture will result. In this article, we

focus on considerations influencing the structural capacity

of the skeleton rather than the dynamic mechanical forces

applied to the skeleton.

The term ‘‘bone quality’’ generally refers to all charac-

teristics beyond bone mass influencing the ability of the

skeleton to bear loads. Although bone mass and its changes

with aging and disease are well correlated with fracture risk

[30, 59, 62, 83, 86, 109], the bone mass of populations who

fracture and those who do not fracture overlaps consider-

ably, and bone mass alone is insufficient to predict whether

an individual will fracture [109, 116]. Many critical prop-

erties are encompassed by the term ‘‘quality,’’ including

cortical geometry, cancellous architecture, material

microstructure, and tissue composition. In general, the

contribution of macro- and mesoscale properties to bone

strength has been examined extensively and is the best

understood among the different levels of analysis, whereas

the role of microscale features is more difficult to study

experimentally, especially in vivo, and has many open

questions remaining to be explored.

We address the following four questions regarding the

mechanical properties of the skeleton: (1) How are whole

bone mechanical tests performed and what are the key

outcomes measured? (2) How do the intrinsic characteris-

tics of bone tissue contribute to the mechanical properties

of a whole bone? (3) What are the effects of extrinsic

characteristics on whole bone mechanical behavior? (4) Do

environmental factors affect whole bone mechanical

properties?

Search Strategy and Criteria

The fundamental basis of using mechanical testing to

measure bone mechanical behavior comes from engineer-

ing mechanics, in particular solid mechanics. The

determinants of structural performance are defined by basic

mechanics and apply to all load-bearing structures. To

relate these concepts to bone and the intrinsic and extrinsic

contributors to skeletal performance, literature searches

were performed using PubMed. Searching on [bone AND

strength] yielded 18,327 articles; [bone AND strength

AND mechanical testing] produced 2274 articles. We

applied the exclusion [NOT (tendon OR ligament OR disc

OR implant OR screw OR pin OR cement OR alloy OR

graft OR scaffold OR polymer OR composite OR healing

OR tumor)], producing 522 articles. We reviewed the titles

and abstracts of all of these articles to focus on in vitro

testing of tissue samples and relating determinants at this

length scale to whole bone behavior. Using our inclusion

criteria, we identified 143 relevant articles.

Whole Bone Mechanical Tests to Assess Bone Strength

Whole bone tests can be performed in axial, bending, or

torsional loading. For all loading modes, when a mono-

tonically increasing load is applied to a whole bone until

failure, deformations or displacements are produced

throughout the structure (Fig. 1A). The load-deformation

behavior is characterized by an initial linear (elastic) region

before yield, a postyield nonlinear region containing the
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Fig. 1A–B (A) Load-displacement behavior for a whole bone

structural test is shown. The structural stiffness is determined from

the initial linear region, where F is load and d is displacement. The

structural strength is the load required to fail the whole bone.

These parameters depend on the loading mode; a compressive load

(F) is shown, but loading can also be a bending (M) or torsional

moment (T). (B) Stress-strain behavior for a materials test is

shown. These measurements are independent of specimen size and

shape but do depend on the loading mode (tension, compression,

bending, or shear). The modulus of elasticity (E) is determined

from the initial linear elastic region; yield stress (ry) is the

transition from linear to nonlinear behavior and is based on 0.2%

offset of the linear region (dashed line); and ultimate strength (ru)

is the maximum stress (strength). For the tensile specimen shown,

F is the tensile load, Ai is the initial area, and Li is the initial

specimen length.
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maximum (ultimate) load, and the failure point at which

the whole bone fractures and can no longer carry the load.

The slope of the preyield elastic region is the structural

stiffness, and the ultimate load is the whole bone strength

for a given loading. The area under the load-deformation

curve is the energy absorbed to failure. The deformation

occurring postyield is known as ductility. Structures lack-

ing postyield deformation and failing before the onset of

yield are known as brittle. Nondestructive tests can be

performed at low loads in the elastic region without cre-

ating permanent deformation; however, the data obtained

do not provide information about failure properties. The

strength of a structure can only be measured by destructive

testing to failure and thus can only be directly obtained

ex vivo.

Our discussion is focused on whole bone mechanical

behavior. However, analogous mechanical tests can be

performed to characterize the tissue level mechanical

properties. The material characteristics of the tissue are

independent of bone size and shape and are measured on

homogeneous samples of known geometry. The material

properties are similar to the load-displacement data but are

normalized for the known geometric characteristics, pro-

ducing a stress-strain curve (Fig. 1B). Stress is defined as

the applied load per cross-sectional area. Strain is the

change in length per initial length. Analogous to a whole

bone test, the slope of the stress-strain curve is the tissue

stiffness and is known as the modulus of elasticity. The

maximum (ultimate) stress is the strength of the bone tissue

for given loading conditions. The energy absorbed to

failure is the area under the stress-strain curve and is

known as the toughness.

In vivo loading conditions should be considered when

designing laboratory tests to measure whole bone strength

to ensure clinically relevant loading and failure modes.

In vivo, the long bones of the appendicular skeleton

experience high stresses and strains primarily from loads

that induce bending and torsion [8, 51, 76]. Under these

loading conditions, the cortical diaphysis experiences the

highest loads and deformations, whereas the cancellous

bone at the bone ends transfers the load from the joint

surface to the cortex. In contrast, cancellous bone is critical

to the mechanical performance of whole bones such as the

vertebra and calcaneus that have less cortical bone

and primarily experience compression and bending loads

[23, 48, 101].

Intrinsic Influences on Whole Bone Mechanics

When an individual performs normal activities of daily

living, loads are created that are borne by the bones and

joints of the skeleton. In vivo activities such as walking

produce complex loading conditions that are combinations

of more well-defined loading modes, including axial (ten-

sion or compression), bending, and torsional loads. For

each loading mode, whole bone tests in the laboratory can

measure the structural stiffness and strength.

From a mechanics perspective, the ability of a structure

such as a whole bone to bear applied loads is a function of

three characteristics: the total mass, the geometric distri-

bution of the mass, and the material properties (Fig. 2).

Therefore, bone strength can be improved through several

different mechanisms: by increasing the total bone mass,

by distributing the bone mass to locations that experience

high loads, or by enhancing the material properties of the

constituent tissue. Cellular metabolic activity distinguishes

the skeleton from manmade structures and not only creates

but also adapts and repairs the structural characteristics

during growth and aging and with other conditions such as

Material Properties
(tissue composition)

Geometric Distribution
(geometry, architecture)

Total Bone Mass
(BMC, BV/TV)

Whole bone Strength

0%

100%

Fig. 2 Determinants of whole bone

strength include how much tissue is

present (bone mass), where the tissue is

located (cancellous architecture or cor-

tical geometry), and the properties of the

tissue (material). BMC = bone mineral

content.
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exercise, injury, and disease. In some animal models, for

example, reduced tissue material properties are compen-

sated for by altered geometry, resulting in comparable

structural properties and minimizing the risk of fracture

[13, 61].

Bone mass is the most studied determinant of bone

structural behavior. Clinically, bone mass is reported as

bone mineral content and is measured using a variety of in

vivo imaging techniques [65]. For cortical bone from a

healthy adult skeleton, geometric measures such as cross-

sectional area directly reflect cortical bone mass. Cancel-

lous bone architecture is more complex and spatially

varying, so bone mass is generally measured in small

homogeneous volumes of tissue. Bulk cancellous bone

mass is quantified as bone volume fraction, the volume of

bone present in the total volume of interest (BV/TV), or

apparent density, the mass of bone present in the total

volume of interest. These measures include bulk porosity

and are distinct from the material level properties of

the tissue. Spatial variations in bone mass can produce

100-fold differences in cancellous bone stiffness within the

tibial metaphysis, ranging from 4 to 453 MPa in a single

individual [49]. BV/TV and apparent density can explain

60% to 85% of the experimentally measured variability in

compressive apparent stiffness and strength of human

cancellous bone [66, 73, 79, 80, 88]. Mechanical properties

scale with bone mass by a power law relationship, so small

changes in mass effect large changes in bone strength [24,

47, 100]. Measures of bone mass can only capture the total

tissue quantity and do not reflect where the tissue is loca-

ted, which will impact the fracture resistance of bone.

In cortical bone, the bone size and tissue distribution

influence fracture resistance under all loading modes. If

one assumes constant tissue material properties, geometric

parameters such as cross-sectional area, moments of iner-

tia, and section modulus quantify the distribution of the

material and determine the response to applied forces. The

relevant geometric measure depends on the particular

loading mode [124]. In bending and torsion, resistance to

the applied load is increased for tissue located further from

the plane of bending or axis of torsion. Altering mass at

critical locations will have disproportionate effects on the

structural performance (Fig. 3). For example, the periosteal

surface of a solid cylinder resists the bending load more

than the central core, so coring out the solid cylinder only

reduces the bending strength by 6% despite removing 25%

of the total bone mass. Similarly, the bending strength of a

hollow cylinder will be 70% greater than a solid cylinder

with the same bone mass despite only a 25% increased

periosteal diameter.

In cancellous bone, the size and spatial distribution of

trabeculae determine the structural contribution of the

architecture. As with bone mass, small homogenous

samples of cancellous bone are generally examined.

Architectural indices explained 10% to 70% of the varia-

tion in compressive strength in sheep femoral bone [87].

Sites with similar bone mineral density (BMD) but dif-

ferent architectures exhibited differences in strength and

stiffness of up to 50% [45, 122]. In addition, the archi-

tecture of cancellous bone often develops a preferred

orientation in response to habitual loading, resulting in

substantially different strength values when loaded in dif-

ferent directions [43]. In human vertebrae, for example,

alignment of the trabeculae along the axis of the spine

makes the bone nearly twice as strong when loaded along

the superior-inferior axis as when loaded in either the AP

or left-right direction [45, 91]. Combined imaging and

computational modeling advances allow cancellous bone

architecture to be captured (see articles by Donnelly [35]

and Burghardt et al. [18] in this issue) and input into

mechanics-based models that can be used to understand the

effect of architecture on stiffness of whole bones such as

the vertebral body, distal radius, or proximal femur [42, 57,

98, 126]. These computational modeling approaches will

be essential to identify trabecular failure mechanisms in

whole bones [41], especially at clinically important sites.

The final determinant of whole bone strength is the

properties of the constituent material, which is currently

the least understood. Both cortical and cancellous bone

consist of lamellar tissue with differing microstructural

organizations, which is generally considered part of the

material phase. At the material level, bone tissue is a

composite of an organic matrix containing primarily Type I

Dp
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Diameter (Dp):

Cortical 
Area:

Section
Modulus:

100%

100%

100%

100%
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94%
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125%

100%

170%

t

Fig. 3 Variations in the size and distribution of bone mass in a

cortical cross-section influence the section modulus, which is

proportional to the bending failure strength of the whole bone. Bone

resorption on the endosteal surface or apposition on the periosteal

surface will change the cortical thickness (t) or the distribution of

bone about the loading axis, thereby altering the ability of the bone to

resist fracture. For example, compared with the reference bone

(center), a bone of the same girth but with 25% less material in its

core (left) will be only 6% weaker, but a bone with the same amount

of material distributed further away from the bending plane of the

bone (right) will be 70% stronger.
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collagen and an inorganic phase of crystalline mineral. The

characteristics of the two phases and their interactions

determine the material properties of bone tissue. The latter

point is emphasized by the fact that the strength of the

composite tissue is greater than that of either of the indi-

vidual constituents. In addition, the collagen and mineral

phases contribute differently to the mechanical behavior of

the tissue. Bone mineral content is directly related to the

material stiffness of the tissue and whole bone stiffness [4,

22, 31]. At the micro- and nanoscale, mineral characteris-

tics such as crystallinity and carbonate substitution

determine material properties that contribute directly to

whole bone stiffness and strength; however, the precise

nature of these relationships is not yet clear [3, 37]. Col-

lagen characteristics in the extracellular matrix, such as

collagen content and maturity or crosslinking, contribute

primarily to the toughness and postyield deformation of the

tissue [14, 19, 22]. Microdamage, which occurs naturally in

response to the cyclic loading of daily activities [20], alters

mineral stoichiometry and collagen structure [107, 117].

Water present within the bone tissue, both mobile in

vascular-lacunar-canalicular spaces and bound to the col-

lagen and mineral phases, appears to impact bone tissue

toughness and strength [94], although this effect on

mechanical properties has not been examined at the whole

bone level. Matrix stoichiometry and the structure of pro-

teoglycans and other matrix proteins are critical in diseases

such as osteogenesis imperfecta and contribute to increased

fragility [52]. The complex organization and the inherent

and adapted variability of bone tissue make fully eluci-

dating these structure-function relationships challenging.

Similar to other natural materials, bone tissue is spatially

heterogeneous in material properties and composition [36,

50]. Osteoporotic tissue exhibits reduced spatial variation

in compositional measures [96, 102], but a direct link to

fracture remains to be established. Engineering analyses

used to analyze whole bone mechanical tests assume

homogeneous material properties, so computational models

are necessary to capture and understand the functional

implications of these material property variations on

structural performance [29, 67]. These models generally

include either architectural variation or material property

distributions but generally not both. In both cases, the

advantage of these engineering-based approaches over

clinical bone density assessments is the ability to probe

intrinsic mechanisms of structural performance.

Our focus on whole bone mechanics leads us to view

these structures in terms of their bone mass, geometry, and

material properties, the metrics relevant to engineering

analyses. However, these three characteristics are the net

product of coordinated biologic processes such as bone

modeling in growing individuals or bone remodeling and

turnover in adults. Any breakdown in these processes can

lead to excessive microdamage accumulation, insufficient

repair, and eventually fracture. Diseases such as osteopo-

rosis, osteomalacia, and osteogenesis imperfecta alter

biologic processes, which then alter the structural deter-

minants, as do the pharmacologic agents used to treat these

conditions. As stated earlier, compensatory mechanisms

also actively sense and adapt to the applied mechanical

loads in vivo.

Extrinsic Influences on Whole Bone Mechanics

Many external factors contribute to whole bone structure

and strength and clinical fracture risk, including aging, sex,

disease, and genetics. Understanding the effects of these

factors on whole bone and bone tissue mechanical perfor-

mance is merely the first step to developing effective

clinical diagnostics and preventive therapies to minimize

fracture risk.

Both men and women experience a progressive decline

in bone structure and mechanical properties with age,

thereby compromising the load-bearing capacity. The

compressive strength of bone declines throughout adult-

hood, decreasing by 50% to 75% in whole vertebrae,

vertebral trabecular bone, and distal femoral trabecular

bone [84, 89, 90]. Lifetime losses also occur in tissue

modulus and toughness (81%–85%) and ultimate strain or

compressibility (26%) in vertebral trabecular bone [90].

Such deteriorated mechanical properties contribute to the

increased incidence of osteoporosis and susceptibility to

fragility fractures with aging [58, 104, 105].

The mechanisms of bone acquisition during growth and

bone loss with aging differ between women and men.

Decreased volume fraction results primarily from trabec-

ular loss in women but trabecular thinning in men [1].

When these sex-specific mechanisms of bone loss were

explored using computer models designed to mimic a 10%

decline in bone density, bone strength was reduced by only

20% for trabecular thinning but 70% for trabecular loss and

77% for both thinning and loss [111]. Even when normal

bone density was restored by trabecular thickening,

strength was still reduced by 63%, indicating the mecha-

nism of bone loss in women is more detrimental to the

mechanical properties, which may explain the higher

clinical incidence of fractures in women. Although the

cortical thickness in long bones is similar for boys and girls

during growth, boys experience greater periosteal expan-

sion and thus increased section modulus, which provides

more resistance to applied loads [123]. This geometric

deficit persists and worsens with aging for women [39, 82].

With aging, endocortical resorption occurs in both sexes,

although the cortical thinning is more pronounced in

women as a result of less compensatory periosteal
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apposition [106, 108], which makes the long bones more

susceptible to fracture.

Musculoskeletal diseases such as osteoporosis, osteo-

malacia, and osteogenesis imperfecta disrupt bone

metabolism and can be detrimental to the load-bearing

capacity of the skeleton. Osteoporosis is characterized by

reduced bone mass and deteriorated architecture and

material properties, which contribute to increased fracture

risk. Trabecular thinning is more pronounced at the spine

and iliac crest in patients with vertebral fractures than in

those without fractures [68, 95]. Similarly, bone volume

fraction and trabecular number are reduced, and the tra-

beculae are more aligned along the primary loading

direction in female patients with hip fractures [27]. Oste-

oporosis is also associated with altered tissue composition

[96, 97] and reduced bone tissue strength and stiffness [27].

Many genetic factors contribute to bone morphology

and structure, which influence the mechanical functionality

and fracture susceptibility (as reviewed in [12, 99, 103]).

Bone mass is influenced highly by genetics (eg, [33, 64,

112, 121]), although this impact appears to diminish with

aging [53, 112]. Bone morphology, particularly hip axis

length and femoral head width, is highly heritable [44, 71].

Using inbred mouse strains, whole bone properties have

been linked to different combinations of bone morphologic

and compositional traits that are strongly heritable [60,

118]. To better elucidate the genetic etiology of these

phenotypic traits and of skeletal fragility, various quanti-

tative trait loci and regions within quantitative trait loci

have been linked to specific measures of bone density [5, 6,

69], morphology and structure [17, 38, 70, 72, 119, 129,

132], and mechanical properties [72, 75, 78, 128, 132].

Environmental Factors Affecting

Whole Bone Mechanics

Environmental factors also contribute to whole bone

mechanical behavior and clinical fracture risk, including

diet and mechanical loading. The degree of control over

these factors varies, but understanding their role in whole

bone performance is critical.

The intake and absorption of essential nutrients, espe-

cially calcium and vitamin D, are critical for the formation

and maintenance of bone and the reduction in remodeling

rate and osteoporosis risk [25, 32]. Calcium intake, partic-

ularly through dairy foods (reviewed in [55, 56]), can

substantially decrease the risk for osteoporosis and fractures

[54, 93, 110]. Similarly, vitamin D supplementation of 700

to 800 IU per day can reduce the risk of hip and nonvertebral

fractures by approximately 25% [11], likely as a result of

both increased BMD [10] and a decreased risk for falls [9].

In rodent models, low-calcium diets have been associated

with reduced BV/TV in the proximal ulna [130] and ash

content, breaking strength, and elastic modulus in the femur

[46]. Calcium and vitamin D supplementation increased

whole bone stiffness, strength, and toughness in the femur

[2] and increased stiffness but decreased maximum load and

energy to maximum load in the lumbar spine [92].

Dynamic physical forces are an established environ-

mental regulator of whole bone mechanical behavior and

mass and structure in cortical and cancellous bone. In

adults, normal skeletal mass is maintained with mechanical

loading, as can be demonstrated by increasing or decreas-

ing normal levels of activity with exercise [63, 113, 114] or

disuse [34, 77, 127]. In these human studies, whole bone

strength cannot be measured directly, so much of our

knowledge regarding load-based functional adaptation

comes from cortical bone in animal models. In young adult

animals, increased loading enhances bone mass and

strength [131], and decreased functional loads decrease

bone mass and strength [125]. Increasing bone strength is

more difficult than either decreasing strength in the adult or

reducing the increase in growing animals. In most animal

models of altered loading, strength changes were primarily

effected through altered geometry, although space flight

modified tissue level bone properties [120].

Discussion

Failure of the load-bearing function of the skeleton mani-

fests clinically as fracture. In the laboratory, the

mechanical performance of the skeleton can be tested

under a variety of different loading conditions to under-

stand the structural capacity of whole bones. These tests

are a critical functional assay of skeletal performance and

depend on the total tissue mass, the geometric distribution

of the tissue, and its material properties. Furthermore,

individual age, sex, genetics, and disease modulate these

intrinsic properties and whole bone behavior. In this

review, we addressed the following four questions

regarding the mechanical properties of the skeleton:

(1) How are whole bone mechanical tests performed and

what are the key outcomes measured? (2) How do

the intrinsic characteristics of bone tissue contribute to the

mechanical properties of a whole bone? (3) What are the

effects of extrinsic characteristics on whole bone

mechanical behavior? (4) Do environmental factors affect

whole bone mechanical properties?

This review has several limitations. First, whole bone

strength is a broad topic. We did not present a systematic

review. Rather, this article is intended to be a tutorial with

representative references and cannot comprehensively

include all studies. Second, many extrinsic and environ-

mental factors contribute to whole bone mechanical
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behavior. While some of the major contributors have been

highlighted here, a myriad of other factors contribute to the

variability of bone properties and can impact structural

performance. Most notably, biologic pathways that drive

bone cell structure, function, and adaptation and are known

to influence the tissue properties likely also influence

whole bone characteristics. Finally, we have not discussed

specific whole bone stiffness and strength values, given the

dependence on site tested, loading mode, and other factors

described.

The research question must be the driving consideration

for whole bone testing. When designing tests and inter-

preting data, one must ask whether the test and testing

parameters are representative of the conditions of interest.

For example, most tests are performed under quasistatic

loading conditions; however, the material properties of

bone tissue are known to depend on strain rate [28, 85]. If

one is interested in traumatic failure, these conditions may

not adequately address the research objectives.

While methods for these physical tests are reasonably

standard, the data should be interpreted in the context of

their limitations. The variability of whole bone strength

measurements is often 20% to 30% of the mean value.

Factors contributing to this variation include biologic var-

iability across individuals and testing methodology [40].

Inbred animal models have a more uniform genetic back-

ground that can reduce interspecimen variability. Testing

considerations include specimen fixturing, loading mode,

loading rate, and boundary conditions [21, 85]. The mean

value obtained from whole bone tests will vary as a func-

tion of these loading conditions and the extrinsic and

environmental factors discussed here.

Computational models incorporating intrinsic whole

bone characteristics from imaging are becoming more

prevalent for nondestructive prediction of bone mechanical

performance [26]. These approaches hold promise for

noninvasive patient-specific determination of fracture risk

[15, 81]. A considerable strength of these engineering

models is the ability to incorporate clinical imaging data

from the patient into model geometry and material prop-

erties, thereby allowing a more direct assessment of the

patient’s whole bone properties. In addition, models can be

used to vary the load and bone parameters parametrically to

examine the impact of different loading scenarios. How-

ever, capturing appropriate boundary conditions and

applied loading characteristics to mimic precisely the

in vivo state for a particular patient will be challenging.

This consideration especially applies to the spine, which

has little experimental data for in vivo loads and experi-

ences a wide range of loading states due to the com-

plex kinematics. Furthermore, experimental validation of

structural behavior remains difficult and is a key limitation

of engineering models. The ability to relate characteristics

of tissue level composition to material properties for inclu-

sion in whole bone models is limited but rapidly evolving.

This review has summarized methods and outcomes for

mechanical tests of whole bones and the intrinsic, extrinsic,

and environmental factors contributing to whole bone

mechanical behavior. Much remains to be learned about

the effects of material composition on whole bone behavior

beyond the contributions of bone mass and geometry. In

the future, multiscale analyses combining imaging, com-

positional, and mechanical analyses will help to understand

the role of localized variations in material properties on

whole bone stiffness and strength and develop methods of

modulating these properties in vivo. For clinical investi-

gations, laboratory tests of whole bone strength are often

used as surrogate measures for in vivo fracture prediction.

Although these in vitro methods have been used to assess

skeletal stiffness and strength for many decades and will

likely continue to do so, methods to predict whole bone

strength noninvasively under a variety of loading modes

are limited [16, 29, 115] and highly desirable for improving

human skeletal health.
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