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Abstract

Tissue-level mechanical properties characterize mechanical behavior independently of
microscopic porosity. Specifically, quasi-static nanoindentation provides measurements of
modulus (stiffness) and hardness (resistance to yielding) of tissue at the length scale of the lamella,
while dynamic nanoindentation assesses time-dependent behavior in the form of storage modulus
(stiffness), loss modulus (dampening), and loss factor (ratio of the two). While these properties are
useful in establishing how a gene, signaling pathway, or disease of interest affects bone tissue, they
generally do not vary with aging after skeletal maturation or with osteoporosis. Heterogeneity in
tissue-level mechanical properties or in compositional properties may contribute to fracture risk,
but a consensus on whether the contribution is negative or positive has not emerged. In vivo
indentation of bone tissue is now possible, and the mechanical resistance to microindentation has
the potential for improving fracture risk assessment, though determinants are currently unknown.
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Introduction

In the hierarchical organization of bone, tissue-level mechanical properties are measured in
way that is independent of macrostructure and microstructure. Whether acquired from
cortical or trabecular tissue, they depend on the ultrastructural organization of type |
collagen fibrils infused with semi-crystalline, carbonated hydroxyapatite and not
microscopic porosity (e.g, Haversian canals). As such, the putative determinants of the
mechanical behavior of bone tissue include: collagen orientation, collagen crosslinking
profile, degree of mineralization or mineral-to-matrix ratio, bound water, and mineral
structure (Table 1). These same compositional characteristics also influence apparent-level
mechanical properties that are determined from monotonic or dynamic tests of uniform,
machined samples of bone (e.g., beam or parallelepiped, ‘dog-bone’, cylindrical, etc.) or
estimated from flexural tests of whole-bone in which the structure (e.g., moment of inertia or
cross-sectional area) is known. However, such apparent-level properties as strength and
toughness also depend on the bulk characteristics of porosity and cement lines. Because
bone tissue is heterogeneous in its primary constituents (i.e., organic matrix and mineral),
the relationships between local tissue-level mechanical properties and overall fracture
resistance are not readily quantifiable. Herein, how tissue-level mechanical properties do and
do not contribute to fracture risk is discussed.

Tissue-level mechanical properties provide insight into how diseases, genes, and growth
factors, affect bone with respect to mechanical function of the extracellular matrix [1, 2].
They do not necessarily indicate whether a bone is weak or strong or whether it is brittle or
tough as the changes in the bone matrix (e.g, higher degree of mineralization or greater
concentration of non-enzymatic collagen crosslinks) affect failure mechanisms in ways that
are not necessarily reflected in common tissue-level mechanical properties. Nonetheless, the
clinical importance of tissue to fracture resistance is apparent from the literature on
predictors of fracture risk as well as genetic diseases affecting bone matrix (e.g.,
osteogenesis imperfecta) or mineralization (e.g., hypophosphatasia). As determined by high-
resolution, peripheral quantitative computed-tomography (HR-pQCT) or micro-magnetic
resonance imaging (UMRI), measurements of cortical thickness, cross-sectional area,
volumetric bone mineral density (vBMD), porosity, and trabecular bone volume fraction
acquired at distal sites significantly differ between individuals with osteoporaotic fractures
and those without fractures [3-5]. However, there is overlap in all structural and
architectural measurements of bone between these two groups such that there is no one bone
property — including the gold-standard areal bone mineral density (aBMD) [6] — that
unequivocally predicts fracture risk. This also is the case for strength predictions determined
from finite element analysis of the proximal femur [7-9], distal radius [4, 10], and spine [11,
12]. Thus, bone structure and density are not the only factors dictating an individual’s risk of
fracture because age- and disease-related changes in tissue affect toughening mechanisms,
irrespective of changes to cortical structure and trabecular architecture. Information on the
contribution of the extracellular matrix to fracture resistance can be found in previous
reviews [13, 14].

Measurements of tissue-level mechanical properties of bone often involve load and depth
sensing indentation techniques (e.g., nanoindentation and instrumented microhardness
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testing) because of the difficulty in generating small uniform specimens of bone tissue for
mechanical testing. With microhardness testing, conventional instruments have sensors to
generate force (P) vs. displacement (h) curves as the indenter loads and unloads the tissue.
From these curves, the tissue hardness (H) and elastic modulus (E) can be determined at
scales of ~5 um to ~200 um, in which the maximum depth of the indent is dictated by the
maximum indentation force (typically 0.1 N — 3 N). Thus, H and E of interstitial and
osteonal sites can be assessed separately. Typically made out of diamond, microindenter tips
have various geometries with the Vickers four-sided pyramid being a common tip used in
bone research. With nanoindentation, tissue H and E are determined at smaller length scales,
typically ~0.1 um to ~10 um, in which the depth of penetration is usually specified (force
typically varies from 1 mN to 25 mN [2]), though a maximum force can also be specified. At
these lower forces, individual lamellae can be indented. A Berkovich diamond tip (a three-
sided pyramid with the same depth to cross-sectional area as the Vickers indenter) is widely
used, though cube corner (diamond) and spherical (diamond or steel) tips have also been
applied to the nano-mechanical testing of bone tissue.

In the measurement of P vs. h (Fig. 1a), the contact area between the tip and material is a
known function of h [1]. This necessitates that the bone surface be ground and polished to
minimize surface roughness and that a calibration standard (e.g., fused quartz) be indented
to establish the contact area function of the indenter tip (tips are blunted, not ideal geometric
shapes). H is simply the force at the maximum penetration depth divided by the contact area
(Fig. 1a), whereas E depends on the unloading stiffness (Fig. 1a), contact area, and several
geometry and material characteristics of the tip [15]. Typically, upon reaching the specified
depth or target force, there is a dwell period (10 s to 60 s) in which the force remains
constant prior to unloading to account for the viscoelastic nature of bone tissue. Creep and
viscoelastic analyses can be performed during this dwell period provided there is no
contribution to the measured displacements from thermal expansion or contraction of the
testing system, or “thermal drift” [16]. Also, since nanoindenters are designed to minimize
vibration and precisely control force, a small oscillatory load can be super-imposed onto the
static load during the first dwell (Fig. 1b), thereby providing other viscoelastic properties
(storage modulus or E’, loss modulus or E”, and the loss factor or tan =E”/E’) from the
phase-shift (3) between oscillating component of the input load and the displacement
response (Fig. 1b) [17].

There are currently two instruments — BioDent™ and OsteoProbe® (ActiveL ife Scientific,
Inc. Santa Barbara, CA) — capable of indenting human bone tissue /in vivo[18, 19]. Unlike
the aforementioned indentation techniques, a smooth bone surface is not required. Although
the loading mechanism differs between the two instruments [20, 21], they each assess the
ability of bone to resist the penetration of a 90° conical-spherical, stainless steel tip (2.5 um
and 10 pm radius, respectively). With the BioDent, the periosteal bone is cyclically loaded at
2 Hz between 0 N and a target force, typically 10 N, for 10 to 20 cycles with a load profile
similar to nanoindentation (load-to-maximum force, dwell, unload-to 0 N, with each part of
the cycle having the same duration of 167 ms). A number of tissue resistance properties can
be derived from the resulting force vs. displacement curves (see [22] for details). Whereas
the BioDent has a stand to hold the indentation module over the patient’s bone, the
OsteoProbe is a hand-held device that generates a one-time, impact load (from 10 N, the

Curr Osteoporos Rep. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nyman et al. Page 4

triggering force, to ~ 40 N in 0.25 ms) such that the recorded depth of the tip into the bone
(150 pm — 260 pm) is indexed to the harmonic mean of multiple indentation depths into a
plastic standard (PMMA). Thus, this instrument provides bone material strength index
(BMSi =100 x PMMA indentation depth per bone indentation depth). Despite its name,
BMSi is not necessarily a measure of material strength, though conceivably strong bone
tissue would have high BMSi. Also, the assessment of indentation resistance is not
necessarily independent of porosity as with traditional tissue indentation tests because pores
cannot be purposely avoided. For the most part, cortical bone loss with aging or menopause
occurs primarily through endocortical resorption [23], but indentation depth at the periosteal
surface of cadaveric tibia mid-shafts (left and right combined) was recently correlated with
regional cortical porosity as determined by micro-computed tomography with a voxel size of
30 pm (r=0.290, p=0.043 for indentation distance increase vs. porosity and r=—0.299,
p=0.037 for BMSi vs. porosity) [24].

Other reviews have summarized the extrinsic factors (e.g., sample preparation, hydration,
loading conditions) that affect micro- and nano-indentation properties in addition to the
various methods of calculating tissue-level mechanical properties [1, 2, 15], and so the
present review discusses studies that used indentation techniques to establish associations
between tissue-level mechanical properties and fracture resistance. This includes the few
studies that used the non-traditional indentation techniques introduced above — cyclic
reference point indentation (cRPI, BioDent) and impact microindentation (IMI, OsteoProbe)
—as well as nanoscratch which characterizes in situ toughness. To address the possible
contribution of heterogeneity to fracture risk, the present review also includes tissue-level
composition from imaging/spectroscopy — quantitative back-scattered electron imaging
(gBEI) and Fourier transform infrared imaging (FTIR) — as these tools have been applied to
clinical bone samples to a greater extent than micro/nanoindentation.

Independence of tissue-level mechanical properties from donor age, not
tissue age

From quasi-static, load-to-failure tests (flexural and tension) of uniform samples of cortical
bone extracted from cadavers [25-29], we know that apparent-level mechanical properties
such as strength, post-yield toughness, and fracture toughness decrease throughout lifespan.
However, tissue-level H and E from microindentation [30-34] and nanoindentation of
cortical bone [34, 35] do not vary with donor age, though they do generally increase with
tissue age [36, 37] or degree of mineralization (Table 1). As for /n vivo microindentations of
human tibia, the impact-derived BMSi was observed to increase with age (40 to 85 yo) when
persons with and without fractures were included in the correlation [38]. However, in
another study involving 46 Spanish and 42 Norwegian women with normal bone mineral
density (20 to 79 yo), BMSi did not correlate with age [39]. More studies with large cohorts
are necessary to determine if BMSi indeed decreases with advance aging.

Nano-mechanical properties of trabecular bone tissue also do not appear to vary much with
age. Collecting 21 proximal femurs from male cadavers (17 to 82 yo), Ojanen et al. [40]
conducted nanoindentation tests on Aydrated trabecular bone from the femoral neck without
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embedding the bone (ground and polished flat end of a core). For 10 unique trabeculae (5
tests per trabeculae), tissue was indented in force control to 30 mN, and in addition to H and
E using the Oliver-Pharr (OP) method (Fig. 1) [41], they determined viscoelastic parameters
during the dwell (60 s) using a Burgers rheological model of creep. Neither the elastic
properties nor creep viscosity were associated with age [40]. Incidentally, in a similar
nanoindentation study involving creep behavior of wet cortical bone (20 indents of
interstitial and 20 indents of osteonal tissue per donor), Wu et al. [16] reported a significant
difference in the exponential decay of creep between males (51 — 87 yo, n=10) and females
(58 — 89, n=10) with no relationship to age. The functional significance of whether tissue
quickly or slowly stops creeping is not immediately clear, though more viscosity would
seemingly promote energy dissipation. In general, tissue-level properties rarely differ
between females and males, especially not to the degree that structural properties differ
between the genders, but the Wu et al. study does point out the importance of accounting for
gender when assessing effects on tissue properties.

There are a few studies reporting differences in nanoindentation properties between age
groups. Higher tissue hardness and modulus was observed for trabecular bone acquired from
advanced aged, female donors (85 — 95 yo, n=5) in comparison to samples from aged,
female donors (65 — 66 yo, n=5) [42]. The proximal femurs came from surgical cases
involving femoral neck fractures and were extracted embedded in plastic, and so, all donors
were likely osteoporotic, though the nature of the fracture (low-energy trauma) was not
specified by the authors nor was the number of indents per donor per region. In a similar
nanoindentation study of trabecular bone from femoral heads by another group, H and E of
dry tissue, independent of depth, was higher for elderly female donors (83 — 94 yo, n=3)
than for young female donors (27 — 38 yo, n=5)[43]. Unlike the other study, bones were
collected during autopsy of donors without known skeletal diseases. Besides the small
sample size, whether measurements from the indents (10 x 5 array per sample) were
averaged or pooled in the statistical analysis was not specified.

From indentation tests of rodent bone, we know that tissue-level mechanical properties
change with skeletal maturation if not with advanced aging. This was clearly demonstrated
in a recent study in which embedded femur cross-sections from 70 male, Wistar rats
throughout lifespan were indented by traditional nanoindentation (15 indents distributed
throughout in the axial direction) [44]. Tissue-level H and E increased from 1-mo to 7-mo,
but did not vary between 7-mo and 17-mo of age. As for aging in mice, Raghavan et al. [45]
did not find a significant difference in H, E, or the plasticity index between 4-mo or 5-mo
(n=21) and 19-mo (n=12) male, C57BI/6 mice (combined non-exercised and exercised
across age groups). The plasticity index, which varies over the range 0-1, is a measure of
how much of the deformation is plastic, as opposed to elastic (and recoverable), and takes on
larger values when the relative amount of plasticity is high. The indents were done on a
smooth longitudinal surface created on the anterior side of wet femur mid-shafts (5 per bone
in radial direction). The main finding from this study by Raghavan et al. was that the
classification of young and aged mice required combining tissue-level properties, both
mechanical and compositional, as their structure-function relationships varied in non-linear
manner with age.

Curr Osteoporos Rep. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nyman et al.

Page 6

In an earlier study involving growing mice (1 day to 40 days of age), Miller et al. [46]
indented rehydrated tibia cross-sections. Again, E was directly proportional to age (R?=0.85)
as primary mineralization principally occurs during adolescence. In higher order animals
that experience significant osteonal remodeling, increases in H and E (female baboons) also
occurred during sexual maturity [47], and storage modulus (E’) and loss modulus (E”)
increased while the phase-shift (5) decreased with maturation as observed from
nanoindentation of dry humerus cross-sections acquired from growing New Zealand white
rabbits between birth and 6-mo. [48]. Note that in all nanoindentation studies of bone, there
are differences in the depth of indentation (specified force vs. specified depth), loading rate
(force control vs. strain control), dwell period (10 s to 120 s), unloading rate (half of a fixed
loading rate vs. loading rate approaching maximum depth), and dynamic parameters (hold
force, force amplitude, and frequency). Still, average measurements of elastic and
viscoelastic properties of bone tissue likely cannot, by themselves, explain the age-related
increase in fracture risk.

Estrogen-related changes in tissue-level mechanical properties

Since fracture risk increases following menopause, estrogen withdrawal could deleteriously
affect tissue properties along with the deterioration of trabecular microarchitecture.
Investigating this possibility, Polly et al. [49] analyzed 15 paired transiliac biopsies prior to
(49.0 £ 1.9 yo) and then 1-year (54.6 £ 2.2 yo) after cessation of menses. After grinding and
polishing the fixed, embedded samples, quasi-static nanoindentation (dwell at 6 mN with an
average depth of 770 nm) and dynamic nanoindentation (oscillating load during dwell with
an amplitude between 75-125 pN and varying frequency in a step-wise manner) was
performed at 25 unique sites within the trabeculae per specimen (analyzed the average for
each donor). There were no statistically significant differences in H and E between pre-and
post-menopause. For the most part, the dynamic properties did not significantly change
following menopause, but the loss modulus (i.e., viscous dampening behavior) and tan &
(i.e., viscous energy dissipation) tended to be higher after menopause reaching significance
for multiple, but not all, loading frequencies. Functionally, higher damping could be
advantageous toward preventing fracture in the way it provides for greater energy dissipation
through viscous deformation mechanisms [50].

Whether menopause has a permanent effect on tissue-level mechanical properties after
turnover reaches an equilibrium remains to be determined, but generally, ovariectomy
(OVX) to induce estrogen withdrawal in rats does not affect tissue-level H and E [51],
though non-significant trends of lower H in OV X trabecular tissue can exist [52]. There is
however one nanoindentation study comparing creep characteristics of hydrated tissue
between sham-operated (n=6) and OV X rats (n=6) [53]. In this study, the effects of estrogen
withdrawal occurred between 6-mo. and 8-mo. of age. Pooling nanoindentation values (not
an average of tests within animal), the creep viscosity was higher for mandibular bone for
OVX rats than for sham rats with no differences in viscosity or modulus between the groups
when the lumbar vertebra was tested. Also, H and E of the cortical shell of lumbar vertebra
was lower for OV X rats given a low protein diet compared to sham rats on a normal diet
[54]. As for species in which osteonal remodeling is prominent, differences in cortical H and
E (dry embedded femur cross-section) were observed between sham- and OV X-rabbits (7-
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mo old at time of surgery with n=5 per time point) at 4 wks, 6 wks, and 8 wks post-surgery
[55]. In an ovine OV X study, only E was reduced across trabeculae (cross-section) by
estrogen withdrawal [56]. Also, feeding OV X rabbits (surgery at 16—-17 wks) a methionine-
rich diet for 16 weeks produced tissue in the mandible with lower storage modulus [57].
Fluorochrome labels were not administrated to quantify activation frequency in these OV X
studies, but an increase in remodeling would explain why H, E, and the mineral-to-matrix
ratio were all lower for the OV X than for the sham rabbits.

Osteoporosis-related differences in indentation-derived mechanical
properties

Even though tissue-level H and E do not vary with age, they still may be affected by disease.
Indentation properties of bone have been compared between osteoporotic individuals and
otherwise healthy individuals (case-control matching for age and gender). In a study by
Wang et al. [58], trabecular bone within iliac bone biopsies (dehydrated in ethanol,
embedded in plastic, and tested dry) were acquired from Caucasian females who had
sustained a vertebral fracture (68.4+5.1 yo, n=23) and who were considered healthy
(64.4+5.4 yo, n=17). Taking the average of H and E within each specimen, these properties
were not different between the two cases. However, when biopsies were reclassified based
on dynamic histomorphometry, elastic modulus was higher for individuals with low (n=18)
rather than high (n=22) bone formation rates per bone surface. In a follow-up study by the
same group, significant differences in nano-mechanical properties were found between
individuals taking bisphosphonates (BP) with severely suppressed bone turnover (SSBT) and
age-matched controls but not between osteoporotic individuals (BP naive) and age-matched
controls [59]. The plastic deformation resistance, a parameter that accounts for effects of
indenter geometry and elastic deformation on the measured hardness [56], of both trabecular
and cortical bone was higher for SSBT than for controls. Other studies comparing tissue-
properties of bone without a fracture (typically cadaver in origin) and bone near the site of
fracture (e.g., femoral neck) did not find significant differences in nanoindentation
properties [60, 61] (Table 2). One study reported lower E in the tissue of vertebral bodies
from donors with very low BMD (n=6) than from donors with low-to-normal BMD (n=4)
[62].

Seemingly, based on the cited studies, nano-mechanical properties do not contribute to
fracture risk. However, when H and E are regressed against compositional properties as
determined by qBEI or other imaging techniques probing tissue at the same-length scale as
nanoindentation, relationships between E or H and mineralization differ between controls
and fracture cases [60, 63] as in the case of aging mice [45]. For example, a lower E or H did
not accompany a lower degree of mineralization (qBEI) within the femoral neck of fracture
patients, relative to non-fracture controls, indicating changes to the organic matrix
contributed to fragility [60]. Thus, even though E (tissue stiffness) or H (resistance to
yielding) is not significantly different between osteoporotic and healthy bone, tissue-level
mechanical properties may still contribute to fracture risk. For example, alterations in their
relationship with composition (e.g., lower H for a given mineral-to-collagen ratio) could
favor damage formation. Also, as discussed in a subsequent section, the heterogeneity in
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both spatial and population distribution of modulus may favor or hinder toughening
mechanisms.

While cRPI (BioDent) is currently not being advanced for clinical use, this technique was
the first to assess tissue-level mechanical properties of human bone /n vivo. The first
reported case-control study involving cRPI (20 cycles at 11 N) [64] found that
microindentation depth was significantly higher in female patients who recently sustained an
osteoporosis-related fracture (79.1+7.5 yo, hip fracture n=25, vertebral fracture n=2)
compared to control patients (83.2+5.3 yo, n=8) in the same hospital for non-fracture
reasons. Using the same cRPI protocol, a second clinical study included 70 women divided
into 4 groups: control patients (69+13 yo, n=20), long-term BP users (69%7 yo, n=6),
patients with a typical hip osteoporotic fracture (BP naive, 8219 yo, n=38), and patients with
an atypical femoral fracture (long-term BP use, 74+6 yo, n=6) [65]. Consistent with the
results of the first study, measurements of indentation distance into the periosteal bone were
higher in fracture patients (whether typical or atypical) than in controls, after adjusting for
age.

These minimally invasive, local indentation measurements assume that skeletal fragility is
systemic, and therefore, a measurement at the tibia mid-shaft is representative of tissue
properties at key fragility fracture sites. Jenkins et al.[66] undertook cRPI measurements (10
cycles up to 10 N) on femoral neck samples collected at surgery after low-trauma hip
fracture (interquartile range 77-87 yo, n=46 with 17 males) and from cadaveric controls
(interquartile range 61-74 yo, n=16 with 7 males). Again, bone from osteoporotic fracture
patients was less resistant to microindentation than bone from controls, even after adjusting
for cofounding factors (age, sex, BMI, and height). More importantly, this study confirms
others’ reports that cRPI measurements can detect skeletal fragility, independently of hip
BMD [64, 67]. Milovanovic et al. [68] also indented femoral neck samples but did not
observe significant differences in indentation depth between hip fracture patients and healthy
controls, likely due to the small number of donors (5 fractures and 4 controls), the limited
number of indents per bone (3 instead of ~8 to 15 for other studies) and the use of a
particularly low target force (2 N).

Using IMI with the OsteoProbe instrument (the current technique being actively investigated
for clinical use), Malgo et al. [38] conducted a case-control study involving a cohort of 90
patients ([40 — 86] yo) having either osteopenia (T-score <—1.0) or osteoporosis (T-score <
-2.5). BMSi was lower in patients with a fragility fracture (n=63) compared with non-
fracture subjects (n=27), independent of BMD. BMSi values also discriminated patients with
different fracture status in the osteopenic group only. Discordantly, in another clinical study
including 180 elderly women (78.3+1.1 yo, 117 with a history of fracture and 63 controls),
BMSi was not associated with prevalent fractures [69]. However, several factors may explain
the lack of sensitivity of the OsteoProbe to fracture status in this study: (i) fractures were
self-reported, (ii) any fracture occurring after 50 years old was included so that several
decades passed between the fracture event and the actual indentation testing, and (iii) 25%
of reported fractures were not osteoporotic.
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In addition to skeletal fragility, /7 vivo microindentation measurements may be sensitive to
changes in bone tissue associated with pharmaceutical treatments or other diseases like
diabetes. In a longitudinal study including 52 patients with glucocorticoid-induced
osteoporosis, BMSi significantly increased for those treated with denosumab (n=15) and
teraparatide (n=5) as early as 7 weeks and again at 20 weeks after the start of treatment [70].
Serving as a negative control, BMSi did not increase in patients receiving calcium and
vitamin D supplementation only (n=19). BMSi was also reported to be lower for post-
menopausal women with type 2 diabetes (n=30) than without diabetes (n=30). The
difference was significant after adjusting for known risk factors of fracture [71]. To date,
what BMSi is measuring or what attributes of bone tissue influence BMSi is not known.

Contribution of tissue-level mechanical properties to fracture resistance

Most tissue-level mechanical properties derived from quasi-static micro/nanoindentation
tests do not typically correlate with mechanical properties of bone at the apparent level as
determined by quasi-static, load-to-failure tests of uniform specimens [35]. In a recent study
investigating these relationships across length scales, Mirzaali et al. [34] acquired fresh-
frozen cadaveric femurs from 19 male and 20 female donors (46 to 99 yo) and machined
mechanical specimens from the proximal end of the mid-shaft. Prior to machining, a cross-
section and a transverse-section were cut, embedded and polished for nanoindentation.
There were 10 indents per section with maximum depth of 1 um. To determine whether
nano-mechanical properties combined with microstructural features (bone volume fraction,
cement line density, and mineral-to-matrix ratio) could explain the apparent-level
mechanical properties, the data was fit to a power law relationship. Using backwards step-
wise regression, only bone volume fraction significantly explained the variance in tensile
strength and elastic modulus.

To clarify how cRPI properties relate to conventional testing methods, a number of ex vivo
studies have compared cRPI outcomes to apparent-level material properties. Indentation
depth assessed from cRPI on cadaveric femoral bone from 34 donors (6525 [21-99] yo)
was inversely correlated with both peak bending strength and toughness derived from three-
point bend (3pt) testing [22]. Similar relationships were observed after conducting cRPI and
3pt testing on femurs from non-diabetic and diabetic rats sacrificed at 32 weeks of age
(n=18) as well as on ribs from mature female beagles with and with BP-treatment (n=19)
[72]. After adjusting for age, cCRPI properties also helped the explain the 24—-38% of the
variance in fracture toughness properties (i.e. resistance to crack initiation and propagation)
for a set of single-edge notched beams from 62 human femurs (64+22 [21-99] yo) [29]. On
the other hand, Carriero et al. [73] argued that cRPI is not indicative of fracture toughness as
indentation depths were higher in mouse bones with very brittle (oim/oim) and with very
ductile (Phosphol1™'-) behavior, compared to their controls. However, since cRPI outcomes
do not only reflect differences in fracture toughness, it is conceivable that the higher
indentation depth observed in the o/rm model occurred because the brittle bone was
susceptible to local damage generated by the probe, while the higher indentation depth
observed in the Phospho1~'~ model occurred because poorly mineralized bone with a
reduced hardness lowered resistance to indentation.
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The possible role of tissue heterogeneity in fracture resistance

Based on mechanisms well described in material physics [74], heterogeneity in a material
(i.e. the spatial variation of structural and compositional properties in a material), can
increase its resistance to fracture by various mechanisms including crack deflection/arrest
and shielding from interfaces, which all require energy dissipation. On the other hand,
extreme heterogeneity may concentrate strain in regions of low modulus, promoting crack
initiation, and thereby hindering fracture resistance. In bone, tissue heterogeneity can change
with age [75], bone remodeling rate [76] or drug therapy [77-79]. Therefore, loss of
heterogeneity at the tissue-level has emerged as a possible factor contributing to an increased
risk of fracture, a thesis supported by computational models that simulate crack propagation
through cortical bone [80]. There is only one study to date however that investigated whether
there are differences in nanoindentation heterogeneity between fracture and non-fracture
cases, and only the standard deviation in cortical modulus and in cortical plastic deformation
resistance was lower and higher, respectively for atypical fracture cases (long-term BP use
giving rise to SSBT) than for age-matched non-fracture cases [59] (Table 2).

Since there is a practical limit to how many indents can be done to assess tissue
heterogeneity, most studies have investigated whether differences in compositional
heterogeneity exist between fracture patients and non-fracture controls. No consensus on
whether heterogeneity increases or decreases fracture risk has emerged yet. In such studies
(Table 2), heterogeneity is typically assessed as the full-width at the half maximum
(FWHM) of the distribution of a compositional property (e.g. degree of mineralization,
mineral-to-matrix ratio) because sampling is high enough to generate histograms with
Gaussian-like distributions. As an example, microradiographs of bone sections extracted
from the femoral neck of 23 women (82.7 yo [65-96]) who sustained a hip fracture and 14
cadaveric controls (86.9 yo [75-103]) showed a significantly higher heterogeneity in tissue
mineralization in fracture patients compared with controls [81]. A similar observation was
made by Tamminen et al. [82] in a pediatric population: heterogeneity in mineralization
assessed from gBEI images of cross-sectional areas of transiliac bone biopsy from 24
children with idiopathic osteoporosis and a history of fractures (17 boys, 6.7 — 16.6 yo) was
significantly higher compared to a normal reference data. On the contrary, in an infrared
spectroscopy image (FTIR) analysis of femoral neck biopsies from 10 hip fracture cases
(female 65 — 91 yo) and 10 age and sex-matched control necropsies (female 74 — 89 yo),
heterogeneity of mineral-to-matrix and carbonate-to-phosphate ratios was significantly
lower in the fracture than in the non-fracture group [83].

The association between heterogeneity in tissue composition and fracture risk in these
imaging studies may not be causal as they do not adjust for major determinants of fracture
risk, e.g. BMD or microarchitecture. Recently, in the largest FTIR imaging study to date
involving iliac crest biopsies from age- and BMD-matched female subjects with (n=60) and
without fracture (n=60) [84], heterogeneity of various outcomes (mineral-to-matrix ratio,
carbonate-to-phosphate ratio, crystallinity, acid phosphate substitution, collagen maturity)
was not significantly different between the two cases, whether analyzing the cortical or the
cancellous tissue. Multivariate analyses on the matched data set suggested that an increase in
collagen maturity heterogeneity was a significant independent predictor of fracture status,
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although only in trabecular bone (p=0.0491). A common analysis technique — and possible
limitation - to these studies is the use of the FWHM to assess tissue heterogeneity (i.e., a
population heterogeneity that describes the variance of a metric over an entire region).
Moving forward, including a measure of the region heterogeneity within a region (i.e.,
variograms), indicative of local contrast, may be more informative to explain the decreased
resistance to fracture in a given individual.

Challenges and recommendations in the application of nanoindentation

to bone

In dynamic nano-mechanical testing, the harmonic stiffness and phase angle depend not only
on the viscoelastic characteristics of the bone tissue but also on the dynamic properties of
the instrument. To accurately characterize the viscoelastic properties of bone specimens, it is
thus necessary to correct the measured data for the influence of the instrument [85, 86].
Driving the indenter tip into the sample increases the stiffness and damping of the system.
Therefore, the measured phase angle varies with indentation depth, even for a homogenous
material. A dynamic nano-mechanical test that varies the oscillation frequency could
observe a frequency-dependent material response, when in fact none exists. An important
upshot of all of this is that the viscoelastic behavior of the instrument must be well
characterized and carefully factored in in the data analysis procedures to obtain accurate
measurements of viscoelastic properties. A simple way to characterize the machine
dynamics is to oscillate the tip in air immediately prior to or after making an indent [85].

Another recommendation for the nanoindentation of bone is to not correct for thermal drift.
The assumption behind the thermal drift calculation is that a change in displacement during
the period in which load is held constant is due to thermal contraction or expansion of the
material. However, viscoelastic materials such as bone exhibit time-dependent deformation.
When an indenter is driven into bone tissue and then held at fixed load, it creeps deeper into
the surface over time. Similarly, upon unloading to a fraction of the peak load, the indenter
moves backward over time as the sample viscoelastically recovers, an effect that looks just
like thermal drift but is not. The effect of the thermal drift correction on displacement
response increases with an increase in the duration of the indent, so indents with slow
loading rates or long hold periods are affected the most. Additionally, the thermal drift
correction can substantially alter creep test results. Thermal effects on displacement
response can be minimized in practice by adding a delay between the setting up and running
of an experiment to allow the instrument and sample to reach a thermal equilibrium.

When not constrained by the length scale of a feature of interest, such as the width of a
lamella, it is preferable to use larger indents over smaller ones. There are several reasons for
this. As discussed previously, the relative contribution of the dynamic properties of the
instrument is greater at smaller depths. This means that the effect of an error in the
correction for the indenter’s influence on dynamic measurements decreases with larger
indentation depths. Also, to best fit the assumptions of the damped harmonic oscillator
model, it is desirable for the amplitude of the harmonic displacement to be a small fraction
of the total depth. Another reason to prefer larger indents is that relative errors in the
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calculated projected contact area due to effects like surface roughness, misidentification of
the location of the surface during the approach of the indenter to the surface, or uncertainties
in the tip area function (the precise geometry of the indenter tip) are reduced. Accurate
measurements of the projected contact area are crucial to almost all nanoindentation
property measurements [40].

Conclusion

Traditional tissue-level mechanical properties such as modulus and hardness do not appear
to differ between healthy and fragile bone. There are several reasons for why these
properties do not directly associate with fracture risk: heterogeneity due to remodeling,
importance of microstructural features (e.g., porosity) to fracture resistance, and lack of
sensitivity to various toughness mechanisms (e.g., crack deflection at an interface).
However, as nanoindentation techniques are refined, our understanding of how tissue-level
mechanical properties contribute to fracture risk is likely to improve. There are alternative
techniques that have not been widely used to date, but could help establish how tissue-level
mechanics contributes to overall fracture resistance. One technique involves compressing a
micropillar of bone tissue. lon beam milling is required to excavate the small column of
bone tissue, which can then be compressed to failure using a nanoindenter with flat punch
tip. Using this technique on bovine cortical bone, Schwidrzik et al. [87] observed plastic
deformation of lamellae without visible damage. Another, perhaps less technically
challenging technique is the nanoscratch in which a Berkovich tip is pressed into the bone
tissue and pulled laterally across the bone surface. The work to scratch the bone was found
to be less for older donors than for middle aged donors [88]. Also, removing proteoglycans
from the surface of human cortical bone caused a reduction in this so-called in situ
toughness [89]. Moving forward, advancing existing and emerging techniques is necessary
to improve our understanding of how changes in tissue-level mechanical properties
contribute to fracture risk.
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Figure 1.
Tissue-level mechanical properties are often determined from quas-static (a) or dynamic (b)

nanonindentation tests of bone samples with polished surfaces (c). Arrows or a box mark the
indents, which appear as triangles.
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