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Abstract
Advancements in imaging, computing, microscopy, chroma-
tography, spectroscopy, and biological manipulations of animal
models have allowed for a more thorough examination of the
hierarchical structure and composition of the skeleton. The
ability to map cellular and molecular changes to nanoscale
chemical composition changes (mineral, collagen cross-links)
and structural changes (porosity, lacuno-canalicular network)
to whole bone mechanics is at the forefront of an exciting era of
discovery. In addition, there is increasing ability to genetically
mimic phenotypes of human disease in animal models to study
these structural and compositional changes. Combined, these
recent developments have increased the ability to understand
perturbations at multiple length scales to better realize the
structure– function relationship in bone and inform biome-
chanical models. The intent of this review is to describe the
multiple scales at which bone can characterized, highlighting
new techniques such that structural, compositional, and bio-
logical changes can be incorporated into biomechanical
modeling.
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Introduction
The hierarchical nature of bone necessitates that
structureefunction relationships be defined across
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multiple length scales. The skeleton is constantly
adapting to maintain mechanical function through
structural and compositional changes triggered by bio-
logical signaling. Historically, modeling of structuree
function relationships has been based on continuum
mechanics, with less focus on physiologically relevant
nanostructural and compositional features. Advances in

the ability to genetically or biochemically perturb bone
composition as well as imaging modalities to visualize
nanoscale architecture embrace the potential to under-
stand the relationship between bone biology, structure,
composition, and mechanics.

The foundation of bone mechanics is based on tradi-
tional mechanical testing procedures. However, most
mechanical testing of bone assumes that mechanical
properties can be measured by modeling bone as an
idealized geometry with homogenous, isotropic proper-

ties (i.e., three or four-point bending, torsion, fatigue)
[1]. For example, fracture toughness of a rodent whole
bone can be calculated by modeling the bone as a cy-
lindrical tube, allowing for standard beam bending as-
sumptions to be made [2]. As a biologic material, bone is
not static, but constantly remodeling, changing di-
mensions, and altering material properties due to
endogenous and exogenous influences. Therefore, it is
critical for modeling of bone biomechanics to incorpo-
rate a hierarchical approachdtaking into account how
bones adapt to altered functional demands via changes

in shape (length scale of mm), internal architecture
(length scale of mm), and mineral or collagen changes
(length scale of nm).

Biological influence is an added complexity to the
structureefunction analysis rubric, as genetic alter-
ations manifest themselves throughout the hierarchy of
bone composition and structure. Advancements in ge-
netic manipulation of animal models allow researchers to
investigate how changes in cellular behavior (osteoblast,
osteocyte, osteoclast activity), propagate to changes in,
composition (collagen, mineral, proteins, growth fac-

tors) and structure (porosity, lacuno-canalicular network
[LCN]), and ultimately to changes in mechanical
function. The purpose of this review is to describe the
multiple scales at which bone can be understood and
characterized, highlighting new state-of-the-art tech-
niques such that structural, compositional, and
www.sciencedirect.com
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biological changes can be incorporated into biome-
chanical modeling.

Whole bone level
Understanding bone function on a bulk, mechanical
scale has been limited by simplifying assumptions about
the geometric shape and the resolution at which the
tissue can be modeled and analyzed. Advanced
computing and imaging technologies such as high-
resolution pQCT and high-resolution MRI now allow
for solid body objects to be created from scans of

numerous skeletal tissues and used as input into
multidimensional models to simulate physiologic loads.
Such models are predictive of direct mechanical mea-
sures such as bone strength, but are less predictive of
post-yield mechanics [3]. With the advent of imaging
such as high-resolution peripheral quantitative
computed tomography and magnetic resonance
imaging, actual bone in-situ geometries and loading
schemes can be studied, something not possible using
traditional mechanical testing methods (samples trim-
med to standard beams for mechanical testing).

Enhanced in situ modeling lends itself to more accurate
depictions of in vivo loading and understanding of
biomechanical processes. More accurate modeling of
complex geometries such as the bone/periodontal liga-
ment/tooth unit [4], human vertebrae [5], the atlan-
toaxial joint [6] is now possible. Smaller scale features
such as microcracks in trabecular struts and vasculature
[7] can also be incorporated into whole bone mechanical
models. For example, in the dentoalveolar joint, the
forces modeled coupled with histological stains for
vascular, neuronal, and osteoblastic tissues, allow for

attribution of mechanical forces and tooth movement to
bone resorption processes (Figure 1). Coupling of
advanced imaging techniques of bone with local mea-
sures of cellular activity (i.e. histology or gene expres-
sion) and mapping into whole bone mechanics [4] will
increase the understanding of how local structural and
matrix changes impact whole bone mechanics and
function.

Structure and geometry
To initially gain understanding of structureefunction
relationships in bone, morphological measures, such as
external diameter [8], moment of inertia, and trabecular

network [9], were critical. Increasing resolution of im-
aging systems has allowed for the study of intracortical
features such as porosity and the canalicular networks,
leading to enhanced understanding of structural in-
fluences on mechanical properties.

Porosity
Advances in methods such as micro/nano-computed
tomography (CT) have allowed for the nanoscale
quantification of mineralized tissues [10] and rendering
of 3Dmodels of these tissue for finite element modeling
www.sciencedirect.com
[11,12]. A significant aspect of this approach is that a
biological process such as modeling/remodeling of bone
with age can be captured by quantifiable size and den-
sity changes in pore geometry. This pore information can
be applied to multivariate models to predict whole bone
strength [13] or used in a computational model to
determine correlations between porosity and strain
energy density [11]. The use of nano-CT has allowed for

increased resolution and definition of cortical pores and
highlighted the regulation of human bone strength with
age in phenotypic subsets of the population [13].
Therefore, porosity is an important factor to consider in
overall structure of cortical tissues of long bones and
may be of interest in other bone sites.

Osteocytes and the lacuno-canalicular network
Osteocytes are embedded in the mineralized matrix of
bone and form a complex network between the lacunae
they reside in and their interconnecting canaliculi. This
fluid-filled network senses mechanical loads and trans-
duces the mechanical signal to a biochemical signal that
triggers bone turnover and adaptation. The surrounding

mineralized matrix and nanoscale features of the oste-
ocyte network make it difficult to study and image in
three dimensions. However, recent advancements allow
for more thorough visualization of the osteocyte LCN.
Two-dimensional visualization can be accomplished by
resin casting of bone sections [14] or acid etching of
embedded samples [15]. One method to visualize the
three-dimensional structure of the LCN is by staining
bone sections with rhodamine, which will infiltrate in-
ternal network surfaces, including blood vessels,
lacunae, and canaliculi. Confocal imaging, z-stacking,

and subsequent image processing allows for a resolution
of 250e300 nm [16,17]. Use of third-harmonic genera-
tion imaging to visualize rhodamine infiltrated sections
has had similar success [18,19]. Synchrotron nano-CT
also been able to image the 3D network of the LCN
after rigorous segmentation and reconstruction methods
[20]. Ptychographic X-ray CT (PXCT) relies on
diffraction and subsequent retrieval algorithms, and
provides three dimensional images of the LCN and
lacunae shape [21]. Three-dimensional images of the
osteocyte LCN, like those obtained by synchrotron

nano-CT, can also be used to model the mechanical
loads put on the network and better understand fluid
shear and mechanosensing [22].

The complex geometry of the LCN output from two-
dimensional stacked or three-dimensional images can
be difficult to subsequently characterize. Key parame-
ters of the LCN include lacunar density, total number of
osteocyte connections, lacuno-canalicular fraction or
network parameters likes edge density, node degree, and
centrality measures [23,24]. Future work should focus

on determining which measures of the osteocyte LCN
are most relevant to bone mechanosensing, composition,
Current Opinion in Biomedical Engineering 2019, 11:76–84
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Figure 1

Three-dimensional model of tooth and periodontal ligament movement (a), isolated to a two-dimensional map (b), histological staining at the same
region (c). Modeling of forces and tissue movement experienced under loading of complex geometries such as the dentoalveolar joint has been made
possible by increases in nanoscale resolution of imaging and high-powered computer processing. These modeled forces can then be correlated to
biological drivers by more traditional means such as histology and staining of proteins related to neurovasculature and osteoblasts (adapted from
Ref. [4], with permission).
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and mechanics. Being able to probe the properties of the
LCN has promising implications for understanding how
disease, age, and other physiologies influence loading
adaptations.
Composition
Just as bone is often simplified into a beam or cylinder
shape for mechanical testing, the composition of bone is
often simplified as a two-phase composite, comprised of
a stiff mineral component imbedded in a tensile poly-
meric or collagen matrix. Technological advances have
allowed for better characterization of the mineral,
collagen, interactions between the mineral and collagen,

and cellular components of bone. Accounting for the
ultrastructural features of mineral, collagen, and other
proteins advance the ability to link functional relevance
of bone composition to disease.

Enzymatic cross-links
Collagen is a biopolymer, which is assembled in type I
collagen as fibrils and acquires post-translational, cova-
lent modifications via the family of enzymes: lysyl hy-
droxylases, lysyl oxidase, or via the formation of
advanced glycation end products (AGEs such as
pentosidine [PEN]; Figure 2). These enzymes control
tissue-specific patterning of the enzymatic cross-links.
In bone, the predominant immature cross-links are the

divalent cross-links, dihydroxylysinonorleucine
(DHLNL), hydroxylysinonorleucine (HLNL). The
predominant mature cross-links form spontaneously
from either the DHLNL or HLNL with an available
allysine or hydroxyallisine group (from which the
immature cross-links form as well). These mature cross-
links are the hydroxylysylpyridinoline (PYD), lysylpyr-
idinoline (DPD), and pyrroles. The nonenzymatic AGEs
form from an available lysine or hydroxylysine group via
glycation or oxidative stress.

Intermolecular, lysyl-oxidase mediated, collagen cross-
links stabilize type I collagen and contribute to me-
chanical properties of bone. Techniques to measure
cross-links directly have relied on high-performance
liquid chromatography (LC), with a reverse phase ion-
pairing column chemistry and fluorescent detection.
Naturally fluorescing cross-links (PYD, DPD, and PEN)
can be easily detected; however, nonfluorescent species
(DHLNL and HLNL) require derivatization by
ninhydrin or o-pthalaldehyde for fluorescent detection
[25]. This LC methodology has been translated to

electrospray ionization mass spectrometry [26], which
allows for comprehensive quantification of the enzy-
matic collagen cross-links without subsequent derivati-
zation steps. Recently, a methodology was developed
using a silica hydride column and electrospray ionization
mass spectrometry friendly solvents that allowed for
detection of reduced immature cross-links HLNL,
DHLNL, and mature cross-link, PYD [27]. DPD, in
www.sciencedirect.com
addition to PYD, was measured with a similar method-
ology [28]. Coupling of mass spectrometry detection
with LC methods allows for precise quantification of
additional species (i.e. proteins) in parallel with the
enzymatic collagen cross-links, such as other AGEs be-
sides PEN. Beyond LC, it may be possible to quantify
proteins in situ using matrix-assisted laser desorption/
ionizationeimaging mass spectrometry [29].

These methodologies outlined above allow for charac-
terization of the entire collagen crosselink profile with
age, disease, or other physiological conditions to eluci-
date the relationship between composition and me-
chanics, which can subsequently be applied
experimentally or to in silico predictive models of me-
chanics. For example, in a mouse model of lathyrism in
which lysyl oxidase is inhibited, bone fracture tough-
ness, strength, and pyridinoline cross-link content are
reduced [25]. Ratios reflecting relative cross-link

maturity are positive regressors of fracture toughness,
whereas quantities of mature pyridinoline cross-links are
significant positive regressors of strength. Subjecting
these mice to exercise promotes pyridinoline cross-
linking, and the resulting increase in total mature
cross-linking is sufficient to counteract the mechanical
effects of cross-link inhibition [30].

In silico modeling of the collagen network in bone has
been conducted using full atomistic simulations and
finite element simulations. This approach is useful for

controlled manipulations of theoretical conformations of
collagen that can be confirmed experimentally.
Recently, the use of 3D coarse-grained models simu-
lated the mechanical behavior of collagen fibrils with
enzymatic collagen cross-links [31]. This model was
applied to collagen cross-links in human adult and child
bone samples to predict fibril mechanical properties and
found the increased number of immature enzymatic
crosslinks (HLNL and DHLNL) in young bone (5e16
years) was responsible for the increased elastic modulus
and elastic work in bones from young versus old in-
dividuals [32]. Being able to model how differing

collagen cross-links affect the deformation of collagen
fibrils is a step towards modeling how composition dic-
tates bone mechanics. However, to advance such
modeling even further, mineral, AGEs, and their inter-
action should also be considered.

Nonenzymatic cross-links and advanced glycation
end products
Characterization of nonenzymatic collagen cross-links
or AGEs relies on fluorescent detection of PEN as a
surrogate marker for total AGE content or in a
nonspecific fluorometric assay [33]. To date, no com-
plete profile of AGEs in bone has been performed.

Computational techniques using atomistic models of
collagen fibrils have tried to identify other AGEs that
Current Opinion in Biomedical Engineering 2019, 11:76–84
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Figure 2

Simplified collagen cross-linking pathways for both enzymatic cross-link and advanced glycation end product (AGE) formation. Immature divalent
enzymatic cross-links are simplified to their sodium borohydride reduced forms hydroxylysinonorleucine (HLNL) and dihydroxylysinonorleucine
(DHLNL) (adapted from Ref. [63], with permission).
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may form in bone. Candidates identified include

glucosepane and imidazolium cross-links [34,35].
Modeling the relative mechanical contribution of these
candidate AGEs showed a theoretical increase in
moduli at low strains with variations between gluco-
sepane and imidazolium cross-links depending on site
[36]. Experimental confirmation of the results of these
computational studies with established screening
methodologies for AGEs [37] would advance under-
standing of the AGE profile in bone, relative abundance
and contribution of AGEs to bone strength and
toughness, especially in regard to pathologies that

accumulate AGEs [33].

Mineral
Bone mineral is comprised of hydroxyapatite crystals
with varying size, crystallinity, and stoichiometry,
depending on location, age, and disease. Characteriza-
tion of bone mineral scales from bulk or regional bone
mineral density measured using techniques such as
micro-CT and dual x-ray absorptiometry, to molecular
Current Opinion in Biomedical Engineering 2019, 11:76–84
composition at a microscale resolution using techniques

such as Raman spectroscopy, Fourier transformation
infrared technology (FTIR), quantitative backscattered
electron microscopy, and a combination of these tech-
nologies [38]. Combinations of techniques allow for a
more comprehensive understanding of bone mineral at
multiple structural scales.

Carbonation of hydroxyapatite is the primary compo-
sitional modification of bone mineral, and changes in
percent carbonation are associated with changes in
tissue location, age, maturity, and disease [39]. In

addition to compositional changes, altered mineral
orientation and crystallinity dictate mechanical prop-
erties [39e41], especially ductility [42]. Crystallinity
is influenced by multiple factors including collagen
(the scaffold in and around where crystallites form)
and noncollagenous proteins (which provide nucle-
ation sites for crystallite formation) [39]. Crystallinity,
as measured via Raman spectroscopy, can be defined
as the inverse of full width at half maximum of the
www.sciencedirect.com
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960 cm�1 phosphate (v1) peak, indicating more stoi-
chiometric hydroxyapatite, or less carbonate sub-
stitutions with an increase in crystallinity. The
phosphate peak can be compared with the carbonate
peak at 1070 cm�1 to give a direct carbonate-to-
phosphate ratio [43]. In addition, crystallinity
measured via FTIR can be described as the ratio of
the 1020/1030 cm�1 bands and indicates crystal size,

perfection, and maturation [44]. On a smaller scale
than Raman or FTIR, quantitative backscattered
electron microscopy can assess mineral nanostructure
and distribution of spatial changes in mineral [45e
47].

Understanding the crystalline phase of bone, including
structure, composition, size, and orientation, is impor-
tant for understanding mechanical function as well as
cellular function. Cellular control of bone crystallinity is
regulated by noncollagenous proteins such as biglycan

[40] or fibrillin [48], or by upstream mechanical means,
such as exercise [40,49,50]. Mechanical function
measured by nanoindentation can be colocalized with
compositional techniques such as Raman [51], or FTIR.
Nanoindentation has utility for measuring site-specific
mechanical properties (hardness and Young’s modulus)
of bone as well as teeth [52] and can be performed on
hydrated or dehydrated specimens and also coupled
with fluorescence microscopy [30,53,54]. Atomic force
microscopy can be coupled with infrared spectroscopy to
provide nanometer scale resolution in collagen topog-

raphy and composition, mineral composition and ratios
of mineral to collagen [55]. Sequential analysis of min-
eral composition and tissue-level mechanical properties
[56] allows for nondestructive mechanical and compo-
sitional measures at micron scales across bone or skeletal
locations. Combining techniques such as these to
investigate effects of genetic alterations on bone
composition and mechanics will advance understanding
of the local cellular influence on composition, structure,
and ultimately function.
Genetic manipulations of bone composition
and structure
Identifying the cellular and genetic drivers for
compositional and structural changes is crucial to un-
derstand why bone mechanics are altered in different
pathologies. Technological advances in biology, most

notably, Clustered Regularly Interspaced Palindromic
Repeats (CRISPR)/CRISPR-associated protein (Cas)
pathway (CRISPR/Cas9) [57] and transgenic Cre lines
[58] allow for precise genetic manipulation. When
coupled with compositional, structural, and mechani-
cal characterization, researchers would have the tools
to model skeletal phenotype from genotypic informa-
tion. Using these technologies to generate mouse or
other animal models which mirror human mutations
www.sciencedirect.com
opens the door to investigating specific skeletal phe-
notypes present in a clinical setting [59].

Mechanical phenotyping the skeleton of genetic knock-
outs allows for unbiased screening to identify new drivers
or confirm those previously found. Databases like the
Origins of Bone and Cartilage Disease collaboration proj-
ect (http://www.boneandcartilage.com) correlate genetic

regulation to bulk bone mechanical properties and
mineralization information. This approach identified ge-
neticmutations that had strong influence overmechanical
properties [60]. This work has also highlighted di-
morphisms in bone volume, size, and weight by both sex
and site [61]. Further investigating these skeletal pheno-
types at a compositional and structural levels may provide
insight into how bone mechanics is impacted by specific
mutations. For example, an analysis of a Smad 3 (a medi-
ator of transforming growth factor beta signaling in bone)
knockout was conducted using several compositional

(Raman, x-ray tomography), structural, and mechanical
(nanoindentation, three-point bending) techniques. With
these methods, mineral content, cortical thickness, and
fracture toughness were most controlled by the Smad3
gene [62]. Often, genetic animal models investigate only
bulk mechanics or mineralization, but do not attribute
how the genetic regulators are affecting compositional
changes. By using techniques to dissect the compositional
changes in bone, including recently developed techniques
highlighted in this review, itmay be possible tomodel how
specific genes regulate the structureefunction relation-

ships in bone.
Summary
Biomechanics is at an exciting interface between classic
mechanics, state of the art technology to characterize
bone structure and composition at the microscale and

nanoscale, and molecular tools to generate knockouts of
virtually any gene. Future compositional analysis should
be directed so that mineral, collagen, and structural
parameters can be incorporated into simulated models
of bone function. With technological advances, the
ability to determine the biological drivers of structural
and functional changes in bone becomes possible.
Translation of clinical phenotypes to relevant animal
models to better understand pathologies in human
populations is a critical goal. Likewise, technologies
used to characterize that the quality of bone should be

pushed towards clinical translation with minimally
invasive measures of bone architecture, mineral quan-
tity, and tissue quality, that when combined with
simulated models of bone mechanics, can be used to
predict function and identify subjects at increased risk
for fragility fractures.
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