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Advances in our ability to assess fracture risk, predict im-
plant success, and evaluate new therapies for bone metabolic
and remodeling disorders depend on our understanding of
anatomically specific measures of local tissue mechanical
properties near and surrounding bone cells. Using nanoin-
dentation, we have quantified elastic modulus and hardness
of human lamellar bone tissue as a function of tissue micro-
structures and anatomic location. Cortical and trabecular
bone specimens were obtained from the femoral neck and
diaphysis, distal radius, and fifth lumbar vertebra of ten
male subjects (aged 40—85 years). Tissue was tested under
moist conditions at room temperature to a maximum depth
of 500 nm with a loading rate of 10 nm/sec. Diaphyseal tissue
was found to have greater elastic modulus and hardness than
metaphyseal tissues for all microstructures, whereas intersti-
tial elastic modulus and hardness did not differ significantly
between metaphyses. Trabecular bone varied across loca-
tions, with the femoral neck having greater lamellar-level
elastic modulus and hardness than the distal radius, which
had greater properties than the fifth lumbar vertebra. Os-
teonal, interstitial, and primary lamellar tissues of compact
bone had greater elastic moduli and hardnesses than trabec-
ular bone when comparing within an anatomic location. Only
femoral neck interstitial tissue had a greater elastic modulus
than its osteonal counterpart, which suggests that micro-
structural distinctions can vary with anatomical location and
may reflect differences in the average tissue age of cortical
bone or mineral and collagen organization. (Bone 26:
603-609; 2000) © 2000 by Elsevier Science Inc. All rights
reserved.
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Introduction

may provide input for computational models of physiological
strategies for balancing mechanical function with mineral
homeostasis requirements.

In support of this structure—function paradigm, several inves-
tigators have explored regional and anatomical variation in the
macroscopic mechanical properties of human cortical and tra-
becular bong:®12.16.19.23.24.28.45.49.50.8fany of these studies
have also been summarized in reviews by Reilly and Buréfein,
Goldstein?” and Keaveny and Hayé$.Paralleling studies of
bone mechanical heterogeneity, investigators have also quanti-
fied the biochemical constituency of bone, suggesting that tissue-
level variations in intrinsic material properties may exist between
lamellae3* between cortical and trabecular tissdeand across
anatomical location2°43However, the ability of microscopic
material properties, when coupled with architecture, microstruc-
ture, biochemical composition, and organization, to influence
whole bone mechanical integrity is unknowh??-27:31.36

Although anatomical variations in cortical and trabecular
bone material properties have been extensively quantified at
the continuum level, parallel studies at the microscopic level
are far less numerous. This disparity exists despite the exis-
tence of methods to measure microscopic bone tissue proper-
ties including microhardness, microtesting, and acoustic tech-
niques?,lo,ls,17,18,32,35,39,42,48,54—56,58|§Rjeed’ the study by
Weavef° stands as the only investigation using a microscopic
technique to explicitly characterize bone tissue lamellae from
several different organs. Traditionally, hardness is described
as the resistance to plastic deformation and is defined as the
applied load divided by the residual indentation at&ai-
croscopic hardness correlates with tissue-level elastic modu-
lus in bone?125:32pyt it is not a fundamental material prop-
erty. Hardness integrates all constitutive behaviors of a
material exhibited during deformation, making interpretation
of its physical meaning challenging.

Recently, investigators have begun to use nanoindentation to
measure lamellar-level bone elastic propertied?51:53.59.63

Advances in our ability to assess fracture risk, predict implantith 0.3 uN load, 0.16 nm displacement, and 400 nm spatial
success, and evaluate new therapies for bone metabolic arfgsolution, nanoindentation has recently been validated as an
remodeling disorders demand anatomically specific measures giccurate and reproducible technique for evaluating the elastic
the local mechanical environment of the cell. Moreover, quanti-moduli of bone tissue lamella¥. Unfortunately, a compre-
fying anatomic heterogeneity in extracellular matrix propertieshensive evaluation of the lamellar-level elastic properties of
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bone tissue from different anatomic sites remains unavailable.
Hence, the objective of this study was to quantify the elastic
properties of human bone tissue lamellae from four different
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Materials and Methods indenting an elastic half space. Assuming a Poisson ratio, iso-
tropic elasticity, rate independent plasticity, and continued con-

Subjects were obtained through the University of Michigantact during initial unloading, Doerner and Nix related the initial

Anatomical Donations Program. All cadavers were fresh-frozenynjoading stiffness to elastic modul@.Oliver and Phaft*

and screened for arthroplasty, osteosarcoma, paralysis, and megfined this approach to accommodate nonlinear unloading be-

abolic bone disorders, using medical records. Cadavers of uncefravior due to the varying cross section of the indenter. They also

tain medical history were not included. Osteoporotic specimensncorporated King'3” modifications for indenters of varying

were excluded on the basis of femoral neck fractures identifiectross sections. The initial unloading stiffneSsis related to the

during dissection or radiographically apparent compression frace|astic modulus as follows:

tures in the fourth or fifth lumbar vertebrae. Cortical and trabec-

ular bone specimens were obtained from 10 male subjects (9 dp JKC

white, 1 black) between 40 and 85 years of age. We decided to S= an " 2BE, \“J‘* (1)

study the femoral neck and diaphysis, distal radius, and fifth i

lumbar vertebra for the dual purpose of comparing them withyhereP = the loadh = the depth, andP/dh = the initial slope

previous investigations and evaluating regions of elevated fracqyring unloading of the force—displacement curge.= an

ture incidence often associated with bone fragffity° empirical factor to distinguish different indenter shapes, Apd

All tissue preparations followed previously validated proto- = the projected area of elastic contdgt= the reduced modulus
cols2 In the distal radius, bone was sectioned transverse to thgnd it accounts for the nonrigid indenters.

long axis immediately proximal to the ulnar articulating surface

using an irrigated diamond wafering blade (Buehler Ltd., Lake 1 1-v2 1-—v?
BIuff, IL). A scalpel was used to remove a 1 ésample from the E_E + E.
palmar surface of 2.8-mm-thick cross sections. The femoral neck ' b '

was sectioned with an irrigated diamond band saw (Exakt In€, andv,, = the elastic modulus and Poisson ration for bdge.
struments, Oklahoma City, OK) transverse to its anatomical axist;,mch,i = the same quantities for the indenter. The projected area
beginning proximal to the greater trochanter. Sections were madgf contact,A, (equation [1]) is determined by the contact depth
parallel to the plane defined by the portions of the greater anchnd is calculated based on the area-to-depth function of the
lesser trochanters located closest to the femoral head. Onendenter. Recognizing that indenter tip geometry can vary sig-
centimeter-square samples were removed from the lateral portiohificantly, cross-sectional area as a function of depth is derived
of the section with a scalpel. In both the distal radius and femorabmpiricauy for each tip. The experimental model for nanoinden-
neck, tissue samples had a trabecular interior bordered on ongtion and the tip shape calibration have been studied extensively
edge by a compact bone cortex. In the femoral diaphysis, thend proven to be accurate for aluminum, quartz, sapphire, fused
linea aspera (posterior) was isolatednfr@a 3 in. length axial  silica, soda lime glass, and tungstérRecent studies by Rho et
segment. Transverse sectioning was performed with a diamong|. >° Zysset et al®3 and Turner et at? have shown that nanoin-
wafering blade. dentation yields reproducible results in bone at the lamellar level.
Before sectioning, fifth lumbar vertebrae were screened for Hardness is defined as the maximum force divided by the
compression fractures by comparing their heights with otherprojected area of contact, and may also be computed from the
vertebrae in the subject's spine using anterior-posterior angoad-displacement data and the area-to-depth function.
lateral radiographs. The intervertebral disks, soft tissues, and
posterior elements were removed. A diamond band saw irrigated Prnax
with distilled water was used to section the vertebrae transverse H= A ©)
to the spinal axis and immediately cranial to the caudal bony end ¢
plate. One-centimeter-square samples containing cortex and in- The Nanolndenter Il is equipped with a pyramidal Berkovich
ternal trabeculae were isolated from the anterior portion of thediamond indenter, a microscope, and a coordinate table, all
section with a scalpel. located on a vibration isolation platform within a protective
All specimen sections were about 3 mm thick less the bladecabinet. Load and depth are controlled with an inductive load cell
thickness (200um). All tissue samples were embedded in a and a capacitive displacement gauge, respectively. Custom irri-
weakly exothermic epoxy (PL-1; Photoelastic Division, Mea- gation was designed to maintain tissue moisture and included a
surements Group, Raleigh, NC) which penetrated trabeculaprecautionary solution of 0.Rg/mL gentamicin (antibacterial)
pores but not the tissue itself. Previous experiments have denfLife Technologies, Grand Island, NY) to prevent tissue degra-
onstrated that the embedding procedure does not effect nanointation, as testing may extend several hotigire 1). Indentor
dentation measuremert$.Subsequently, tissue samples were tip calibrations were performed before testing.
secured to polycarbonate platens and surface polished using Using the light microscope, we selected indentation locations
progressive grades of SiC paper. Specimens were finished withlbased on microstructure. In the distal radius, microstructures
0.25um diamond slurry and cleansed in an ultrasonic water bathwere classified as osteonal, interstitial, trabecular, and primary
for 15 min. Cranial surfaces were presented for indentationamellar Eigure 2). Femoral neck tissue was separated into
testing. osteonal, interstitial, and trabecular microstructures. In the fem-
The Nanolndenter Il system (Nano Instruments, Oak Ridgepral diaphysis, only osteonal and interstitial tissues were present.
TN) was used to measure the elastic modulus at the lamellar levéDsteonal and interstitial tissue regions were selected in spatially
of hierarchy. Nanoindentation is the most recent advance iradjacent pairs. Trabecular, cortical lamellar, and enthesophytic
depth-sensing indentation technology. Similar to traditionalmicrostructures were observed in vertebral specimé&igu(e
hardness instrumentation, a diamond probe is pressed into a te3t. The thin cortical shell of the vertebrae was noticeably and
material and retracted, leaving a permanent impression. Load anekpectedly devoid of Haversian structures. The circumferential
depth are recorded with 0,38\ and 0.16 nm resolutions, respec- lamellar tissue of the cortex appeared similar to trabecular tissue
tively. Doerner and Nix* adapted Sneddor?é solution to in-  in architecture but lacked trabecular packets. The enthesophytic
dentation of an elastic half space by a rigid, axisymmetric, flattissue was nonlamellar tissue (in transverse sections) localized to
indenter, and modeled nanoindentation as a deformable cylindehe ligamentous-osseous transition known as the enthesis. Often

&)




Bone Vol. 26, No. 6 C. E. Hoffler etal. 605
June 2000:603-609 Bone lamellar-level elastic moduli

video gentamicin
camera reservoir

% pneumatic
l table

L

nanoindenter irriqati
irrigation
chamber 9
exhaust

Figure 1. Schematic of Nano Indenter Il and custom irrigation system. . ) -
Figure 3. Transverse section of the fifth lumbar vertebral body detailing

. circumferential lamellae of the cortex (CL) and enthesophytic tissue
called osteophytes, enthesophytes of the anterior vertebral bod¢E). Anterior cortex is at the top. Original magnificatiot800.
are hypothesized to result from abnormal ligamentous trac-

tions#* . .
Within a single specimen, nine regions of each microstructurefo.rmed using SAS 6.1 (SAS I.nst|tute, Cary, NC). BO”? and
microstructure were treated as fixed effects, whereas region and

present were tested. At each region of interest, p.a array of indent number (within the array of four) were treated as random
four indents was made (totaling 36 indents/microstructure pe ; . Yy . .
he subject variable was also considered a random effect. A

specimen). Indentation was performed at 10 nm/sec to a maxi- . ; ;
n?um dep)th of 500 nm. Tisgue was preconditioned with twomlxed-model ANOVA is equivalent to a repeated-measures

preliminary cycles to 100 and 250 nm of depth. As describedANOVA when all data values are present, but it is also able to

above, the lamellar-level tissue elastic modulus was then Calcugnalyze data when some values are missing. A Tukey's fT‘“'“p'e
lated from the unloading segment of the force—displacemen ange test followed the ANOVA, and significance was attributed

curve assuming a Poisson ratio of 0.3. Recent results demonstra p values<0.05.

that trabecular tissue may have an isotropic Poisson ratio of

0.25°2 and that lamellar-level elastic modulus varies only with- Results

in 10% between Poisson ratios of 0.2 and 0.4 when measured - ) ) o

with nanoindentatioi® Lamellar tissue hardness was also Before statistical analysis, data with zero values were eliminated

determined. because they represented errors caused by excess fluid, which
All data were log-transformed to correct for positive skew- impairs sample surface detection. A total of 4037 nonzero ob-

ness. A mixed-model analysis of variance (ANOVA) was per- Servations were made for ten subjects in four anatomic locations.
Next, 133 data points were excluded because data were recorded

at depths more than 10% away from the 500 nm target depth.
Histograms and univariate descriptions were generated for this
reduced data set, and 22 statistical outliers were removed. The
final data set for analysis contained 3882 observations.

Figure 4 illustrates the heterogeneity in elastic modulus and
hardness between anatomic locations for corresponding micro-
structures. The corresponding statistical results are detailed in
Table 1. For example, osteonal and interstitial tissue in the
femoral diaphysis had significantly greater moduli and hard-
nesses than corresponding microstructures in the femoral neck
and distal radius. Osteonal tissue in femoral neck had an equiv-
alent elastic modulus but lower hardness compared with the
distal radius. Interstitial tissues in these two locations had equiv-
alent properties. Trabecular tissue elastic modulus and hardness
were all significantly different, with the distal radius having the
greatest properties and the vertebra the lowest. Primary lamellar-
level bone was also significantly greater in the distal radius
compared with the vertebrae in both elastic modulus and
hardness.

Differences between microstructural elastic moduli and hard-
ness within an anatomical location are depictefigure 5 and
the associated statistical results are showTable 2. In the
Figure 2. Transverse section of the palmer distal radius cortex detailingfemoral diaphysis, the elastic moduli of osteonal and interstitial
osteonal (O) and primary lamellae (P). Original magnificatio200. tissue were not found to be significantly different. However,
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Figure 4. Variations in elastic modulus (a) and hardness (b) between
corresponding tissue microstructures in different anatomical locations
Error bars indicate standard errors. FD, femoral diaphysis; FN, femor

neck; DR, distal radius; L5, fifth lumbar vertebra.
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Figure 5. Variations in elastic modulus (a) and hardness (b) between
fissue microstructures in the same anatomical location. Error bars indi-
cate standard errors. OL, osteonal; IL, interstitial, TR, trabecular; PL,

primary lamellar; EN, enthesophytic; CL, circumferential lamellar.

interstitial hardness was found to be higher than osteonal. Com-
parisons of femoral neck elastic modulus and hardness values

Table 1. Statistical comparisons between corresponding tissue micro

structures in different anatomical locatiéns

Microstructure Elastic modulus Hardness
Osteonal FD> FN = DR FD > DR > FN
Interstitial FD> FN = DR FD > FN = DR
Trabecular DR> FN > L5 DR > FN > L5

KEY: FD, femoral diaphysis; FN, femoral neck; DR, distal radius; L5,

fifth lumbar vertebra.
Significance= p < 0.05.

were identical, with interstitial being greater than osteonal, which
was greater still than trabecular. Considering vertebral results,

trabecular tissue and the circumferential lamellar-level tissue of
the cortex were not different. Both had lower properties than the
enthesophytic tissue.

In the distal radius, osteonal, interstitial, and primary lamel-
lar-level microstructures did not differ significantly in elastic
modulus, and all three values were greater than in trabecular
tissue. Hardness results were different, with primary lamellar-
level tissue being significantly greater than osteonal and trabec-
ular values. Interstitial hardness was significantly greater than
trabecular tissue.
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Table 2. Summary of statistical comparisons of differences between tissue microstructures in the same
anatomical locatioh

Location Elastic modulus Hardness
Femoral diaphysis Ol= IL IL >0L

Femoral neck IL> 0L > TR IL>0L>TR

Distal radius OL=IL =PL>TR PL>OL;PL=IL > TR
Fifth lumbar vertebra EN> TR = CL EN> TR = CL

KEY: OL, osteonal; IL, interstitial; TR, trabecular; PL, primary lamellar; EN, enthesophytic; CL, circumferential
lamellar.
2Significance= p < 0.05.

Discussion Differences between microstructures within anatomical loca-

) ) ) tions were also noted. Osteonal, interstitial, and primary lamellar
Early studies by Weaver determined that the microhardness afssues, the elements of compact bone, had greater elastic moduli
than in diaphyseal corticéS.However, interstitial tissue from rapecular bone likely reflect elevated rates of bone turnover and
long bone diaphyses was uniform. Similarly, the present studytoincidental decreased mineral content. Cortical bone elastic
found diaphyseal tissue to have greater elastic modulus angoqylus values ranged from 19.47 1.63 GPa (meart stan-
hardness than metaphyseal tissues for all microstructures. Analisq error) in the femoral diaphysis to 14.531.41 GPa in the
ogous to the study by Weaver, interstitial tissue properties did nofemoral neck. Trabecular tissue had their highest lamellar-level
differ significantly between metaphyses. Osteonal elastic modully,oqulus values in the distal radius (13.#51.67 GPa) and their
also did not differ, but osteonal hardness values were greater i yest in the vertebrae (8.02 1.31 GPa). We tested trabeculae
the distal “’?‘d'us than in the f_emora_ll_neck. AIthough_ th_e da’ga fromalong several geometric axes; cortical bone microstructures were
these studies suggest that interstitial bone from similar sites haggiaq in the longitudinal direction. Variation exists in collagen
comparable properties, these results must be treated with cautiopo- orientations in both cortical and trabecular bone measure-
Specifically, Weaver reported data based on the three highe ents. Specifically, osteonal bone measurements represent a

hsédneeds?]_vggjtzstofr(;m d 2orsnarggleonof bt:tr\]/\./ezrﬁhgrooltdogotl l'(')';]elgratndom mixture of osteons, with collagen fibers preferentially
SKEW 'S war parisons st (long dtiented longitudinally, transversely, or alternatig Owing to

time passed since deposition) tissue elements, and may not l?ﬁe complex architecture of trabecular bone, measurements in

reflective of the average interstitial tissue properfiés. . ; ; :
Several other distinctions were found between Corresponolintrabecular lamellar tissue were also made at varying orientations

microstructures in different locations. An interesting result was .'th Fegafd to coIIagen_orlente_mon. T he e_ffe_ct Of. different dis-
that trabecular tissue lamellar-level properties varied betweeﬁ“bm'on.S of collagen fiber orientation .W'th".] mlcrostructyral
anatomical locations. Specifically, the femoral neck had greatefgrOUps |s.unknc.>wn and may be ascertained in future StUd'.es'
elastic modulus and hardness than the distal radius, which had_Many investigators have concluded tha_t cortlcal_ bone tissue
greater properties than the fifth lumbar vertebra. An, importantelaSt'C m(_)dull %rfg%gegter than trab_ecular tissue using microtest-
implication of these data is that tissue-quality characterizations"9 techniques.**2%“*Those studies were limited by the un-
extrapolated from one site to another may be erroneous. Simil quantlfled interaction of porosity, microarchitecture, and lamel-

heterogeneity has been demonstrated for trabecular bone mater gr-lehvel_ n|1ater|al . proTphertle_s in delfln_lng fmlcro_spdeume_n
propertied®28and architectur® at larger scales of organization. Mméechanica properties. The micron resolution of nanoindentation

Mineral content has been shown to correlate with boned/lowed us to test mechanical properties at a scale independent of

lamellar-level microhardneSsts:21.25.32.60)/e pelieve that the Microstructural influences. Our results provide lamellar-level

heterogeneity of bone lamellar-level elastic and hardness proggVidence that the elastic properties of cortical bone are greater
erties is likely related to the mineral, collagenous, and noncolhan trabecular bone under moist conditions. Rho et al. published
lagenous protein composition. Moreover, these differences ir§!m'5|fl‘r data on dry bone, but not within the same anatomical
constituency likely reflect differential metabolic demands, which SIt€”" .
may influence the process of remodeling. Quantitative measures Mbuyi-Muamba and Dequeker compared cortical and trabec-
of mineral and protein concentration at resolutions comparable t&llar tissues from matched sites and discovered trabecular mineral
nanoindentation are needed to confirm these postulates. In addio be much more extractable, whereas the collagen-to-sialopro-
tion, mineral and collagen organization may contribute to anal€in ratio was consistently higher in cortical boHeOsteopontin
tomical location differences observed at the lamellar lev-and bone sialoprotein have been implicated in the processes of
| 3:25,60,61 mineralization, cell adhesion, and resorptiér¥? Hence, these
Femoral neck trabeculae have the greatest lamellar-levedliscrepancies likely reflect the distinct metabolic and mechanical
elastic modulus and hardness compared with the distal radius arféinctions of cortical and trabecular bone, and may be responsible
fifth lumbar vertebra (males aged 40—85 years); yet, lifetimefor observed differences in lamellar-level mechanical properties.
fracture risk for males over age 50 is greatest in the proximal In contrast to recent findings;°® interstitial bone did not
femur?© Therefore, lamellar-level elastic modulus and hardnesslways have greater properties than osteonal tissue. Only the
may not explain whole bone fracture patterns. Lamellar elastidemoral neck interstitial tissue had a greater elastic modulus than
modulus and hardness are related to elastic (reversible) anits osteonal counterpart. Elastic moduli of osteonal and intersti-
plastic flow properties, respectively, and may not be critical totial microstructures in the femoral diaphysis and distal radius
whole bone fracture resistance. Ultimate, fatigue, and fracturevere indistinguishable. These data suggest that the distinction
toughness properties should also be explored. Alternativelybetween microstructures can vary with anatomical location. The
trabecular architecture or environmental factors may be moraliscrepancy may result from differences in the average tissue age
sensitive determinants of fracture risk. of the three cortical bone locations. Older average tissue ages in
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the femoral diaphysis and distal radius would lead to morereflect the larger population, but the presence of microscopic
mineralized tissue elements. If remodeling has declined in thesanatomical variation is clear. Only elastic modulus and hardness
tissues, the newest osteons may in fact be old in absolute timeyere measured. Other material properties such as fatigue and
and also heavily mineralized. If few young osteons are presenimpact resistance may exhibit different variations. The relative
the average difference in osteonal and interstitial tissue elastionportance of different lamellar-level material properties in
moduli may become negligible. The femoral neck may have aspecifying bone tissue integrity is unknown.
lower average tissue age and therefore exhibit a more pro- Because the material properties of microscopic lamellar bone
nounced separation between osteonal and interstitial tissue elaare not homogeneous, bone architecture and mass are not the sole
tic modulus values. Again, quantitative measures of mineral andleterminants of skeletal mechanical competence. Hierarchical
protein concentration at resolutions comparable to nanoindentastudies of microscopic material properties, ultrastructural orga-
tion are needed to address these hypotheses. nization, architecture, and mass, all on the same tissue sample,
Interestingly, comparisons between microstructures differare necessary to define the relative contributions of these prop-
when one examines hardness values. Interstitial tissue hardnessagies to bone tissue integrity. Coordinated mechanical, biochem-
greater than osteonal in the femoral neck and diaphysis, but thigal, and metabolic characterizations may also further our under-
two microstructures are equal in the distal radius. Whereastanding of the balance between mechanical and homeostatic

microscopic hardness has been demonstrated to correlate wifhinctions.

tissue elastic moduli&;?>*?these results emphasize that elastic
modulus and hardness are both conceptually and physically

distinct. Elastic modulus characterizes rate-independent revergkcknowledgmentshe authors recognize the contributions of W. Pan for
ible material behavior, but hardness describes resistance to plastatistical consultation and Dr. M. B. Schaffler, K. D. Burrell, and B.
tic deformation. Alternatively, one may assert that the discrep-Riemer-McCreadie for technical assistance. This work was supported by
ancy stems from inherent inaccuracies in the indentatiorNational Institutes of Health Grant AR-34399.

technique for heterogeneous materials, but currently there are no
data to support this hypothesis.

A new finding from this study is that primary lamellar bone References

is indistinguishable from interstitial bone in lamellar-level elastic
modulus and hardness in the distal radius. Its elastic modulus is~
also equivalent to osteonal tissue, but its hardness is greater. Thig,
suggests that primary lamellar bone and Haversian bone are
mechanically similar and differ only morphologically.

We have also demonstrated that the circumferential lamellar
tissue of the fifth lumbar vertebra cortex is not different from 3.
trabecular tissue in lamellar-level elastic modulus and hardness.
This observation suggests that vertebral body properties aré*
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hardness than the surrounding trabecular lamellar tissue. Enthe-

sophytes are hypothesized to result from abnormal ligamentoug,.

tractions, i.e., a perturbed mechanical environment. Our data may

represent the first quantification of an extracellular matrix—leveli1.

material adaptation to an altered mechanical environment in this
region.

Regarding nanoindentation technique, microscale tissue 8%

modeled using isotropy and rate independent plasticity; yet,
tissue-level viscoplastici®f and ultrastructural anisotropy have
been well documenteti®®-6*Although these model assumptions
may distort nanoindentation measures, consistent application of

experimental protocols still allows one to make quantitative 14,

comparisons at the lamellar lev@t59:63
The primary limitation in this study was its modest sample,

which was not diverse with respect to gender or race. It islS

possible that anatomical variations in lamellar elastic modulus or

hardness are different in women. Also, bone density may differ'®:

between races, so calculations were made using only the nin
white subjects. Calculations with the nine white subjects alone

did not indicate that the data for the black subject was suffi-ig.

ciently different to be considered outliers.
The absolute property values produced by this study may not
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