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LOSS OF BONE MASS AND THE RESULTING DAMAGE TO BONE

are serious consequences of manned space flights.1-3

Although rigorous exercise regimens and the use of
new powerful therapies can stabilize bone loss, the level and
type of damage is subject dependent; hence, some astronauts
may be expected to suffer detrimental long-term residual
effects. Moreover, therapies often have adverse side-effects
and should be administered with great care because indis-
criminate use can exacerbate bone damage.4 Hence, the avail-
ability of easily implemented, reliable diagnostics of mechan-
ical properties of bone can be extremely helpful in timely and
optimal therapeutic intervention. UH researchers are analyz-
ing the feasibility of using vibrational assessment to identify
new, non-invasive diagnostic tools that can be used to esti-
mate bone damage during space flight.

Currently, bone density tests and ultrasonic scans are the
principal clinical means for detecting age-related osteoporosis.

Using Vibrational
Assessment
To Estimate

Bone Strength

Gemunu Gunaratne
Department of Physics

Gemunu Gunaratne

However, they only partially account for bone strength and
likelihood of fracture.4 One underlying reason is that bone con-
sists of two distinct segments with vastly different mechanical
characteristics. They are the outer solid bone (the cortex) and
the inner porous region (trabecular bone). Moreover, age-relat-
ed damage modalities in the two segments are vastly different.
Consequently, it is a non-trivial task to identify reliable surro-
gates for bone strength. Researchers expect that vibrational
assessment of bone—using characteristics such as linear and
nonlinear response functions, resonant modes—can provide a
comprehensive profile of its mechanical properties. Although
such vibrational methods are routinely used for damage
assessment in engineering structures, the fact that both cortical
and trabecular components are important for load transmission
complicates the interpretation of results.

In order to identify an optimal class of diagnostics for the
strength profile of bone, it is necessary to implement a pro-
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gram where changes in strength caused by all possible types
of damage are analyzed and quantified. It is extremely diffi-
cult, however, to conduct such an analysis using clinical or
experimental studies because no protocols are known that can
control individual facets of bone. Our approach to this prob-
lem is predicated on an analysis of mathematical models. The
conclusions are then validated by two independent means.
The first uses anatomically accurate computer models con-
structed from digitized images of human bones. The second
involves experiments conducted by a colleague, M.
Liebschner of the Department of Bioengineering, Rice
University.

Anatomy of Bones
Bone is a composite of hydroxyapatite crystals and collagen
fibers. The axial and cross sectional dimensions of hydroxya-
patite crystals are ~ 20 and 5 nm, respectively. The crystals
and collagen fibrils typically lie along the length of a bone;
thus bone material is anisotropic.5 The porous domains con-
sist of trabecular elements whose length and cross section are
of the order of 1 mm and 0.1 mm, respectively, and typically
exhibit a structure reminiscent of a disordered cubic network
(see Fig. 1).

Material turnover is critical in maintaining the quality and
strength of bone. During aging, micro-fractures, which occur
during routine activity, are repaired by resorption (through
osteoclasts) and regeneration (through osteoblasts).5 Because
of inactivity during space flight and due to reductions in sex-
steroid hormones (estrogen and testosterones), bone loses
material from its surface at an excessive rate. If the connec-
tivity of trabecular bone were to remain unchanged during
this degradation, it would be possible to regenerate its
strength with rigorous exercise regiments and therapy follow-
ing return to earth. However, this is not the case if there is loss
of connectivity.

Methodology
The proposed research is aimed at identifying surrogates for
bone strength. Note however that in vivo measurements can
only be made on the whole bone and not on the cortical and
trabecular segments. In order to use vibrational assessment to
estimate bone strength, it is thus necessary to be able to cal-
culate vibrational responses of cortical and trabecular bone
from measurements made on the whole bone. The next step is
to determine how the strength of trabecular and cortical com-
ponents can be estimated from their responses to external
vibrations. The methods used to implement these are
described next.

Vibrational Assessment
Vibrational analysis was first used in orthopedics in 1932, by
Lippman,6 who used his finger to percuss the femur, humerus,
and clavicle of fractured patients to assess healing. He used a
stethoscope to pick up the response of the bone and conclud-
ed that pitch and quality changes resulted from free vibration
of separate fragments. Thus a bone state was identified any-
where between a healed fracture or an incomplete union.

In 1970, Jurist exploited the fundamental equation describ-
ing a vibrating bar to relate the resonant frequency times the
bone length (FoL) to the Young’s modulus, a value which it
was hoped would correlate with resistance to fracture.7 He
used an apparatus, which applied a vibratory stimulus via the
olecranon process and monitored the response at the distal
end of the ulna using a small instrumentation accelerometer.
He found the reproducibility of the F0L determination was at
5 percent precision, if forearm position and muscle tension
were standardized. He concluded, therefore, that acoustic
analysis has potential value to screen for metabolic bone dis-
ease, early detection of osteoporosis, and evaluation of gener-
al bone health (including responses to therapeutic treatments)
because the elastic response could be predicted in vivo.

In a subsequent study involving 480 volunteers, Jurist and
Diamond found that a normal subject’s F0L increases begin-
ning at age 6 for approximately 15-20 years, following which
there is a steady decrease in its value.8 In males, the rate of
reduction is uniform between 25 and 80 years. Females older
than 45 years showed a bimodal distribution. In the first
group, F0L values decreased at approximately the same rate
as men. In the second group, F0L declined rapidly after 45
years of age. By age 60 most individuals in the second group
were diagnosed as osteoporotic. The F0L diagnostic was
shown to provide a 82 percent effective discrimination
between women with symptomatic osteoporosis and their
age-matched controls.9 The results indicate that vibrational
analysis can provide early diagnosis on loss of bone strength.

Differentiating Responses of Cortical and Trabecular Bone
Our approach to differentiate the acoustic responses of vari-
ous structural levels from those of the whole bone will be
adapted from techniques used in undersea petroleum explo-
ration. It is based on an algorithm for analyzing non-linear
inverse scattering problems. These series methods were first
introduced and adapted to exploration seismology in the early
1980s and practical algorithms first demonstrated in 1997.10

Inverse scattering series methods were first developed by
Moses,11 Prosser,12 and Razavy13 and were transformed for
application to a multi-dimensional earth and exploration seis-
mic reflection data by Weglein et al.14 and Stolt and Jacobs.15

The inverse scattering series is the only multi-dimensional
direct inversion formalism that can accommodate arbitrary
heterogeneity directly in terms of the reference medium,
through its Green function G0, i.e., with estimated rather than
actual propagation, G. Serious conceptual and practical hur-
dles in the theoretical evolution have been overcome through
algorithm development, and robust industrial application of
the inverse scattering methods. This new acoustic signal pro-
cessing method can be expected to have high potential for the
medical field and in particular for the non-destructive diag-
nostic of bone.

For vertebral bone, the separate domains are (1) trabecular
bone, (2) cortical bone, and (3) the outer skin and muscle lay-
ers. An ultrasonic wave sent into the body experiences multi-
ple reflections at the skin/cortical and cortical/trabecular
interfaces due to impedance mismatch. The measurement at
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any receiver combines components that have reflected once
and those from multiple reflections. The latter include “free
surface multiples” which have reflected from the skin layer
(from the inside) and “internal multiples” which have had
multiple reflections within the bone. We can extract each of
these components by analyzing signals from multiple
receivers and multiple sources through the inverse scattering
series.10 Researchers are currently developing methods to
extract response functions of cortical and trabecular bone
using signals collected at multiple receivers. These studies are
performed on computer models constructed from digitized
images of cadaveric samples that include both cortical and
trabecular segments. The input data are the signals received at
neighboring locations due to sinusoidal driving at a point.

Vibrational Assessment and Strength of Trabecular Bone
The Mathematical Model is introduced to represent rod-like
trabecular bone (Fig. 1) as a cubic network of struts and
nodes.16 A disordered network is constructed by randomly dis-
placing nodes on a cubic grid. In porous bone, trabecular ele-
ments do not pivot freely; changing angles between adjacent
trabeculae requires energy. Bond-bending terms in the poten-
tial energy model this effect. An externally imposed strain on

such a configuration increases its potential energy via a com-
bination of stretching (1/2 kδr2) and bond bending (1/2 κδθ2)
contributions. Here k and κ are the relevant linear elastic
moduli; δr and δθ are changes in the length of a strut and in
the bond angle between adjacent struts respectively.
Assigning random values for k and κ models the variability in
thickness of trabecular elements.

Experiments on porous bone have demonstrated that, while
breaking stress decreases significantly with aging, the corre-
sponding strain remains nearly unchanged; we thus have a
strain-based failure criterion for struts and bonds. During
compression, we remove any failed strut and all bonds asso-
ciated with it. When a bond fails, we remove its weaker
neighbor (i.e., the strut with smallest elastic constant) from
the network. We implement individual architectural changes
as follows.

Random elimination of struts represents isotropic removal
of trabecular elements. We assume that remaining struts retain
their elastic moduli. In this scenario, the fraction of struts
removed quantifies the level of osteoporosis.

A uniform reduction in the elastic moduli of all struts mod-
els trabecular thinning. Fractional reduction in elastic modu-
lus gives the level of osteoporosis.

We can introduce anisotropy by directional reduction in the
removal of struts and/or reduction in elastic moduli. Levels of
trabecular removal and thinning estimate osteoporosis. It is
thus possible to analyze consequences of changes in individ-
ual architectural characteristics of (the model) trabecular
bone. Consequences of changes in combinations of architec-
tural changes can also be easily studied. We describe the most
significant conclusions made on the basis of this model.

The Most Damaging Architectural Change
We have shown that reduction in fracture load is attributed to
trabecular perforation; hence, loss is significantly larger than
that caused by equivalent changes in other architectural char-
acteristics (e.g., thinning).17,18 This assertion has an interesting
consequence. A network segments and its peak load vanishes

Figure 2. Stress distributions on (a) healthy and (b) osteoporotic samples of trabecular bone. Note that only
a small “stress backbone” is used for load transmission in (b). In contrast, when the osteoporotic bone is
subjected to vibrations (at resonance), all elements on the top layer are excited. This observation is the
basis for the claim that Γ is a reliable surrogate for bone strength.

(a) (b) (c)

Figure 1. Scanning electron micrographs of a nor-
mal and osteoporotic bone, illustrating age-related
changes including loss of connectivity
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Figure 3. The relationship between Γ and τ
(Equation 1) for two computer models constructed
from digitized images of cadaveric trabecular bone.
As predicted theoretically, they converge for small
values of Γ (i.e., for weak bones). This observation
suggests that Γ can be used as a non-invasive diag-
nostic for bone strength.

when we remove a fraction ν0 of elements randomly. The
value ν0, known as the bond-percolation threshold, depends
on the class of network. Thus, the strength of trabecular bone
will vanish at a finite density. Consequently, an almost uni-
versally accepted power-law relationship between the density
and strength of trabecular bone can only be approximate.19-21

The deviation will be most dramatic for weak bone, where
diagnostics are most needed.22

Only a Small Stress Backbone Used in Load Transmission
Consider a network with a fraction n of elements removed. As
ν increases, we expect occasional long fractures, which will
significantly reduce the strength of the network. In particular,
they prevent large swaths of the network (such as elements
immediately above and below the fracture) from transmitting
stress. For sufficiently large values of ν, only elements in a
small “stress backbone” transmit an externally applied load,
the remaining regions are highly under-utilized. It is thus con-
ceivable that a network becomes increasingly inefficient as ν
increases; this inefficiency is possibly the primary cause of
bone degradation (see Figs. 2(a) and 2(b)).23 Model computa-
tions have confirmed these expectations and have shown that
other architectural changes, like trabecular thinning and
anisotropy, only incrementally change the inefficiency.17 We
have also observed this progressive inefficiency in anatomi-
cally accurate computer models.24

Linear Response as a Surrogate for Bone Strength
Since the strength of a network depends primarily on its effi-
cacy (i.e., what fraction of trabeculae are used in transmitting
externally applied loads), we hypothesize that fracture load
increases with the fraction of elements that belong to the
stress backbone. Thus, we need to estimate the number of ele-
ments in the stress backbone and the total number in the net-
work. We have shown that we can estimate these quantities
from the elastic modulus χ(0) and the linear response of the
network χ(Ω) at the resonance frequency Ω. Consequently,
we expect Γ = χ(0)/χ(Ω) to be a surrogate for the fractional
loss of strength of a network. Analysis shows that:

τ = aΓ + h(Γ), (1)

where τ denotes the fractional reduction of bone strength
from its peak value (i.e., from young adulthood).23 The nonlin-
ear term h(Γ) depends on model parameters (e.g., the ratio of
the elastic and bond-bending coefficients) while a depends on
more general characteristics like the class of network. When
we consider removal of elastic elements in isolation, ignoring
factors like trabecular thinning, a = M(1 – ν0) where M
denotes the number of layers in the network in the direction
of driving. Results from model networks (Fig. 3) validate
these assertions. The fit near the origin is independent of h(Γ).
The calculation of Γ does not require comparisons with a
sample population and can form the basis for a new diagnos-
tic for the strength of trabecular bone.

Vibrational Assessment and Strength of Cortical Bone
Accumulation of long micro-fractures is one of the principal
causes for weakening of cortical bone. Such long fractures
grow under stress and make the material brittle. A part of the
study is to model implications and signatures of this form of
damage. Healthy cortical bone is represented by a complete
network representing a block of uniform material and dam-
aged samples by blocks with 100 µm scale “fractures” whose
sizes and locations are chosen randomly. Higher densities
and/or larger mean sizes of fractures models increasing levels
of damage.

We are conducting vibrational analysis on these model net-
works to quantify the damage caused by increasing occur-
rences of micro-fractures. Consider a single large fracture in
the middle of a network. The high frequency response will not
change because attenuation prevents the signal from reaching
the fracture. On the other hand, low frequency responses will
change because of reductions in the stress backbone. Thus,
fractures will change the spectral energy distribution.

Reductions in bone strength depend on the statistics of
extreme events. We are using “extreme value statistics” to
identify additional characteristics to estimate loss of strength
in bone.25
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