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ABSTRACT:
Bone tissue mechanical properties are deemed a key component of bone
strength but their assessment requires invasive procedures. Here we validate a new
instrument, a Reference Point Indentation (RPI) instrument, for measuring these
tissue properties in vivo. The RPI instrument performs Bone Microindentation
Testing (BMT) by inserting a probe assembly through the skin covering the tibia and,
after displacing periosteum, applying 20 indentation cycles at 2 Hz each with a
maximum force of 11 N. We assessed 27 women with osteoporosis-related fractures
and 8 controls of comparable ages. Measured Total Indentation Distance (46.0 ± 14
vs. 31.7 ± 3.3 microns, p= 0.008) and Indentation Distance Increase (18.1 ± 5.6 vs.
12.3 ± 2.9 microns, p=0.008) were significantly greater in fracture patients than in
controls. Areas under the Receiver Operating Characteristic, ROC, curve for the two
measurements were 93.1% (95% CI: 83.1, 100) and 90.3% (95% CI: 73.2, 100)
respectively. Interobserver CV ranged from 8.7 to 15.5% and the procedure was well
tolerated. In a separate study of cadaveric human bone samples (N=5) Crack
Growth Toughness and Indentation Distance Increase correlated (r= -0.9036, p =
0.018) and SEM images of cracks induced by indentation and by experimental
fractures were similar. We conclude that BMT, by inducing microscopic fractures,
directly measures bone mechanical properties at the tissue level. The technique is
feasible for use in clinics with good reproducibility. It discriminates precisely between
cases with and without fragility fracture and may provide clinicians and researchers
with a direct in vivo measurement of bone tissue resistance to fracture.
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INTRODUCTION:
As people age, their bone strength deteriorates and their bone becomes more
susceptible to fracture.(1) The clinical consequence of this, the fracture, contributes to
the morbidity and mortality of osteoporosis. Bone strength has been defined as the
integration of bone mass plus bone quality.(2) Available techniques for clinical
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estimation of the strength or susceptibility to fracture are mainly based on bone
mineral density assessment(3) that can be reliably measured by densitometry
techniques, but its sensitivity and specificity is modest.(3-4) Furthermore, its ability to
predict the response to a treatment is limited and only a small proportion of fracture
risk reduction is explained by bone density increases.(5) Advanced bone imaging and
analysis technologies promise better assessment of bone strength(6) but rely on
potentially inaccurate assumptions about the tissue level mechanical properties. The
addition of other surrogates, such as biochemical markers, results in very limited
improvement on these strength predictions.(7)
There is clinical and laboratory evidence that, in addition to bone mineral
density, the mechanical properties of the bone tissue may play a critical role in bone
strength.(8-10) These mechanical properties would be expected to play a significant
role in bone fracture risk even though it has not been clear what mechanical
properties are most important.(11-14) However, currently available methods for direct
estimates of these properties require invasive bone sampling,(15) making routine use
in clinics unfeasible.
Assessment of the intrinsic mechanical properties of bone tissue, as a key
component of the widely used concept of bone quality, is limited. Besides the
practical inconvenience of their routine measurement, the term “bone quality” is
poorly defined and encompasses a series of geometrical, microarchitectural and
tissue composition elements.(15) As a consequence, the potentially relevant
contribution of bone tissue strength to fracture risk in clinical practice cannot be
evaluated, even though it is known that it deteriorates in osteoporosis and contribute
to fracture propensity.(16)
Therefore there is a critical need to better quantify bone mechanical properties
at the tissue level, in particular, the ability of bone to resist the growth of cracks that
result in bone fracture. This quantification is not only desirable for more complete
clinical assessment of fracture risk, but eventually also for treatment monitoring.
Moreover, this development could help to better assess the effect of drugs on bone
strength without the need for large and expensive prospective fracture trials.
Here we report the validation results of a novel microindentation technique
capable of directly testing the mechanical endurance of bone tissue, suitable for a
repeated measurement in patients. By measuring indentation distances we assess
the ability of bone to resist crack generation and propagation, the anatomical basis of
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fracture, in a series of women with osteoporosis-related fractures and controls.
Moreover, we have performed exploratory studies on the anatomical substrate of the
technique.

MATERIALS AND METHODS:
Subjects
This study involves 27 women with osteoporotic fractures (25 hip fractures
and two multiple vertebral fractures) measured during the hospitalization following
the event in the acute care orthopedics ward, and 8 controls of comparable age with
no fractures, from Hospital del Mar, Barcelona, Spain. Fracture cases were excluded
if there was some previous treatment with drugs for osteoporosis, corticosteroids
use, a previous diagnosis of advanced renal or liver disease, neoplasia,
malabsorption, thyroid or parathyroid disorder, immobilization or inability to provide
consent. Exclusion criteria for controls were identical but were required to have no
prevalent fracture. Thoracic and lumbar lateral radiographs validated the absence of
subclinical vertebral fractures.

Bone Microindentation Testing (BMT)
The Reference Point Indentation (RPI) instrument (which was called the
Tissue Diagnostic Instrument (17) and the Bone Diagnostic Instrument(18-20) in
previous publications) can measure bone mechanical properties, in particular the
resistance to fracture, at the tissue level (Figure 1a). The complete BMT protocol
involves 10 steps: (1) Attach a pre-sterilized, disposable Probe Assembly to the
Head Unit of the RPI instrument.(17) (2) Apply alcohol and local anesthesia to the
testing site (mid-shaft of anterior tibia). (3) Use guidance arm with vertical slider to
position the Head Unit over mid-shaft anterior tibia. The Head Unit must be
perpendicular to bone’s surface within about 15 degrees. Since the Head Unit is
held vertical by the guidance arm with vertical slider, this is achieved by holding the
patient’s foot and leg such that the mid-shaft of the anterior tibia is level to within an
estimated 15 degrees or less. (4) Holding the sterile Probe Assembly with a sterile
glove, lower Head Unit vertically along slider to insert probe assembly through the
skin to rest on the bone surface. (5) Displace the periosteum from the measurement
area by moving the Reference Probe by hand laterally along the surface of the bone
a distance of ~5 mm for a series of five times and then place it in the center of this
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~5 mm region for measurement. (6) Release the Probe Assembly so that it rests with
the full weight of the Head Unit on the bone. (7) Actuate the measurement cycle,
which first removes an initial 2.5 N force on the test probe (used to keep the test
probe from sliding back into the reference probe during insertion), and then begins a
series of precycles at 4 Hz that incrementally increase up to a threshold force of
order 2.5 N, and then runs the 20 indentation cycles at 2 Hz each with a maximum
force of 11 N. (8) Repeat steps 3 – 7 to obtain measurements at five or more
locations. Each measurement location should be separated by at least 2 mm from
other measurement locations. (9) After the final measurement, raise the Head Unit
away from tibia and detach and discard the disposable Probe Assembly. (10) Wipe
the measurement site with alcohol, and apply band-aid. Local edema or advanced
skin disorder and infection in the measurement area would have precluded the use
of technique. Warfarin treatment or severe coagulation defects have to be
considered for careful local hemostasis.
The indentations are small, on the order of 375 Pm across (Figure 1b), so they
are not harmful to the patient. They are large enough, however, that the bone is
fractured (Figure 1c) as the test probe indents the bone. The more easily the bone is
fractured, the farther the test probe will indent the bone. Thus we quantify the bone
fracture resistance by measuring the indentation distances achieved in a
measurement. The indentation has to be performed by the test probe perpendicular
to the bone surface, with a tolerance of + 15º to obtain reliable results.
The control system for the Reference Point Indentation instrument supplies a
modified triangular wave to its internal force generator for the 20 indentation cycles
used in measurements. The modified triangular waveform consists of 1/3 of a cycle
of linear increase, followed by 1/3 of a cycle hold at maximum force (for measuring
creep), and then 1/3 of a cycle of linear decrease. The total cycle time is 500 msec.
The purpose of the hold at maximum force is to monitor creep effects and to
minimize the effect of the remaining creep during the linear decrease. After the
cycles are complete, a computer displays the first and last (20th) force vs. distance
curves (Figure 2a). Three indentation parameters are defined in the figure.
Total time for the test is 10 minutes; the patient experiences minimal
discomfort (only during the local anesthesia injection) and no complications have
been observed whatsoever.
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DXA measurement of BMD
Bone Mineral Density, BMD, with dual x-ray absorptiometry (DXA) using a
Hologic QDR 4,500 SR¥ Bone Densitometer (Hologic Inc., Waltham Mass) was
measured at the non-fractured hip within four weeks of admission in a subset of 14
individuals randomly chosen (nine fracture cases and five controls) from our clinical
cohort.

Statistical analysis
Normality of continuous variables was assessed by Q-Q plots. Analysis of Covariance was used to obtain and compare age-adjusted means. Pearson correlation
index was computed to assess the relationship between continuous variables. The
ability of the indentation distance parameters to discriminate between those who
have a fracture and those who do not was assessed by calculating the area under
the Receiver Operating Characteristic, ROC, curve.
Preclinical Experiments on cadaveric bone
To connect Indentation Distance Increase, as determined by the Reference
Point Indentation instrument, to a conventional measure of fracture resistance on
machined samples, we measured both IDI and Crack Growth Toughness on
cadaveric bone samples from a group of five donors (age 17 to 74). This is a totally
different group than the clinical group discussed above. There were 8 samples,
three for the 74M, two for the 23M and one for each of the other 3 subjects that gave
crack growth data. In the case of the multiple measurements on one donor, the
multiple measurements were averaged together to give one data point for the
correlation calculation. For IDI data there were 15 samples, three for each donor and
10 tests on each sample for a total of 150 measurements. Again, all measurements
on one donor were averaged together to give one data point for the correlation
calculation. We were able to do more measurements for the IDI because we could
do multiple measurements on each sample and no special machining was required.
The samples were cut from the tibia with dimensions of order 2 cm length and width
and the full thickness of the cortical bone. The bone samples were stored in a -80ºC
freezer. Prior to testing, the samples were brought to room temperature, gently
stripped of soft tissue, and placed in Hank’s balanced saline physiological buffer
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solution(21) to ensure hydration. The surface of the bone was not polished. Figure 1c
shows the microcracks opened by the indentations. Microcracks are opened during
RPI testing just as cracks are opened on machined samples during R-curve testing.
Thus it is reasonable to compare the results of RPI testing to the Crack Growth
Toughness from R-curve testing.

Indentation testing was conducted by the Reference Point Indentation (RPI)
instrument. The bone samples were held in a vice submerged in physiological buffer,
and tested under the buffer. The indentations were normal to the outside surface of
the cortical shell. Each sample had a minimum of 10 tests conducted in varying
locations. Three samples were tested from each donor. Each individual test was
analyzed by software that was written to compute a variety of mechanical
parameters such as IDI. The second method used crack-resistance curves (Rcurves) to determine the Crack Growth Toughness. Compact-tension samples were
sectioned and notched transverse to the bone long axis. The notch orientation was
such that the nominal crack-growth direction was transverse to the long axis of the
tibia. We used nonlinear-elastic fracture mechanics testing of the bone samples
under hydrated conditions in situ in an ESEM to permit resistance-curve
measurements for growing short cracks in the transverse orientation less than 1,000
Pm in size. Additional details on the testing method and procedure used in this
preclinical experiment are discussed by Koester, et. al (2008).(22) The stress intensity
(K) and crack extension data was linearly extrapolated to determine the growth
toughness, ' K /'a (MPa¥m/µm), which is obtained from the slope of the Rcurve.(22-24) Higher growth toughness signifies a bone that is less prone to continued
crack propagation.

RESULTS:
BMT Clinical experiment
Two of the three measured indentation parameters are significantly greater for
patients with fractures than for control patients (Figures 2, 3). Note also that there is
no apparent correlation between age and indentation values, at least in the small
population of elderly women investigated in the present study (Figure 2). The
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Receiver–Operating Characteristic, ROC, curve shows that the Total Indentation
Distance, Total ID, is a good discriminator between patients with and without
fractures.(25) The area under the ROC curve, (AUC)(26) value, in this study for Total
ID was of 0.931 (95% CI: 83.1,100), for IDI 90.3% (95% CI: 73.2, 100) and for Creep
ID 73.6% (95% CI: 56.4, 90.9)
Interobserver variability was assessed by separated measurements
performed by two observers in 14 individuals. The coefficient of variation ranged
from 8.7% (for IDI) to 15.5% (for Total ID).
Differences between cases and controls are shown in Figure 3a. As
expected, BMD differences were observed. However, the correlation between total
hip BMD and IDI (R2 -0.127; p=0.211) and Total ID (R2 -0.264; p=0.06) was low,
indicating, as might be expected, that measurements of bone loss (DXA) alone
cannot predict bone tissue mechanical properties as measured by the RPI
instrument.(25)

Preclinical experiments on cadaveric bone
The results for the comparison between IDI and Crack Growth Toughness are
shown in Table 1. The IDI is much greater for the older 74/M subject with an IDI of
20.49 ± 6.88 µm, while it is very low for the younger subjects. We had measured the
IDI of cadaveric bone for additional older subjects but were unable to generate an R
curve for each of the subjects because of the geometry of the bones and the
requirements of our testing method19. For example, with most of the older
individuals who had osteoporosis, there was very little cortical shell to work with on
the limited number of samples we had available. Since we only had one older
subject for which we got multiple tests, our results can only be regarded as
preliminary. Future testing to compare IDI and Crack Growth Toughness on a wider
range of individuals would be valuable. This may require novel methods for
determining Crack Growth Toughness.
Figure 4 (a-c) shows Scanning Electron Microscope, SEM, images of human
bone samples that were fractured and exhibit crack bridging, which resists crack
extension. The Crack Growth Toughness of the samples was then compared to the
Indentation Distance Increase (IDI). In samples fractured in fluid(27) microcracks were
observed by SEM and their appearance was similar to microcracks created by the
Reference Point Indentation (RPI) instrument during repetitive indentations.
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Comparison between Indentation Distance Increase (IDI) and the Crack Growth
Toughness(22) (slope of R-curve) for samples from 5 donors showed that high IDI
and low Crack Growth Toughness are associated with bones that are prone to
fracture. The graph shows this trend by relating high IDI to low Crack Growth
Toughness and vice versa. Pearson’s Correlation Coefficient between the
Indentation Distance Increase and Crack Growth Toughness is -0.9036 with p =
0.018 (Figure 4d). The coefficient is negative due to the inverse relationship between
IDI and Crack Growth Toughness.

DISCUSSION:
Here we describe the validation study of a novel device that performs Bone
Microindentation Testing (BMT) of bone in vivo in a series of patients with and
without osteoporotic fractures. BMT discriminates between cases and controls and
measures parameters different from bone mineral density. Preclinical studies in
human experiments suggest that BMT induces separation of mineralized collagen
fibrils and initiation of cracks, very likely the basic mechanism of fracture, thus
directly measuring then the mechanical competence of bone tissue to resist fracture.
The validation process has followed the usual sequence of developing a
suitable measurement protocol and validating the ability of the technique to
discriminate between cases with and without the studied condition. Developing the
clinical protocol herein described covered the first objective. The anterior midshaft of
the tibia was chosen for the measurements due to easy accessibility and also for
offering a relatively flat surface where the indentation could be made almost
perpendicular to the surface. Periosteum is displaced to avoid interference with the
measurements. Interobserver variability was also assessed and resulted in
acceptable values that make feasible cross-sectional inter-individual as well as
longitudinal within-individual comparisons.
The ability to discriminate between cases with and without fracture was
demonstrated by the finding of differences in indentation distances between cases
and controls. Total ID and IDI showed significant differences whereas for Creep ID,
although there was a trend, the difference did not reach significance, very likely due
to the lesser magnitude of this measurement. To further explore that, although the
number of cases is limited, the areas under the ROC curve were calculated yielding
excellent values (above 90%) for the two indentation parameters Total ID and IDI.
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When compared, in a subset of cases, the Bone Microindentation Testing (BMT)
values with the densitometry measurements, the differences appeared to be more
significant for the former and, also, the AUC values for BMT were well above the
best described for densitometry, even in combined sophisticated assessments.(3-4)
Furthermore, there was no significant correlation between the two, further stressing
the fact that different parameters of bone properties were studied.
Therefore, tissue mechanical properties, in particular the resistance to fracture
as quantified by the Total Indentation Distance and the Indentation Distance
Increase, IDI, were significantly different between patients with and without fractures
in the clinical results presented here. These clinical results are consistent with six
previous laboratory case–control studies in which more easily fractured bone was
found to have greater IDI.(17-20, 28) These results can, at least partially, be
understood from comparisons of the local microstructure of the cracks opened by the
Reference Point Indentation instrument and the cracks involved in bone fracture
(Figure 4). From this study, it appears that as the resistance to crack extension
decreases, and IDI increases, the probability of fracture increases.
Many possible mechanisms exist that can change the tissue mechanical
properties of bone.(13-14, 29) These include microcracking(30) and microdamage,(31)
changes in mineralization,(12) changes in mineral crystal size,(32) changes in the
organic matrix,(33) including post translational changes in collagen,(34) changes in
collagen fibril orientation,(35-37) and changes in non-collagenous proteins.(38-39)
Clinical conditions, such as osteogenesis imperfecta, further demonstrate the
importance of tissue mechanical properties on bone fracture risk. But, until now, it
has been impractical to measure bone material properties in living patients without
removing bone samples.
Bone fracture in both trabecular bone and cortical bone begins with the
separation of mineralized collagen fibrils and the initiation of cracks(38, 40-44) as
depicted in the Scanning Electronic Microscope images from our laboratory
experiments.(27, 42, 45) The Reference Point Indentation instrument opens cracks that
are very similar to those observed following bone fracture. The resistance to the
extension of cracks can be quantified, on machined specimens, by Resistancecurve, R-curve, analysis of the slope of a plot of Stress Intensity vs. Crack Extension
as first shown by Vashishth.(22, 24) The slope of the R-Curve is called the Crack
Growth Toughness, and the larger the Crack Growth Toughness, the larger the
10

resistance to the extension of cracks. We would thus expect an inverse relationship
to IDI, which is smaller if there is more resistance to the extension of the cracks
under the tip as seen in our experiments. This is indeed the case as demonstrated
by the significant negative correlation. This significant correlation relates IDI to Crack
Growth Toughness and provides a greater understanding of the physical significance
of IDI. This shows that repetitive indentation normal to the bone, as used to
determine IDI, is very similar to Crack Growth Toughness, however, IDI can be
determined in vivo, while Crack Growth Toughness cannot.
There is a substantial history of Atomic Force Microscopy and Indentation
measurements on bone: a recent review(46) discusses 149 papers. Most commonly
the elastic modulus and hardness are measured. Since, however, it is not clear what
material parameter (or combination of parameters) best correlates with fracture
risk,(11-14) we measured a large number of parameters, including elastic modulus,
hardness, initial indentation distance, total indentation distance, indentation distance
increase, creep, energy dissipation, and others.(19) From these studies, we
discovered that elastic modulus and hardness did not distinguish the bone of
patients with and without fractures as well as the parameters reported here, which
involved not just one indentation cycle, but 20 cycles. It was initially unclear why
hardness was a poor indicator of fracture compared to the first cycle indentation
distance because for our tip geometry, a 90° cone, hardness is simply the maximum
force divided by ʌ times the first cycle indentation distance squared. The problem
was discovered to result from the combined effect of outliers with small indentation
distances. They inflated and dominated averages once the raw data of the
indentation distance was inverted and squared. Elastic modulus suffered from the
same problem, but to a lesser extent. Since elastic modulus depends on the
unloading slope after the indentation is made, we were measuring the “elastic
modulus” of cracked material, which would not be expected to be characteristic of
the uncracked material.
Our Bone Microindentation Testing (BMT) technique differs substantially from
the previously described Osteopenetrometer in several aspects. The
Osteopenetrometer(47) was developed for intraoperative measurement of bone
strength. It used a much larger indenter, over 2 mm in diameter, which indented
trabecular bone by distances of order 10 mm at forces of hundreds of newtons.
These large distances were necessary to average over many trabeculae. Thus the
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Osteopenetrometer is very different from the Reference Point Indentation instrument,
which makes microscopic indentations in cortical bone without surgically exposing
the bone. The key advance of BMT over previous indentation studies is that the
Reference Point Indentation instrument allowed indentation measurements on the
bone of living patients without surgically exposing the bone or removing the bone
from the patient.
Our study has some limitations. Although we might assume homogeneous
mechanical properties of the bone tissue volume unit, our measurements are limited
to a cortical compartment and in a given bone, the tibia. Whether this is fully
representative of other bones remains speculative at this point, although the primary
resistance to mineralized collagen fibrils separation might be assumed to be similar
across all different skeletal compartments and regions. The number of cases studied
is limited, though the differences between cases and controls were strongly
significant, which makes a chance finding highly unlikely. Also, our experience is
limited to a single center and to a precise group of patients, elderly postmenopausal
women. Replication in other groups and populations is warranted.
In summary, we report a novel technique, suitable for in vivo measurement of
bone tissue strength in a clinical setting. The technique is based on creating
microfractures, and measuring the overall resistance of bone to the propagation of
these microfractures. This represents a direct assessment of bone tissue mechanical
strength in patients, an important component of the properties encompassed under
the umbrella of bone quality. Though more research will be needed to use IDI and
other parameters measured by the Reference Point Indentation instrument to
quantify the contribution of tissue mechanical properties to bone fracture risk, it is
already possible to use these parameters to inform the development of novel
therapies. This research also opens the possibility of investigations into the
differences in the nanoscale fracture mechanisms between bones with different
values of IDI.

ACKNOWLEDGEMENTS:
12

We thank the Fondo de Investigaciones Sanitarias (PI07/90912) and the RETICEF
(RD06/0013/1009) of the Instituto Carlos III and the NIH RO1 GM 065354 for support
of this work. We thank Robert Recker for encouraging us to plan for clinical trials
even when the RPI was at an early stage of development and for his help. We thank
Angus Scringeour for making us aware of the problem of stress fractures in soldiers
with normal BMD and the lack of any method to identify who is at risk. We thank
David Burr, Charles Turner, David Fyhrie, David Kohn, Steven Goldstein, Phillip
Thurner, Peter Fratzl, Ravi Nalla, and John Currey for helping us understand bone
material properties. We thank Joan Vila (IMIM) and Hal Kopeikin for the help in the
statistical analysis. We thank Eugene Yurtsev for his major role in writing the
software for the TDI.
REFERENCES:

1
2
3

4

5

6

7

8

Ettinger MP 2003 Aging bone and osteoporosis: Strategies for preventing fractures
in the elderly. Arch Intern Med 163: 2237-2246.
2001 NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis,
and Therapy. Journal of the Amaerican Medical Association 285: 785-795.
Rivadeneira F, Zillikens MC, Laet CED, Hofman A, Uitterlinden AG, Beck TJ and
Pols HA 2007 Femoral Neck BMD Is a Strong Predictor of Hip Fracture
Susceptibility in Elderly Men and Women Because It Detects Cortical Bone
Instability: The Rotterdam Study. J Bone Miner Res 22: 1781-1790.
Yang L, Peel N, Clowes JA, McCloskey EV and Eastell R 2009 Use of DXA-Based
Structural Engineering Models of the Proximal Femur to Discriminate Hip Fracture. J
Bone Miner Res 24: 33-42.
Cummings SR, Karpf DB, Harris F, Genant HK, Ensrud K, LaCroix AZ and Black
DM 2002 Improvement in spine bone density and reduction in risk of vertebral
fractures during treatment with antiresorptive drugs. Am J Med 112: 281-289.
Boutroy S, Rietbergen BV, Sornay-Rendu E, Munoz F, Bouxsein ML and Delmas PD
2008 Finite Element Analysis Based on In Vivo HR-pQCT Images of the Distal
Radius Is Associated With Wrist Fracture in Postmenopausal Women. J Bone Miner
Res 23: 392-399.
Garnero P S-RE, Claustrat B, Delmas PD 2000 Biochemical markers of bone
turnover, endogenous hormones and the risk of fractures in postmenopausal women:
The OFELY study. J Bone Miner Res 15: 1526-1536.
Chavassieux P, Seeman E and Delmas PD 2007 Insights into Material and Structural
Basis of Bone Fragility from Diseases Associated with Fractures: How Determinants
of the Biomechanical Properties of Bone Are Compromised by Disease. Endocrine
Reviews 28: 151-164.
13

9
10
11
12
13
14
15

16

17

18
19

20
21
22
23
24
25
26
27

28

Vashishth D 2005 Age-dependent biomechanical modifications in bone. Crit Rev
Eukar Gene 15: 343-357.
Currey JD 1979 Changes in impact energy absorption with age. J Biomech 12: 459469.
Currey J 2004 Incompatible mechanical properties in compact bone. J Theor Biol
231: 569-580.
Turner CH 2002 Biomechanics of bone: Determinants of skeletal fragility and bone
quality. Osteoporosis Int 13: 97-104.
Bouxsein ML 2003 Bone quality: where do we go from here? Osteoporosis Int 14:
S118-S127.
Jepsen KJ 2003 The aging cortex: to crack or not to crack. Osteoporos Int 14 Suppl
5: S57-62.
Seeman E and Delmas PD 2006 Mechanisms of disease - Bone quality - The
material and structural basis of bone strength and fragility. New Engl J Med 354:
2250-2261.
Saito M and Marumo K 2009 Collagen cross-links as a determinant of bone quality:
a possible explanation for bone fragility in aging, osteoporosis, and diabetes mellitus
Osteoporosis Int. Available at: http://www.springerlink.com. Accessed November 12,
2009.
Hansma PK, Yu H, Schultz D, Rodriguez A, Yurtsev EA, Orr J, Tang S, Miller J,
Wallace J, Zok F, Li C, Souza R, Proctor A, Brimer D, Nogues-Solan X, Mellbovsky
L, Pena MJ, Diez-Ferrer O, Mathews P, Randall C, Kuo A, Chen C, Peters M, Kohn
D, Buckley J, Li X, Pruitt L, Diez-Perez A, Alliston T, Weaver V and Lotz J 2009
The tissue diagnostic instrument. Rev Sci Instrum 80: 054303.
Hansma PK, Turner PJ and Fantner GE 2006 Bone diagnostic instrument. Rev Sci
Instrum 77: 075105.
Hansma PK, Turner P, Drake B, Yurtsev E, Proctor A, Mathews P, Lulejian J,
Randall C, Adams J, Jungmann R, Garza-de-Leon F, Fantner G, Mkrtchyan H, Pontin
M, Weaver A, Brown MB, Sahar N, Rossello R and Kohn D 2008 The bone
diagnostic instrument II: Indentation distance increase. Rev Sci Instrum 79: 064303.
Randall C, Mathews P, Yurtsev E, Sahar N, Kohn D and Hansma P 2009 The bone
diagnostic instrument III: testing mouse femora. Rev Sci Instrum 80: 065108.
Habelitz S, Marshall GW, Balooch M and Marshall SJ 2002 Nanoindentation and
storage of teeth. J Biomech 35: 995-998.
Koester KJ, Ager JW and Ritchie RO 2008 The true toughness of human cortical
bone measured with realistically short cracks. Nat Mater 7: 672-677.
Nalla RK, Kruzic JJ, Kinney JH and Ritchie RO 2005 Mechanistic aspects of
fracture and R-curve behavior of human cortical bone. Biomaterials 26: 217-231.
Vashishth D, Behiri JC and Bonfield W 1997 Crack growth resistance in cortical
bone: Concept of microcrack toughening. J Biomech 30: 763-769.
The R Project for Statistical Computing. Available at: http://www.R-project.org.
Accessed November 12, 2009.
Fawcett T 2006 An introduction to ROC analysis. Pattern Recognition Letters 27:
861-874.
Thurner PJ, Erickson B, Jungmann R, Schriock Z, Weaver JC, Fantner GE, Schitter
G, Morse DE and Hansma PK 2007 High-speed photography of compressed human
trabecular bone correlates whitening to microscopic damage. Engineering Fracture
Mechanics 74: 1928-1941.
Thurner PJ, Erickson B, Turner P, Jungmann R, Lelujian J, Proctor A, Weaver JC,
Schitter G, Morse DE and Hansma PK 2009 The Effect of NaF In Vitro on the
14

29

30
31
32
33
34

35
36

37
38

39

40

41

42

43
44

45

Mechanical and Material Properties of Trabecular and Cortical Bone. Adv Mater 21:
451-457.
Fratzl P, Gupta HS, Paschalis EP and Roschger P 2004 Structure and mechanical
quality of the collagen-mineral nano-composite in bone. J Mater Chem 14: 21152123.
Taylor D, Hazenberg JG and Lee TC 2007 Living with cracks: damage and repair in
human bone. Nat Mater 6: 263-268.
Burr D 2003 Microdamage and bone strength. Osteoporos Int 14 Suppl 5: S67-72.
Boskey A 2003 Bone mineral crystal size. Osteoporosis Int 14: S16-S20.
Burr DB 2002 The contribution of the organic matrix to bone's material properties.
Bone 31: 8-11.
Garnero P, Borel O, Gineyts E, Duboeuf F, Solberg H, Bouxsein ML, Christiansen C
and Delmas PD 2006 Extracellular post-translational modifications of collagen are
major determinants of biomechanical properties of fetal bovine cortical bone. Bone
38: 300-309.
Peterlik H, Roschger P, Klaushofer K and Fratzl P 2006 From brittle to ductile
fracture of bone. Nat Mater 5: 52-55.
Carando S, Portigliatti Barbos M, Ascenzi A and Boyde A 1989 Orientation of
collagen in human tibial and fibular shaft and possible correlation with mechanical
properties. Bone 10: 139-142.
Ascenzi MG, Gill J and Lomovtsev A 2008 Orientation of collagen at the osteocyte
lacunae in human secondary osteons. J Biomech 41: 3426-3435.
Fantner GE, Hassenkam T, Kindt JH, Weaver JC, Birkedal H, Pechenik L, Cutroni
JA, Cidade GAG, Stucky GD, Morse DE and Hansma PK 2005 Sacrificial bonds
and hidden length dissipate energy as mineralized fibrils separate during bone
fracture. Nat Mater 4: 612-616.
Gupta HS, Fratzl P, Kerschnitzki M, Benecke G, Wagermaier W and Kirchner HOK
2007 Evidence for an elementary process in bone plasticity with an activation
enthalpy of 1 eV. J R Soc Interface 4: 277-282.
Fantner GE, Oroudjev E, Schitter G, Golde LS, Thurner P, Finch MM, Turner P,
Gutsmann T, Morse DE, Hansma H and Hansma PK 2006 Sacrificial bonds and
hidden length: Unraveling molecular mesostructures in tough materials. Biophys J
90: 1411-1418.
Fantner GE, Rabinovych O, Schitter G, Thurner P, Kindt JH, Finch MM, Weaver JC,
Golde LS, Morse DE, Lipman EA, Rangelow IW and Hansma PK 2006 Hierarchical
interconnections in the nano-composite material bone: Fibrillar cross-links resist
fracture on several length scales. Compos Sci Technol 66: 1205-1211.
Thurner PJ, Erickson B, Schriock Z, Langan J, Scott J, Zhao M, Weaver JC, Fantner
GE, Turner P, Kindt JH, Schitter G, Morse DE and Hansma PK 2006 High-speed
photography of the development of microdamage in trabecular bone during
compression. J Mater Res 21: 1093-1100.
Ritchie RO, Buehler MJ and Hansma P 2009 Plasticity and toughness in bone. Phys
Today 62: 41-47.
Gupta HS, Wagermaier W, Zickler GA, Aroush DRB, Funari SS, Roschger P,
Wagner HD and Fratzl P 2005 Nanoscale deformation mechanisms in bone. Nano
Lett 5: 2108-2111.
Thurner PJ, Muller R, Kindt J, Schitter G, Fantner GE, Wyss P, Sennhauser U and
Hansma PK 2005 Novel Techniques for High-Resolution Functional Imaging of
Trabecular Bone. Proceedings of SPIE - Medical Imaging 2005: Physiology,

15

46
47

Function, and Structure from Medical Images; Amir A. Amini, Armando Manduca,
Editors, 5746: 515-526.
Thurner P 2009 Atomic force microscopy and indentation force measurement of
bone. Available at: www.wiley.com/wires/nanomed. Accessed November 12, 2009.
Hvid I 2000 Penetration Testing of Bone Using the Osteopenetrometer. Mechanical
Testing of Bone and the Bone-Implant Interface. CRC Press, Boca Raton, FL, USA.
pg. 241-246.

Figure Captions
Figure 1: Indentation procedure for measuring material properties of bone in vivo
and SEM imaging of an indent on a human bone sample. a, Illustration of the
method for obtaining indentation measurements including insertion of the test probe
assembly, displacing periosteum with the reference probe, 1st cycle indentation, and
the last cycle which determines the IDI with respect to the 1st cycle. b, SEM image of
an indentation (encircled by dashed line) being compared to a dime (the smallest
USA coin). c, This magnified SEM image of the indentation shows microcracks
created during the repetitive loading cycles at a constant force.

Figure 2: Parameters are calculated from force vs. distance data obtained by the
Reference Point Indentation (RPI) instrument. The parameters include Indentation
Distance Increase (IDI), Total Indentation Distance (Total ID), and Creep Indentation
Distance (Creep ID) measured in the first cycle. a, The IDI is defined as the increase
in the indentation distance in the last cycle relative to the indentation distance in the
first cycle (see also Figure 1a). The Creep ID is determined by the increase in
distance while the force was held constant at the maximum value for a duration of
1/3 of the first indentation cycle. The Total ID is defined as the total distance the test
probe is inserted into the bone from touchdown to the end of the 20th cycle. b-d,
Results from clinical trials of each parameter with fracture (N=27) and control (N=8)
patients. Note that fracture patients usually had higher indentation distances. The
subscript H on the graphs indicates that the parameters were measured with the
Hospital del Mar Protocol. This is important since the values of these parameters
depend on the measurement protocol.

Figure 3: Data results including statistics and a receiver operating characteristic
(ROC) curve. a, Age adjusted statistical results for IDI(Pm), Creep ID (Pm), Total ID
(Pm), Femoral Neck Bone Mineral Density (FN BMD) (g/cm2), and Total Hip Bone
Mineral Density (TH BMD) (g/cm2) b, The ROC curve displays the clinical results
from Hospital Del Mar, Barcelona. The area under curve (AUC) is a scalar quantity
to gauge the performance of the curve. An AUC of 100% would represent a perfect
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model; however an area going along the line of discrimination (dashed diagonal)
would be a completely random model.

Figure 4: Scanning Electron Microscope, SEM, images of cadaveric human bone
samples that were fractured and exhibit crack bridging, which resists crack
extension. The Crack Growth Toughness of samples was compared to the
Indentation Distance Increase (IDI). a-c, The samples in a and c were fractured in
fluid(27) and microcracks were observed, while the sample in b displays a microcrack
created by the Reference Point Indentation (RPI) instrument during repetitive
indentations. It resembles the microcracks in both a and c. d, Comparison between
Indentation Distance Increase (IDI) and the Crack Growth Toughness(22) (slope of Rcurve) obtained for samples from 5 donors. High IDI and low crack growth
toughness are associated with bones that are prone to fracture. The graph shows
this trend by relating high IDI to low Crack Growth Toughness and vice versa. The
linear fit has a Pearson Correlation of -0.904 with p = 0.018 (one-tailed) p = 0.035
(two-tailed). We believe the one-tailed test is justified because we anticipated that
the direction of the trend: high IDI corresponds to low Crack Growth Toughness.
Because of the limited number of samples and subjects this correlation should be
regarded as preliminary until a more complete investigation is done.
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Table

Age/Sex

IDI ±SD (µm) (N)

'K/'a (MPa¥m/µm) (N)

74/M

20.49 ± 6.88 (3)

0.0365 (3)

23/M

14.75 ± 3.12 (3)

0.0428 (2)

17/F

13.97 ± 2.76 (3)

0.0405 (1)

44/F

12.89 ± 3.70 (3)

0.0426 (1)

22/F

12.43 ± 2.49 (3)

0.0455 (1)

Table 1: Indentation Distance Increase and Crack Growth Toughness for each donor
sample tested for correlations. The number of samples tested from each donor, N,
for each test is shown next to the test result. Note the inverse relationship between
IDI and 'K/'a, because high IDI and low 'K/'a correspond to a high fracture risk.
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