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Abstract To date, there is no method to measure non-
destructively the modulus of trabeculae within cancel-
lous bone, whilst retaining its structural integrity. In
this study ultrasonic scanning, coupled with microCT
imaging, is employed to determine trabeculae modulus
along the three major anatomical axes non-destruc-
tively. The proposed method allows cancellous bone
specimens to remain intact, for possible use in
subsequent studies. Volume rendering of the microCT
images allows three-dimensional visualization of can-
cellous bone specimens to be tested. This facilitates
trabeculae selection and accurate measurement of
distance traveled by the ultrasonic wave, thus yielding
a good degree of confidence in the acoustic velocity
measured. For all the three principal anatomical
directions, the measured acoustic speeds ranged from
2,115 to 3,077 m/s, giving an average of 2,505 m/s. Av-
erage wave velocities in the superior-inferior, medial—-
lateral and anterior—posterior anatomical directions
were found to be 2,295, 2,469 and 2,754 m/s, respec-
tively; the differences corresponding to the three di-
rections do not appear to be significant. Subsequently,
the modulus was then determined using elastic wave
propagation theory.

Keywords Trabeculae modulus - Ultrasonic testing -
MicroCT imaging - Microarhictecture
Introduction

Cancellous bone is a cellular solid and comprises a 3D
spatial arrangement, or microarchitecture, of individu-
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al trabeculae with interconnected pores [1]. The,
apparent or bulk, mechanical properties of cancellous
bone have been widely studied, using tension, com-
pression and shear tests, as well as ultrasonic methods.
Compared to the global apparent mechanical proper-
ties of cancellous bone, the mechanical properties of
individual trabeculae have received less attention. This
is somewhat surprising, as it has been reported that the
microarchitecture of the trabeculae, together with
apparent bone density, exhibits a strong correlation
with the apparent mechanical properties. Nevertheless,
this still leaves an unaccounted 10-28% variation in
the apparent mechanical properties derived from
biomechanical testing. This variance has been attrib-
uted to a lack of information on the microarchitecture
of cancellous bone and the material properties of
individual trabeculae [2]. Gibson and Ashby [1]
reported that cortical and cancellous bones have
almost the same composition; consequently, one would
also expect cortical and cancellous tissue properties to
be similar. However, at the onset of osteoporosis, the
trabeculae within cancellous bone vary in composition,
giving rise to differences in trabeculae tissue proper-
ties. This variation in composition is a result of age-
related localized reduction of bone remodeling rates
[3]. Investigations into the effects of trabeculae prop-
erties on apparent bulk mechanical properties of
cancellous bones also appear to be scarce. Such
investigations are technically challenging, as a method
to measure the mechanical properties of trabeculae
that does not affect the structural integrity of cancel-
lous bone specimens, has yet to be established. This
study introduces a method to overcome such technical
hurdlese, thus providing new insights into the investi-
gation of bone mechanics.

Ultrasonic testing is a non-destructive method based
on elastic wave propagation theory, and enables the

SEM



454

Exp Mech (2006) 46: 453-461

Fig. 1. Schematic diagram
showing possible sources of
error: trabeculae struts that
do not span the full length of
the parent bone cube (within
white dashed lines), and tra-
beculae that intermittently
span the full length of the
parent bone cube (within
black dashed lines). Red dot-
ted arrows show schematically
the path of ultrasonic waves

measurement of elastic moduli. Elastic wave theory
relates the elastic modulus and the density a continu-
um specimen to the longitudinal elastic wave speed via
equation (1). By measuring the density of a specimen
and the time taken (time of flight), for ultrasonic
waves to propagate through it, the elastic modulus can
be ascertained.

V= 4]— (1)

Ultrasonic testing is very attractive, as the results
are not affected by factors inherent in other testing
methods. For instance, results from compression,
tensile or shear testing of cancellous bones are
dependent on specimen geometry [4], boundary [5]
and loading conditions [6]. Ultrasonic testing therefore
possesses good potential for measuring the modulus of
biological samples. Rho and his co-workers are strong
proponents of ultrasonic testing for determining bone
modulus, and have investigated the modulus of can-
cellous bone cubes as a whole [7, 8] as well as individ-
ual trabeculae [7, 9, 10, 11]. Typically, they used

Fig. 2. Schematic diagram of
Micro Computed Tomogra-
phy (Micro CT) arrangement
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ultrasonic frequencies of 50 kHz and 2.25 MHz for
scanning cancellous bone cubes and individual trabec-
ulae, respectively. At these frequencies, the wave-
lengths of the ultrasonic waves are much longer than
the characteristic dimension of the structure being
scanned [10]; this is a requirement based on elastic
wave propagation theory [7]. In their earlier investiga-
tion of trabecular modulus, cylindrical cancellous
specimens were extracted from bovine femora, with
trabecular orientations approximately parallel to the
longitudinal axis of cylindrical specimens. (No detailed
explanation of the scanning method was provided.) A
later study was conducted, whereby individual trabec-
ulae were excised from human proximal tibia using
micro-tweezers, and then ultrasonically tested [8]. This
method ensures accurate measurement of the trabec-
ulae length, as well as the propagation path of the
ultrasonic waves. This method is undesirable, as it does
not leave the cancellous bone intact for subsequent
studies.

Careful examination of the microstructure of can-
cellous bone shows that the trabeculae are not
regularly shaped (Fig. 1). Because of this irregularity,
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Fig. 3. (Left) Volume rendered pCT image of a vertebral body, sagittally sectioned to expose the microarchitecture of cancellous
bone. (Right) Approximate position of extracted cube (white solid box) and corresponding 3D view, with appropriate anatomical axes.
Also marked (within dashed rectangle) is a typical trabecular that spans the entire length of the specimen

the path taken by the ultrasonic wave may pass
through bone intermittently (within black dashed
lines). From the resultant ultrasonic waveform, it is
difficult to determine the time of flight through bone
only; the interfaces between bone and non-bone
material are indistinguishable. There may also be
trabeculae that do not span the entire length of the
parent cancellous bone cube, thus giving rise to errors
in the calculated ultrasonic velocity. Error in the
second case can be rectified easily if the actual distance
the ultrasonic waves propagate through can be mea-
sured. Prior evaluation of the microstructure of
cancellous bone may allow ultrasonic testing to yield
better results.

Histological sectioning is a commonly used method
to evaluate the microstructure of cancellous bone [6].
Destructive serial sectioning is performed and in
between each section, a microscopic image is taken
using cameras and the resultant images stored as a
three-dimensional dataset. From this dataset, stan-
dardized methods to evaluate the microarchitectural
parameters are employed [13, 14]. Micro-computed
tomography (CT) is a non-destructive method for
evaluation of cancellous bone microarchitectural
parameters. Like conventional clinical-CT scanners
used for clinical evaluation, micro-CT scanners radiate
X-rays through a specimen to obtain a series of images

to form a three-dimensional dataset. The X-ray emitter
and detector are placed opposite each other in a
micro-CT, while the specimen is rotated between
them. In contrast, a patient lies still in clinical-CT
and the emitter/detector rotates around the patient.
The former arrangement is employed in the present
micro-CT approach, as it allows the distance between
the emitter and specimen to be varied, yielding
different focus sizes. In general, micro-CT scanners
differ from their clinical-CT counterparts in terms of
having a smaller focus size, smaller output dose, and
radiation that can penetrate denser materials. These
differences allow microstructrures to be imaged; how-
ever, it requires a longer acquisition time. A micro-CT
dataset is similar to the dataset obtained from histo-
logical sectioning, except that the process is non-
destructive; a micro-CT dataset can be processed to
evaluate microarchitectural parameters such as bone
volume (BV), thickness of trabeculae (Tb.Th), size of
pores (Tb.Sp) and the density of trabeculae (Tb.N). In
addition, with the use of volume rendering software,
the dataset facilitates examination of cancellous bone
specimens, allowing 3D visualization of the micro-
arhictecture and pre-selection of particular trabeculae
to be ultrasonically tested.

There is no accepted standard method to verify the
results obtained from ultrasonic testing. Rho et al. 8]

/MM\ >

1
Transducer € - - -1
FY/ . Initial
R > Pulse
A4
Specimen f e i
i PPt -

7 -
e

Time/us

T ‘ Echo Pulse

Fig. 4. Schematic diagram of pulses captured on an oscilloscope during transmission of ultrasonic waves. TOF is the time between
successive pulses. Actual pulses obtained when a single trabeculae is subjected to ultrasonic testing [Fig. 5(a)]
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Fig. 5. (a) The upper image shows the signal obtained from ultrasonic testing of a random trabeculae located by visual inspection
based on an ultrasonic surface scan; the signal is very noisy and it is difficult to ascertain the echoes through bone alone. (b) The lower
image is a clearer signal obtained using the present method. Passage of the ultrasonic wave through bone alone is ensured as the
location for targeting of the pulse was identified using microCT imaging

conducted another study and compared the results
obtained form microtensile testing with that obtained
from ultrasonic measurements. The specimens tested
comprised engineering materials such as aluminium,

SEM

stainless steels and individual trabeculae excised from
the proximal region of a single human tibia. In each
case, it was observed that the average values of the
elastic modulus measured ultrasonically were slightly
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Table 1 Modulus obtained from ultrasonic scanning of engi-
neering materials

Material Calibration value ~ Bumrerraj Experimental
from user’s and Katz value (GPa)
manual (GPa) [17] (GPa)

Aluminum  109.56 105.81 101.02—

109.95

Teflon 4.14 2.40 3.62-3.97

Copper 126.10 196.60 130.58

PMMA - 8.68 6.90-7.28

greater than those measured by the microtensile
testing method. However, this could be attributed to
the very low strain rates used in the microtensile tests,
compared to the strain rates in ultrasonic testing, as
suggested by Carter and Hayes [15]. In the present
study, microtensile testing was not employed because
of difficulties in manufacturing specialized mountings
to clamp small specimens and also because this would
destroy the microarchitecture.

Consequently, in this study, a novel method, that
combines ultrasonic scanning with micro-CT imaging
to determine the modulus of individual trabeculae
within a cancellous bone cube is proposed. This
enables the modulus of trabeculae to be obtained
non-destructively, so that the specimen remains intact,
allowing subsequent examinations to be carried out.

Experimental Procedure
Specimen Preparation

Porcine vertebral bodies, from levels T10-L2 of the
spine, were extracted from two mature pigs (weighing
40 and 55 kg). After all soft tissue was removed, under
constant irrigation, a slow speed circular diamond saw
was used to cut 5 mm cancellous bone cubes from the
vertebral bodies. A total of 40 specimens were
obtained. Anatomical orientations of the samples—
superior—inferior (SI), anterior-posterior (AP) and
medial-lateral (ML)—were marked with colored ink

Table 2 Ultrasonic wave speed and modulus values obtained

and bone marrow was removed using a low impact
water jet [7, 16]. The cubes were stored in individual
containers to minimize thermal cycling.

Location of Trabeculae Using MicroCT Imaging

The bone cubes were placed in a specially fabricated
jig filled with phosphate buffered solution (PBS) to
prevent deterioration, and isotropically scanned at 14
pm resolution using an SMX-100CT microCT scanner
(Shimadzu, Japan). The X-ray parameters were set at
47 kV and 80 pA. With these settings and a 0.5 mm
aluminum plate as the X-ray detector, good contrast
was achieved between the PBS and trabeculae (Fig. 2).
From each anatomical plane of the resultant image
dataset, locations of trabeculae that span the entire
length of the cube were identified and their coordinate
values determined using voxel resolution. The objec-
tive was to ultrasonically scan five trabeculae per
anatomical direction. Cartesian coordinate values were
calculated with reference to an origin corresponding to
an indentation made at one corner of the bone cube
specimen; this was easily identifiable in the pCT
dataset (Fig. 3). The coordinate system was used to
guide the ultrasonic transducer from the origin to
ascertain the locations of full-length trabeculae.

Ultrasonic Testing

An ultrasonic C-Scan machine (Sonix Inc., USA),
fitted with a 2.25 MHz transmitter/receiver probe,
was used to determine the “time-of-flight” (ultrasonic
wave propagation time) through individual trabeculae
of cancellous bone specimens submerged in water
(Fig. 4). A frequency of 2.25 MHz was selected to
ensure that the wave propagated through individually
identified trabeculae and not the bone specimen as a
whole. Linear traversing in three orthogonal directions
was facilitated by worm gears attached to AC motors
and controlled digitally by a computer. Each traversing
axis had a resolution of up to 1 um. Prior to testing, the
validity of results from the C-Scan machine was
checked. Common engineering materials of various

Source Wave speed, v (m/s) (Std. dev.) Modulus, E (GPa) (Std. dev.) Trabecular density,
p (kg/m?) (Std. dev.)
SI AP ML SI AP ML
1 2474.51 2602.30 3077.68 15.78 17.53 25.35 2513.66
(298.52) (411.79) (786.78) (4.49) (5.15) (12.93) (182.60)
2 2115.55 2335.19 2430.72 13.87 17.42 17.17 2597.55
(558.88) (595.02) (653.55) (4.32) (4.91) (4.22) (328.91)

SEM



458

Exp Mech (2006) 46: 453-461

Table 3 Specimen dimension details

Microarchitectural parameter Units Anatomical direction Mean Standard deviation
Source 1 Source 2 Source 1 Source 2
Bone volume (BV) mm?® 25.07+6.69 23.9545.75 4.58 4.77
Tissue volume (TV) mm? 115.91+11.43 123.90£9.41 7.61 6.43
Bone surface area (BS) mm? 649.77+27422  694.91+251.93 198.55 132.21
BS/BV mm ! SI 17.9445.61 20.45+4.12 4.62 4.13
AP 29.41+12.74 32.96+9.35 7.30 5.28
ML 29.48+10.67 33.1246.83 7.43 5.58
BS/TV mm ! 5.6142.15 5.60+1.77 1.67 1.01
BV/TV % 21.68+5.15 19.30+4.46 411 3.52
Bone porosity % 78.32+5.15 80.70+4.46 4.13 3.52
Trabecular thickness (Tb.Th) pm SI 110.36£29.50 101.13+£20.87 29.59 17.66
AP 72.13+26.13 62.00£13.00 19.01 8.69
ML 71.88+26.88 61.88+14.12 17.26 8.95
Trabecular number (Tb.N) mm ! ST 1.93+0.43 1.94+0.53 0.58 0.36
AP 3.21+1.59 3.15+0.93 1.04 0.58
ML 3.21+0.77 3.16+1.04 1.05 0.63
Trabecular separation (Tb.Sp) pm SI 1068.50£618.5  1012.25+£458.75 373.14 259.45
AP 656.81£378.81  624.444280.44 257.60 164.01
ML 653.56+383.56  625.19+291.19 248.76 177.15

thickness (1.5-20.0 mm) and known wave propagation
speeds, were ultrasonically scanned for comparison.
The pulse-echo inspection method, also known as the
reflection mode, is used in this study. A transducer
emits an ultrasonic signal into the sample and the signal
is reflected back into the transducer. The transducer
serves as both emitter and receiver. When an ultrasonic
pulse reaches the top surface of the specimen, part of
the wave is reflected and captured by the transducer as
the initial pulse and the rest of the pulse is reflected
when it reaches the base of specimen,; this is captured as
the echo (Fig. 4). The time-of-flight (TOF) is the basis
of ultrasonic testing and it is the time difference
between the initial signal and the echo. From the TOF

and the specimen thickness (¢) the ultrasonic velocity,
or elastic wave velocity (v) can be determined.
Elastic wave propagation theory defines the rela-
tionship between tissue modulus (E), tissue density (p)
and ultrasonic velocity via equation (1). Again, this is
only valid if the wavelength of the propagating wave is
larger than the cross-sectional dimension of the
trabeculae and smaller than that of the cancellous
bone specimen tested. The ultrasonic testing device is
able to generate a two-dimensional image of the
surface scanned. The image generated is based on
reflection of ultrasonic pulses and is used for visual
positioning of the transducer [lower window in Fig.
5(a) and (b)]. Without microstructural examination of

Abbrev. | Explanation

TV Total volume of interest (x°)

BV Total volume of binarised
objects within TV

BS Perimeter of each 2D slice plus

vertical surfaces between slices
Non-binarised voxels as a

Porosity

percentage of TV

Tb.Th Trabeculae thickness
Tb.Sp Distance between two trabeculae
Tb.N No. of trabeculae within 1mm

Fig. 6. Schematic diagram and microarchitectural parameters evaluated from three-dimensional micro-CT image datasets. Detailed

explanation of the parameters can be found in literature [14]
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a specimen, the trabeculae structure below the surface
is unknown; this may yield erroneous results, difficulty
in determining the TOF [Fig. 5(a)], and possible
inaccuracy in determining the wave propagation dis-
tance. As trabeculae are never perfectly straight, even
with the proposed technique, minor adjustments must
be made to obtain a clear ultrasonic echo [Fig. 5(b)].
Manual adjustment of the specimen support platform
was limited to 5 pm in the x—y plane.

Results
Verification of Ultrasonic C-Scan Technique

To verify the suitability of utilizing ultrasonic scanning
with a 2.25 MHz transducer, materials of known elastic
wavespeed were scanned, and the results of the elastic
modulus derived were compared with values from
Bumrerraj and Katz [17] as well as a calibration table
provided in the User’s Manual accompanying the
ultrasonic tester (Table 1).

Trabeculae Modulus

A total of 40 specimen cubes were extracted from
porcine spines and subjected to ultrasonic testing along
the three primary anatomical axes—Superior—Inferior
(SI), Anterior—Posterior (AP) and Medial-Lateral
(ML). Micro-CT imaging was used to aid in location
of specific trabeculae, which span the length of each
specimen cube. At least six locations with full-length
trabeculae were tested for each direction and the
average values computed; the actual thicknesses of
these trabeculae were measured from pCT images.
Trabeculae density was determined by dividing the
mass of the cancellous bone cubes (after removal of
bone marrow) by the total trabeculae volume. The
tissue modulus is then evaluated using equation (1).
Table 2 summarizes average trabeculae modulus
values obtained from cancellous bone extracted from
porcine vertebrae.

Micro-CT imaging also enables the cancellous bone
volume (BV) and average trabeculae thickness
(Tb.Th) to be calculated, along with other microar-
chitectural parameters (Table 3 and Fig. 6). The mass
of each bone cube was measured using a digital scale;
trabeculae density was subsequently determined by di-
viding the measured mass by the corresponding BV.
An average trabeculae density of 2,555.6 kg/m® was ob-
tained; the highest value for human trabecular bone
material density reported in literature is 2,055 kg/m’
[9] and the lowest is 1,600 kg/m> [18]. For equation (1)

to be valid, the wavelength has to be smaller than the
bone cube, but larger than the cross-section of trabec-
ulae. The Tb.Th values were examined to verify this.

Discussion

Based on elastic wave propagation theory, calculation
of the modulus requires knowledge of the wave speed
and material density. The wave speed is in turn
determined by measuring the “time of flight” of the
ultrasonic propagation and the distance which it
propagates through. Ashman and Rho [7] first used
ultrasonic testing to determine the modulus of individ-
ual trabeculae while preserving the structural integrity
of cancellous bone. Distance was assumed to be the
characteristic length of the cancellous bone specimen.
On closer inspection of cancellous bone, due to its
microarchitecture, it has been shown that ultrasonic
testing of trabeculae is not straightforward. The aim of
this study is to determine non-destructively, the
modulus of trabeculae within a cancellous bone
specimen. A novel method that couples ultrasonic
testing with micro-CT imaging has been presented.
This approach allows non-contact, non-invasive assess-
ment of trabeculae modulus whilst leaving the struc-
tural integrity of bone specimens intact.

With the aid of micro-CT imaging, individual
cancellous trabeculae that span the entire length of
the specimen were subjected to ultrasonic testing. The
wave speeds measured from the ultrasonic testing of
the trabeculae in the three anatomical directions
ranged from 2,115 to 3,077 m/s, with an average value
of 2,505 m/s. Literature indicates an average ultrasonic
velocity of 2,898 m/s for trabeculae from the human
proximal tibia (S.D. 84.5) [8]; average values for
human and bovine femur are about 2,704 m/s (S.D.
142) and 2,501 m/s (S.D. 168), respectively [7].
Ultrasonic tests by Nicholson et al. [9] using a 1 Mhz
transducer, yielded wave speeds of 2,250 m/s (S.D.
140). Their usage of such a frequency is questionable;
at such high frequencies resultant wavelength is
smaller than the cross-sectional area of trabeculae
struts. Modulus obtained may be focused on the
components (lamellae, lacunae and canaliculi) of
trabecular bone instead. It can be seen that the speed
of ultrasonic wave propagation through trabeculae
material lies between 2,000 to 3,000 m/s. The cylindri-
cal cancellous bone specimens employed by Ashman
and Rho [7] did not allow orthotropic ultrasonic
testing. Cubic specimens enable ultrasonic testing in
the SI, ML and AP directions. The average wave
velocities in the SI, ML and AP directions were found
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Table 4 Wavelength and trabaculae thickness from tests with a frequency (f) of 2.25 MHz

Source Average velocity, v (m/s) Average wavelength, A (mm) A=v/f
SI AP ML Average SI AP ML Average
1 2474.51 2602.30 3077.68 2,718.16 11 1.15 1.37 1.21
Tb.Th (mm) 0.110 0.072 0.072 0.08
2 2115.55 2335.19 2430.72 2,293.82 0.94 1.04 1.08 1.02
Tb.Th (mm) 0.10 0.062 0.062 0.07

to be 2,295, 2,469 and 2,754 m/s, respectively; the
difference does not appear to be significant.

The ultrasonic wave speeds obtained were com-
bined with trabecular density to calculate the modulus.
A caveat of this study is the assumption of a common
trabecular density throughout a given cancellous bone
specimen. The volume was derived from micro-CT
datasets with a 14 pum resolution and there was
inherently already some approximation of the actual
volume; although the scan resolution is smaller than
the average trabeculae thickness of 80 um, there will
be geometries that are smaller than the scan resolution
and would be approximated. Other researchers have
employed Archimedes Principle to determine trabec-
ulae volume; however the present study found that this
method has its disadvantages. As the geometry of
cancellous bone is highly intricate, trapped air bubbles
within the structure are difficult to remove even after
rigorously shaking each specimen in water. Evaluation
of trabeculae thickness (Tb.Th) with respect to the
ultrasonic wavelength is important in ultrasonic test-
ing. For elastic wave propagation theory to apply, the
wavelength has to be larger than the cross-sectional
dimension of trabeculae, but smaller than the overall
size of the bone specimen [7, 9]. In the present study,
the ultrasonic wavelength is at least ten times larger
than the average Tb.Th (Table 4) and five times
smaller than the overall dimensions of the bone
specimen. Equation (1) is therefore valid; these details
have not been reported previously.

A method of verifying the trabeculae modulus
derived should be established, and it is suggested that
the use of uFE analysis be examined. Kabel et al. [19]
have used p-scale finite element analyses as an inverse
approach to calculate tissue modulus, and obtained an
average value of 5.6 GPa for whale trabeculae. Their
cancellous bone cube specimens were subjected to
compressive testing and the bulk elastic stiffness
obtained. Prior to testing, pCT imaging was undertak-
en and used to construct uFE models. The uFE models
were assigned boundary conditions similar to that in
compressive testing, and simulations were run based

SEM

on varying isotropic trabeculae properties until a
similar overall elastic stiffness was obtained. This
method can be used for trabeculae modulus verifica-
tion; however, inherent errors, machine compliance,
specimen placement and viscoelastic effects from
compressive testing tend to result in underestimation
of values [19].

One recommendation is the coupling of three-
dimensional visualization software with control of the
motors that drive translational movement of the
ultrasonic testing machine. With this integration,
identification of the best trabeculae to be ultrasonical-
ly tested and positioning of the ultrasonic probe can be
effected simultaneously.

Conclusion

A novel method to determine the elastic modulus of
bone trabeculae using ultrasonic testing coupled with
microCT imaging has been proposed. MicroCT imag-
ing enables the identification of appropriate specific
trabeculae in cancellous bone specimens for scanning.
The proposed method has the advantage of preserving
the structural integrity of extracted cancellous bone
specimens, thus facilitating subsequent further investi-
gation into the dependence of cancellous bone me-
chanical properties on trabeculae modulus.

References

1. Gibson LJ, Ashby MF (1988) Cellular solids: structure and
properties. Pergamon, Oxford, England.

2. Van Lenthe GH, van Den Bergh JPW, Hermus ARMM,
Huiskes R (2001) The prospects of estimating trabecular
bone tissue properties from the combination of ultrasound,
dual-energy X-ray absorptiometry, microcomputed tomog-
raphy, and microfinite element analysis. ] Bone Miner Res
16(3):550-556.

3. Keaveny TM, Yeh OC (2002) Architecture and trabecular
bone—toward an improved understanding of the biome-
chanical effects of age, sex and osteoporosis. J Musculoskel
Neuron Interact 2(3):205-208.



Exp Mech (2006) 46: 453-461

461

10.

11.

12.

. Keaveny TM, Borchers RE, Gibson LJ, Hayes WC (1993)

Theoretical analysis of the experimental artifact in trabecu-
lar bone compressive modulus. J Biomech 26(4/5):599-607.

. Odgaard A, Linde F (1991) The underestimation of Young’s

modulus in compressive testing of cancellous bone speci-
mens 24(8):391-398.

. Linde F, Norgaard P, Hvid I, Odgaard A, Soballe K (1991)

Mechanical properties of trabecular bone. Dependency on
strain rate. J Biomech 24(8):803-809.

. Ashman RB, Rho JY (1988) Elastic modulus of trabecular

bone material. J Biomech 21(3):177-181.

. Rho JY, Ashman RB, Turner CH (1993) Young’s modulus

of trabecular and cortical bone material: ultrasonic and
microtensile measurements. J Biomech 26(2):111-119.

. Nicholson PHF, Cheng XG, Lowet G, Boonen S, Davie

MWIJ, Dequeker J, Van der Perre G (1997) Structural and
material mechanical properties of human vertebral cancel-
lous bone. Medical Eng Phys 19(8):729-737.

Rho JY (1996) An ultrasonic method for measuring the
bone. Ultrasonics 24:777-783.

Rho JY, Hobatho MC, Ashman RB (1995) Relations of
mechanical properties to density and CT number in human
bone. Med Eng Phys 17(5):347-355.

Hahn M, Vogel M, Pompesius-Kempa M, Delling G (1992)

13.

14.

15.

16.

17.

18.

19.

Trabecular bone pattern factor—a new parameter for simple
quantification of bone microarchitecture. Bone 13:327-330.
Parfitt AM (1988) Bone histomorphometry: standardization
of nomenclature, symbols and units. Bone 9:67-69.

Parfitt AM, Drezner MK, Glorieux FH, Kanis JA, Malluche
H, Meunier PJ, Ott SM, Recker RR (1987) Bone histo-
morphometry: standardization of nomenclature, symbols,
and units. J Bone Miner Res 2(6):595-610.

Carter DR, Hayes WC (1977) The comprehensive behavior
of bone as a two-phase porous structure. J Surg 59(7):954—
962.

Njeh CF, Hodgskinson R, Currey JD, Langton CM (1996)
Orthogonal relationships between ultrasonic velocity and
material properties of bovine cancellous bone. Med Eng
Phys 18(5):373-381.

Bumrerraj S, Katz JL (2001) Scanning acoustic microscopy
study of human cortical and trabecular bone. Ann Biomed
Eng 29:1034-1042.

Ashman RB, Rho JY (1988) Elastic modulus of trabecular
bone material. J Biomech 21(3):177-181.

Kabel J, van Rietbergen B, Dalstra M, Odgaard A, Huiskes
R (1999) The role of an effective isotropic tissue modulus in
the elastic properties of cancellous bone. J Biomech 32:673—
680.

SEM



	Determination of Bone Trabeculae Modulus&mdash;An Ultrasonic Scanning and MicroCT (&mgr;CT) Imaging Combination Approach
	Abstract
	Introduction
	Experimental Procedure
	Specimen Preparation
	Location of Trabeculae Using MicroCT Imaging
	Ultrasonic Testing

	Results
	Verification of Ultrasonic C-Scan Technique
	Trabeculae Modulus

	Discussion
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AardvarkPSMT
    /AceBinghamSH
    /AddisonLibbySH
    /AGaramond-Italic
    /AGaramond-Regular
    /AkbarPlain
    /Albertus-Bold
    /AlbertusExtraBold-Regular
    /AlbertusMedium-Italic
    /AlbertusMedium-Regular
    /AlfonsoWhiteheadSH
    /Algerian
    /AllegroBT-Regular
    /AmarilloUSAF
    /AmazoneBT-Regular
    /AmeliaBT-Regular
    /AmerigoBT-BoldA
    /AmerTypewriterITCbyBT-Medium
    /AndaleMono
    /AndyMacarthurSH
    /Animals
    /AnneBoleynSH
    /Annifont
    /AntiqueOlive-Bold
    /AntiqueOliveCompact-Regular
    /AntiqueOlive-Italic
    /AntiqueOlive-Regular
    /AntonioMountbattenSH
    /ArabiaPSMT
    /AradLevelVI
    /ArchitecturePlain
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMTBlack-Regular
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeLight
    /ArialUnicodeLight-Bold
    /ArialUnicodeLight-BoldItalic
    /ArialUnicodeLight-Italic
    /ArrowsAPlentySH
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /Asiana
    /AssadSadatSH
    /AvalonPSMT
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /BankGothicBT-Light
    /BankGothicBT-Medium
    /Baskerville-Bold
    /Baskerville-Normal
    /Baskerville-Normal-Italic
    /BaskOldFace
    /Bauhaus93
    /Bavand
    /BazookaRegular
    /BeauTerrySH
    /BECROSS
    /BedrockPlain
    /BeeskneesITC
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BenguiatITCbyBT-Bold
    /BenguiatITCbyBT-BoldItalic
    /BenguiatITCbyBT-Book
    /BenguiatITCbyBT-BookItalic
    /BennieGoetheSH
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardBoldCondensedBT-Regular
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /Bethel
    /BibiGodivaSH
    /BibiNehruSH
    /BKenwood-Regular
    /BlackadderITC-Regular
    /BlondieBurtonSH
    /BodoniBlack-Regular
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /BodoniBT-Bold
    /BodoniBT-BoldItalic
    /BodoniBT-Italic
    /BodoniBT-Roman
    /Bodoni-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Regular
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolFive
    /BookshelfSymbolFour
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /BookwomanDemiItalicSH
    /BookwomanDemiSH
    /BookwomanExptLightSH
    /BookwomanLightItalicSH
    /BookwomanLightSH
    /BookwomanMonoLightSH
    /BookwomanSwashDemiSH
    /BookwomanSwashLightSH
    /BoulderRegular
    /BradleyHandITC
    /Braggadocio
    /BrailleSH
    /BRectangular
    /BremenBT-Bold
    /BritannicBold
    /Broadview
    /Broadway
    /BroadwayBT-Regular
    /BRubber
    /Brush445BT-Regular
    /BrushScriptMT
    /BSorbonna
    /BStranger
    /BTriumph
    /BuckyMerlinSH
    /BusoramaITCbyBT-Medium
    /Caesar
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-Italic
    /CalligrapherRegular
    /CameronStendahlSH
    /Candy
    /CandyCaneUnregistered
    /CankerSore
    /CarlTellerSH
    /CarrieCattSH
    /CaslonOpenfaceBT-Regular
    /CassTaylorSH
    /CDOT
    /Centaur
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldStyle-BoldItalic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Cezanne
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGOmega-Regular
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /Charting
    /ChartreuseParsonsSH
    /ChaseCallasSH
    /ChasThirdSH
    /ChaucerRegular
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /ChildBonaparteSH
    /Chiller-Regular
    /ChuckWarrenChiselSH
    /ChuckWarrenDesignSH
    /CityBlueprint
    /Clarendon-Bold
    /Clarendon-Book
    /ClarendonCondensedBold
    /ClarendonCondensed-Bold
    /ClarendonExtended-Bold
    /ClassicalGaramondBT-Bold
    /ClassicalGaramondBT-BoldItalic
    /ClassicalGaramondBT-Italic
    /ClassicalGaramondBT-Roman
    /ClaudeCaesarSH
    /CLI
    /Clocks
    /ClosetoMe
    /CluKennedySH
    /CMBX10
    /CMBX5
    /CMBX7
    /CMEX10
    /CMMI10
    /CMMI5
    /CMMI7
    /CMMIB10
    /CMR10
    /CMR5
    /CMR7
    /CMSL10
    /CMSY10
    /CMSY5
    /CMSY7
    /CMTI10
    /CMTT10
    /CoffeeCamusInitialsSH
    /ColetteColeridgeSH
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CommercialPiBT-Regular
    /CommercialScriptBT-Regular
    /Complex
    /CooperBlack
    /CooperBT-BlackHeadline
    /CooperBT-BlackItalic
    /CooperBT-Bold
    /CooperBT-BoldItalic
    /CooperBT-Medium
    /CooperBT-MediumItalic
    /CooperPlanck2LightSH
    /CooperPlanck4SH
    /CooperPlanck6BoldSH
    /CopperplateGothicBT-Bold
    /CopperplateGothicBT-Roman
    /CopperplateGothicBT-RomanCond
    /CopticLS
    /Cornerstone
    /Coronet
    /CoronetItalic
    /Cotillion
    /CountryBlueprint
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CSSubscript
    /CSSubscriptBold
    /CSSubscriptItalic
    /CSSuperscript
    /CSSuperscriptBold
    /Cuckoo
    /CurlzMT
    /CybilListzSH
    /CzarBold
    /CzarBoldItalic
    /CzarItalic
    /CzarNormal
    /DauphinPlain
    /DawnCastleBold
    /DawnCastlePlain
    /Dekker
    /DellaRobbiaBT-Bold
    /DellaRobbiaBT-Roman
    /Denmark
    /Desdemona
    /Diploma
    /DizzyDomingoSH
    /DizzyFeiningerSH
    /DocTermanBoldSH
    /DodgenburnA
    /DodoCasalsSH
    /DodoDiogenesSH
    /DomCasualBT-Regular
    /Durian-Republik
    /Dutch801BT-Bold
    /Dutch801BT-BoldItalic
    /Dutch801BT-ExtraBold
    /Dutch801BT-Italic
    /Dutch801BT-Roman
    /EBT's-cmbx10
    /EBT's-cmex10
    /EBT's-cmmi10
    /EBT's-cmmi5
    /EBT's-cmmi7
    /EBT's-cmr10
    /EBT's-cmr5
    /EBT's-cmr7
    /EBT's-cmsy10
    /EBT's-cmsy5
    /EBT's-cmsy7
    /EdithDaySH
    /Elephant-Italic
    /Elephant-Regular
    /EmGravesSH
    /EngelEinsteinSH
    /English111VivaceBT-Regular
    /English157BT-Regular
    /EngraversGothicBT-Regular
    /EngraversOldEnglishBT-Bold
    /EngraversOldEnglishBT-Regular
    /EngraversRomanBT-Bold
    /EngraversRomanBT-Regular
    /EnviroD
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErasITC-Ultra
    /ErnestBlochSH
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EuroRoman
    /EuroRomanOblique
    /ExxPresleySH
    /FencesPlain
    /Fences-Regular
    /FifthAvenue
    /FigurineCrrCB
    /FigurineCrrCBBold
    /FigurineCrrCBBoldItalic
    /FigurineCrrCBItalic
    /FigurineTmsCB
    /FigurineTmsCBBold
    /FigurineTmsCBBoldItalic
    /FigurineTmsCBItalic
    /FillmoreRegular
    /Fitzgerald
    /Flareserif821BT-Roman
    /FleurFordSH
    /Fontdinerdotcom
    /FontdinerdotcomSparkly
    /FootlightMTLight
    /ForefrontBookObliqueSH
    /ForefrontBookSH
    /ForefrontDemiObliqueSH
    /ForefrontDemiSH
    /Fortress
    /FractionsAPlentySH
    /FrakturPlain
    /Franciscan
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /FranklinUnic
    /FredFlahertySH
    /Freehand575BT-RegularB
    /Freehand591BT-RegularA
    /FreestyleScript-Regular
    /Frutiger-Roman
    /FTPMultinational
    /FTPMultinational-Bold
    /FujiyamaPSMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-ExtraBlackCondensed
    /FuturaBT-ExtraBlackCondItalic
    /FuturaBT-ExtraBlackItalic
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FuturaBT-MediumCondensed
    /FuturaBT-MediumItalic
    /GabbyGauguinSH
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /Garcia
    /GarryMondrian3LightItalicSH
    /GarryMondrian3LightSH
    /GarryMondrian4BookItalicSH
    /GarryMondrian4BookSH
    /GarryMondrian5SBldItalicSH
    /GarryMondrian5SBldSH
    /GarryMondrian6BoldItalicSH
    /GarryMondrian6BoldSH
    /GarryMondrian7ExtraBoldSH
    /GarryMondrian8UltraSH
    /GarryMondrianCond3LightSH
    /GarryMondrianCond4BookSH
    /GarryMondrianCond5SBldSH
    /GarryMondrianCond6BoldSH
    /GarryMondrianCond7ExtraBoldSH
    /GarryMondrianCond8UltraSH
    /GarryMondrianExpt3LightSH
    /GarryMondrianExpt4BookSH
    /GarryMondrianExpt5SBldSH
    /GarryMondrianExpt6BoldSH
    /GarryMondrianSwashSH
    /Gaslight
    /GatineauPSMT
    /Gautami
    /GDT
    /Geometric231BT-BoldC
    /Geometric231BT-LightC
    /Geometric231BT-RomanC
    /GeometricSlab703BT-Bold
    /GeometricSlab703BT-BoldCond
    /GeometricSlab703BT-BoldItalic
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /GeometricSlab703BT-Medium
    /GeometricSlab703BT-MediumCond
    /GeometricSlab703BT-MediumItalic
    /GeometricSlab703BT-XtraBold
    /GeorgeMelvilleSH
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansBC
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSansCondensed-Bold
    /GillSansCondensed-Regular
    /GillSansExtraBold-Regular
    /GillSans-Italic
    /GillSansLight-Italic
    /GillSansLight-Regular
    /GillSans-Regular
    /GoldMinePlain
    /Gonzo
    /GothicE
    /GothicG
    /GothicI
    /GoudyHandtooledBT-Regular
    /GoudyOldStyle-Bold
    /GoudyOldStyle-BoldItalic
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleExtrabold-Regular
    /GoudyOldStyle-Italic
    /GoudyOldStyle-Regular
    /GoudySansITCbyBT-Bold
    /GoudySansITCbyBT-BoldItalic
    /GoudySansITCbyBT-Medium
    /GoudySansITCbyBT-MediumItalic
    /GraceAdonisSH
    /Graeca
    /Graeca-Bold
    /Graeca-BoldItalic
    /Graeca-Italic
    /Graphos-Bold
    /Graphos-BoldItalic
    /Graphos-Italic
    /Graphos-Regular
    /GreekC
    /GreekS
    /GreekSans
    /GreekSans-Bold
    /GreekSans-BoldOblique
    /GreekSans-Oblique
    /Griffin
    /GrungeUpdate
    /Haettenschweiler
    /HankKhrushchevSH
    /HarlowSolid
    /HarpoonPlain
    /Harrington
    /HeatherRegular
    /Hebraica
    /HeleneHissBlackSH
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HenryPatrickSH
    /Herald
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HogBold-HMK
    /HogBook-HMK
    /HomePlanning
    /HomePlanning2
    /HomewardBoundPSMT
    /Humanist521BT-Bold
    /Humanist521BT-BoldCondensed
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-Roman
    /Humanist521BT-RomanCondensed
    /IBMPCDOS
    /IceAgeD
    /Impact
    /Incised901BT-Bold
    /Incised901BT-Light
    /Incised901BT-Roman
    /Industrial736BT-Italic
    /Informal011BT-Roman
    /InformalRoman-Regular
    /Intrepid
    /IntrepidBold
    /IntrepidOblique
    /Invitation
    /IPAExtras
    /IPAExtras-Bold
    /IPAHighLow
    /IPAHighLow-Bold
    /IPAKiel
    /IPAKiel-Bold
    /IPAKielSeven
    /IPAKielSeven-Bold
    /IPAsans
    /ISOCP
    /ISOCP2
    /ISOCP3
    /ISOCT
    /ISOCT2
    /ISOCT3
    /Italic
    /ItalicC
    /ItalicT
    /JesterRegular
    /Jokerman-Regular
    /JotMedium-HMK
    /JuiceITC-Regular
    /JupiterPSMT
    /KabelITCbyBT-Book
    /KabelITCbyBT-Ultra
    /KarlaJohnson5CursiveSH
    /KarlaJohnson5RegularSH
    /KarlaJohnson6BoldCursiveSH
    /KarlaJohnson6BoldSH
    /KarlaJohnson7ExtraBoldCursiveSH
    /KarlaJohnson7ExtraBoldSH
    /KarlKhayyamSH
    /Karnack
    /Kartika
    /Kashmir
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KeplerStd-Black
    /KeplerStd-BlackIt
    /KeplerStd-Bold
    /KeplerStd-BoldIt
    /KeplerStd-Italic
    /KeplerStd-Light
    /KeplerStd-LightIt
    /KeplerStd-Medium
    /KeplerStd-MediumIt
    /KeplerStd-Regular
    /KeplerStd-Semibold
    /KeplerStd-SemiboldIt
    /KeystrokeNormal
    /Kidnap
    /KidsPlain
    /Kindergarten
    /KinoMT
    /KissMeKissMeKissMe
    /KoalaPSMT
    /KorinnaITCbyBT-Bold
    /KorinnaITCbyBT-KursivBold
    /KorinnaITCbyBT-KursivRegular
    /KorinnaITCbyBT-Regular
    /KristenITC-Regular
    /Kristin
    /KunstlerScript
    /KyotoSong
    /LainieDaySH
    /LandscapePlanning
    /Lapidary333BT-Bold
    /Lapidary333BT-BoldItalic
    /Lapidary333BT-Italic
    /Lapidary333BT-Roman
    /Latha
    /LatinoPal3LightItalicSH
    /LatinoPal3LightSH
    /LatinoPal4ItalicSH
    /LatinoPal4RomanSH
    /LatinoPal5DemiItalicSH
    /LatinoPal5DemiSH
    /LatinoPal6BoldItalicSH
    /LatinoPal6BoldSH
    /LatinoPal7ExtraBoldSH
    /LatinoPal8BlackSH
    /LatinoPalCond4RomanSH
    /LatinoPalCond5DemiSH
    /LatinoPalCond6BoldSH
    /LatinoPalExptRomanSH
    /LatinoPalSwashSH
    /LatinWidD
    /LatinWide
    /LeeToscanini3LightSH
    /LeeToscanini5RegularSH
    /LeeToscanini7BoldSH
    /LeeToscanini9BlackSH
    /LeeToscaniniInlineSH
    /LetterGothic12PitchBT-Bold
    /LetterGothic12PitchBT-BoldItal
    /LetterGothic12PitchBT-Italic
    /LetterGothic12PitchBT-Roman
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Regular
    /LibrarianRegular
    /LinusPSMT
    /Lithograph-Bold
    /LithographLight
    /LongIsland
    /LubalinGraphMdITCTT
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /LydianCursiveBT-Regular
    /Magneto-Bold
    /Mangal-Regular
    /Map-Symbols
    /MarcusHobbesSH
    /Mariah
    /Marigold
    /MaritaMedium-HMK
    /MaritaScript-HMK
    /Market
    /MartinMaxxieSH
    /MathTypeMed
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /MaudeMeadSH
    /MemorandumPSMT
    /Metro
    /Metrostyle-Bold
    /MetrostyleExtended-Bold
    /MetrostyleExtended-Regular
    /Metrostyle-Regular
    /MicrogrammaD-BoldExte
    /MicrosoftSansSerif
    /MikePicassoSH
    /MiniPicsLilEdibles
    /MiniPicsLilFolks
    /MiniPicsLilStuff
    /MischstabPopanz
    /MisterEarlBT-Regular
    /Mistral
    /ModerneDemi
    /ModerneDemiOblique
    /ModerneOblique
    /ModerneRegular
    /Modern-Regular
    /MonaLisaRecutITC-Normal
    /Monospace821BT-Bold
    /Monospace821BT-BoldItalic
    /Monospace821BT-Italic
    /Monospace821BT-Roman
    /Monotxt
    /MonotypeCorsiva
    /MonotypeSorts
    /MorrisonMedium
    /MorseCode
    /MotorPSMT
    /MSAM10
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MSReference1
    /MSReference2
    /MTEX
    /MTEXB
    /MTEXH
    /MT-Extra
    /MTGU
    /MTGUB
    /MTLS
    /MTLSB
    /MTMI
    /MTMIB
    /MTMIH
    /MTMS
    /MTMSB
    /MTMUB
    /MTMUH
    /MTSY
    /MTSYB
    /MTSYH
    /MT-Symbol
    /MTSYN
    /Music
    /MVBoli
    /MysticalPSMT
    /NagHammadiLS
    /NealCurieRuledSH
    /NealCurieSH
    /NebraskaPSMT
    /Neuropol-Medium
    /NevisonCasD
    /NewMilleniumSchlbkBoldItalicSH
    /NewMilleniumSchlbkBoldSH
    /NewMilleniumSchlbkExptSH
    /NewMilleniumSchlbkItalicSH
    /NewMilleniumSchlbkRomanSH
    /News702BT-Bold
    /News702BT-Italic
    /News702BT-Roman
    /Newton
    /NewZuricaBold
    /NewZuricaItalic
    /NewZuricaRegular
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NigelSadeSH
    /Nirvana
    /NuptialBT-Regular
    /OCRAbyBT-Regular
    /OfficePlanning
    /OldCentury
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OpenSymbol
    /OttawaPSMT
    /OttoMasonSH
    /OzHandicraftBT-Roman
    /OzzieBlack-Italic
    /OzzieBlack-Regular
    /PalatiaBold
    /PalatiaItalic
    /PalatiaRegular
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /PalmSpringsPSMT
    /Pamela
    /PanRoman
    /ParadisePSMT
    /ParagonPSMT
    /ParamountBold
    /ParamountItalic
    /ParamountRegular
    /Parchment-Regular
    /ParisianBT-Regular
    /ParkAvenueBT-Regular
    /Patrick
    /Patriot
    /PaulPutnamSH
    /PcEncodingLowerSH
    /PcEncodingSH
    /Pegasus
    /PenguinLightPSMT
    /PennSilvaSH
    /Percival
    /PerfectRegular
    /Pfn2BlackItalic
    /Phantom
    /PhilSimmonsSH
    /Pickwick
    /PipelinePlain
    /Playbill
    /PoorRichard-Regular
    /Poster
    /PosterBodoniBT-Italic
    /PosterBodoniBT-Roman
    /Pristina-Regular
    /Proxy1
    /Proxy2
    /Proxy3
    /Proxy4
    /Proxy5
    /Proxy6
    /Proxy7
    /Proxy8
    /Proxy9
    /Prx1
    /Prx2
    /Prx3
    /Prx4
    /Prx5
    /Prx6
    /Prx7
    /Prx8
    /Prx9
    /Pythagoras
    /Raavi
    /Ranegund
    /Ravie
    /Ribbon131BT-Bold
    /RMTMI
    /RMTMIB
    /RMTMIH
    /RMTMUB
    /RMTMUH
    /RobWebsterExtraBoldSH
    /Rockwell
    /Rockwell-Bold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RomanC
    /RomanD
    /RomanS
    /RomanT
    /Romantic
    /RomanticBold
    /RomanticItalic
    /Sahara
    /SalTintorettoSH
    /SamBarberInitialsSH
    /SamPlimsollSH
    /SansSerif
    /SansSerifBold
    /SansSerifBoldOblique
    /SansSerifOblique
    /Sceptre
    /ScribbleRegular
    /ScriptC
    /ScriptHebrew
    /ScriptS
    /Semaphore
    /SerifaBT-Black
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /Sfn2Bold
    /Sfn3Italic
    /ShelleyAllegroBT-Regular
    /ShelleyVolanteBT-Regular
    /ShellyMarisSH
    /SherwoodRegular
    /ShlomoAleichemSH
    /ShotgunBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SignatureRegular
    /Signboard
    /SignetRoundhandATT-Italic
    /SignetRoundhand-Italic
    /SignLanguage
    /Signs
    /Simplex
    /SissyRomeoSH
    /SlimStravinskySH
    /SnapITC-Regular
    /SnellBT-Bold
    /Socket
    /Sonate
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /SpruceByingtonSH
    /SPSFont1Medium
    /SPSFont2Medium
    /SPSFont3Medium
    /SpsFont4Medium
    /SPSFont4Medium
    /SPSFont5Normal
    /SPSScript
    /SRegular
    /Staccato222BT-Regular
    /StageCoachRegular
    /StandoutRegular
    /StarTrekNextBT-ExtraBold
    /StarTrekNextPiBT-Regular
    /SteamerRegular
    /Stencil
    /StencilBT-Regular
    /Stewardson
    /Stonehenge
    /StopD
    /Storybook
    /Strict
    /Strider-Regular
    /StuyvesantBT-Regular
    /StylusBT
    /StylusRegular
    /SubwayRegular
    /SueVermeer4LightItalicSH
    /SueVermeer4LightSH
    /SueVermeer5MedItalicSH
    /SueVermeer5MediumSH
    /SueVermeer6DemiItalicSH
    /SueVermeer6DemiSH
    /SueVermeer7BoldItalicSH
    /SueVermeer7BoldSH
    /SunYatsenSH
    /SuperFrench
    /SuzanneQuillSH
    /Swiss721-BlackObliqueSWA
    /Swiss721-BlackSWA
    /Swiss721BT-Black
    /Swiss721BT-BlackCondensed
    /Swiss721BT-BlackCondensedItalic
    /Swiss721BT-BlackExtended
    /Swiss721BT-BlackItalic
    /Swiss721BT-BlackOutline
    /Swiss721BT-Bold
    /Swiss721BT-BoldCondensed
    /Swiss721BT-BoldCondensedItalic
    /Swiss721BT-BoldCondensedOutline
    /Swiss721BT-BoldExtended
    /Swiss721BT-BoldItalic
    /Swiss721BT-BoldOutline
    /Swiss721BT-Italic
    /Swiss721BT-ItalicCondensed
    /Swiss721BT-Light
    /Swiss721BT-LightCondensed
    /Swiss721BT-LightCondensedItalic
    /Swiss721BT-LightExtended
    /Swiss721BT-LightItalic
    /Swiss721BT-Roman
    /Swiss721BT-RomanCondensed
    /Swiss721BT-RomanExtended
    /Swiss721BT-Thin
    /Swiss721-LightObliqueSWA
    /Swiss721-LightSWA
    /Swiss911BT-ExtraCompressed
    /Swiss921BT-RegularA
    /Syastro
    /Sylfaen
    /Symap
    /Symath
    /SymbolGreek
    /SymbolGreek-Bold
    /SymbolGreek-BoldItalic
    /SymbolGreek-Italic
    /SymbolGreekP
    /SymbolGreekP-Bold
    /SymbolGreekP-BoldItalic
    /SymbolGreekP-Italic
    /SymbolGreekPMono
    /SymbolMT
    /SymbolProportionalBT-Regular
    /SymbolsAPlentySH
    /Symeteo
    /Symusic
    /Tahoma
    /Tahoma-Bold
    /TahomaItalic
    /TamFlanahanSH
    /Technic
    /TechnicalItalic
    /TechnicalPlain
    /TechnicBold
    /TechnicLite
    /Tekton-Bold
    /Teletype
    /TempsExptBoldSH
    /TempsExptItalicSH
    /TempsExptRomanSH
    /TempsSwashSH
    /TempusSansITC
    /TessHoustonSH
    /TexCatlinObliqueSH
    /TexCatlinSH
    /Thrust
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-ExtraBold
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Oblique
    /Times-Roman
    /Times-Semibold
    /Times-SemiboldItalic
    /TimesUnic-Bold
    /TimesUnic-BoldItalic
    /TimesUnic-Italic
    /TimesUnic-Regular
    /TonyWhiteSH
    /TransCyrillic
    /TransCyrillic-Bold
    /TransCyrillic-BoldItalic
    /TransCyrillic-Italic
    /Transistor
    /Transitional521BT-BoldA
    /Transitional521BT-CursiveA
    /Transitional521BT-RomanA
    /TranslitLS
    /TranslitLS-Bold
    /TranslitLS-BoldItalic
    /TranslitLS-Italic
    /TransRoman
    /TransRoman-Bold
    /TransRoman-BoldItalic
    /TransRoman-Italic
    /TransSlavic
    /TransSlavic-Bold
    /TransSlavic-BoldItalic
    /TransSlavic-Italic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TribuneBold
    /TribuneItalic
    /TribuneRegular
    /Tristan
    /TrotsLight-HMK
    /TrotsMedium-HMK
    /TubularRegular
    /Tunga-Regular
    /Txt
    /TypoUprightBT-Regular
    /UmbraBT-Regular
    /UmbrellaPSMT
    /UncialLS
    /Unicorn
    /UnicornPSMT
    /Univers
    /UniversalMath1BT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Italic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-CondensedOblique
    /UniversExtended-Bold
    /UniversExtended-BoldItalic
    /UniversExtended-Medium
    /UniversExtended-MediumItalic
    /Univers-Italic
    /UniversityRomanBT-Regular
    /UniversLightCondensed-Italic
    /UniversLightCondensed-Regular
    /Univers-Medium
    /Univers-MediumItalic
    /URWWoodTypD
    /USABlackPSMT
    /USALightPSMT
    /Vagabond
    /Venetian301BT-Demi
    /Venetian301BT-DemiItalic
    /Venetian301BT-Italic
    /Venetian301BT-Roman
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /VinetaBT-Regular
    /Vivaldii
    /VladimirScript
    /VoguePSMT
    /Vrinda
    /WaldoIconsNormalA
    /WaltHarringtonSH
    /Webdings
    /Weiland
    /WesHollidaySH
    /Wingdings-Regular
    /WP-HebrewDavid
    /XavierPlatoSH
    /YuriKaySH
    /ZapfChanceryITCbyBT-Bold
    /ZapfChanceryITCbyBT-Medium
    /ZapfDingbatsITCbyBT-Regular
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZappedChancellorMedItalicSH
    /ZurichBT-BlackExtended
    /ZurichBT-Bold
    /ZurichBT-BoldCondensed
    /ZurichBT-BoldCondensedItalic
    /ZurichBT-BoldItalic
    /ZurichBT-ExtraCondensed
    /ZurichBT-Italic
    /ZurichBT-ItalicCondensed
    /ZurichBT-Light
    /ZurichBT-LightCondensed
    /ZurichBT-Roman
    /ZurichBT-RomanCondensed
    /ZurichBT-RomanExtended
    /ZurichBT-UltraBlackExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


