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Abstract

No method has been available (o noninvasively detect bone deformation or strain under loading in vivo. We focused on ultrasonic mea-
surement of the displacement at a certain point on a bone using the echo-tracking method (ET). To develop a method that can noninvasively
detect bone deformation in vivo, a preliminary investigation was performed.

We investigated the accuracy of measuring displacement with our echo tracking system by using a flat metal panel and found that the
method could measure displacement with a precision of a few microns.

A three-point bending test of a porcine tibia with both ends fully constrained was performed to measure bone surface displacement, and
simultaneous measurement of the surface strain was done using two strain gauges. The correlation between the displacement measured by ET
and the strain gauge readings was completely linear (r=0.999), showing that the method could precisely detect bone deformation. The loads
versus displacement curves obtained with cyclic loading were typical hysteresis loops that showed viscoelastic properties of the measured
bone.

We also improved a multi-ET system capable of simultaneously tracking multiple points to detect deformation of the bone surface.
Measurement by this echo tracking system was also compared with strain gauge readings during a three point bending test with both ends of
the tibia supported. The linearity of both methods was very high (r=0.998). Our ET method might have considerable potential for noninvasive

measurement of bone viscoelasticity and plasticity.
© 2005 IPEM. Published by Elsevier Ltd. All rights reserved.

Keywords: Echo tracking; Bone deformation; Noninvasive measurement; Bone strain

1. Introduction

Bone is a self-repairing structural material that adapts its
mass, shape, and properties to changes in mechanical require-
ments and tolerates voluntary physical activity through-
out life without breaking or causing pain. Quantifying the
mechanical inputs into bone is important for understanding
the form and function of the skeleton. The forces applied to
each bone at the organ level must be translated to the cellular
level and then somehow play a role in the maintenance and
adaptation of bone tissue [1-3].

Bone fails if subjected to a force exceeding its strength,
but even physiological loading during daily activities causes

* Corresponding author. Tel.: +81 3 5800 8656; fax: +81 3 3818 4082.
E-mail address: OHNISHII-DIS @h.u-tokyo.ac.jp (I. Ohnishi).

deformation depending on a bone’s mechanical proper-
ties. Determining the extent of which deformation normally
occurs should help to elucidate the mechanotransduction
mechanism in bone [4]. Therefore, it is important to be able
to quantitatively measure the extent of bone deformation or
strain under loading.

To date, many methods have been tried to detect bone
deformation under a load [5,6]. A strain gauge is a device that
measures the deformation of materials to which it is attached,
and this has been the method used to quantify bone strains in
vivo. The strain gauge is thus the gold standard for measuring
bone deformation in vivo and this device has provided much
useful data [7,8]. However, measurement with strain gauges
requires invasive exposure of a site for attachment to the bone
surface. To date, no method has been available to noninva-
sively detect bone deformation or strain under loading.

1350-4533/$ - see front matter © 2005 IPEM. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.medengphy.2005.09.005



J. Matsuyama et al. / Medical Engineering & Physics 28 (2006) 588-595 589

To overcome the above-mentioned limitations in the mea-
surement of bone deformation, we focused on the use of
ultrasound because of its noninvasiveness. Ultrasonic waves
can penetrate soft tissues and visualize the bone surface. In
addition, precise measurement of the displacement of a spe-
cific point can be achieved by the echo-tracking method. The
echo tracking method measures extent of the displacement by
tracking the initialized phase pattern of the radio frequency
(RF) echo signal. Hokanson et al. [9] have developed an ultra-
sonic echo-tracking device that allows arterial wall motion to
be measured transcutaneously using the standard pulse reflec-
tion technique. The motion of the echoes from the arterial
wall was tracked by a gated threshold detector and converted
into an analog output suitable for recording. The echo track-
ing method currently used for measuring arterial wall motion
has an accuracy of one sixteenth of a wavelength which is
an accuracy of 13 pm at every 1 mm/s with a 7.5 MHz probe
[10].

Utilizing such an echo tracking method, it is possible
to accurately and dynamically detect the displacement of
a specific point on the surface of a bone. By detecting the
displacement of multiple points on the bone surface under
dynamic loading, it may be possible to detect dynamic bone
deformation. The final goal of our investigations is to develop
a method that can noninvasively detect bone deformation
under loading in vivo by ultrasonic echo tracking method.
For this purpose, a preliminary study was performed to con-
firm that our method had sufficient precision to detect bone
surface deformation by conducting in vitro three-point bend-
ing tests of bone specimens.

2. Materials and methods
2.1. Echo tracking method

The accuracy of measuring the distance froma probe based
on B-mode images depends on the ultrasound wave length
and is the order of about 210 pwm at a frequency of 7.5 MHz.
In contrast, the echo tracking method is a technique measur-
ing minute displacement of a certain point on a tissue with
superior accuracy to standard ultrasound by detecting a wave

Ultrasound diagnostic
system (SSD-1000. Aloka)

Echo-tracking

Interface board

RI echo single

RF Echo Signal

Probe lissue

- — A7

Fig. 1. A diagram of the principal of echo tracking method. Tissue at a
certain depth is displaced at time (r=1g) so that it moves away from the
probe for a minute distance, AZ, during a single cycle of an ultrasonic wave
pulse, 7. This causes phase delay of a RF echo signal from a tissue for a very
short period of time, Ar.

pattern in a RF echo signal reflected from the tissue. For
example, it is assumed that a tissue at a certain depth is dis-
placed at time (f=1o), so that it moves away from a probe
for a small distance of AZ during a single cycle period of an
ultrasonic wave pulse, 7. This causes phase delay of the RF
echo signal from the tissue for a very small period of time,
Ar (Fig. 1). The echo tracking method measures extent of the
displacement by tracking the initialized phase pattern of the
RF echo signal.

We developed the echo tracking system and originally
designed the software to utilize the characteristics of the
acoustic impedance of bone to accurately measure the dis-
placement on the surface of a bone. A diagram of the echo
tracking system specifically designed for bone was shown
in Fig. 2. Ultrasound wave was transmitted to the bone sur-
face with a 7.5 MHz linear probe connected to an ultrasonic
diagnostic device (SSD-1000, Aloka, Tokyo, Japan). The RF

Personal computer
(Optiplex GX270 , Dell)

2

Sample clock

Acquisition board
(CS 1450, GaGe)

Sample trigger

Lincar array probe

k 4

Fig. 2. A block diagram illustrating bone deformation measurement by echo tracking. The RF echo signal is recorded on a personal computer via the echo-
tracking interface installed in the ultrasonography device. At the same time, a sample clock signal and sample trigger si gnal are transmitted to the PC synchronized

with a transmit pulse repetition signal.
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echo signal reflected from the bone surface was recorded
on a personal computer (PC) (Optiplex GX270, Dell, TX,
USA) via the echo-tracking interface installed in the ultra-
sonic diagnostic device. At the same time, a sample clock
signal with a frequency of 50 MHz and a sample trigger sig-
nal with a frequency of 500 Hz were transmitted to the PC
synchronized with a transmitting pulse repetition signal. The
analog RF echo signal was converted into a 14-bit digital
signal with a sampling frequency of S0 MHz by using a log-
ging board (CS 1450, GaGe, Montreal, Canada) installed in
the PC and then the data were recorded. The stored RF echo
data were interpolated to eight times to allow the detection
of phase change with an equivalent sampling frequency of
400 MHz. These interpolated data were processed using soft-
ware (LabVIEW, National Instruments, TX, USA) and the
distance from the probe to each point on the bone surface
was calculated.

2.2. Accuracy assessment of the echo tracking method
using an aluminum panel

With this echo tracking system, we first verified the accu-
racy of the displacement measured in vitro by an echo
tracking system that has been newly developed for measure-
ment of bone deformation. A flat panel of aluminum alloy
(65 mm x 85mm x 10mm) was fixed to a stepping motor
(PK566-A: Oriental motor Co. Ltd., Tokyo, Japan) via a
columnar support (TSL120: Nippon Thompson Co. Ltd.,
Tokyo, Japan) with its surface vertical to the driving axis. To

direct ultrasound vertically toward the center of the panel, a
7.5 MHz linear electronic echo probe (UST-5710-7.5: Aloka
Co. Ltd., Tokyo, Japan) was fixed to a custom-made probe
stand (Aloka Co. Ltd., Tokyo, Japan). The echo probe and
the aluminum panel were mounted independently from each
other and the distance between them was set at 10 mm in
the water bath. The panel was immersed in a plastic water
tank (538 mm x 680 mm x 400 mm) and was translated dis-
tally along the direction of the echo beam at a displacement
rate of 500 pm/s using the stepping motor. The displacement
of a central point of the panel surface was measured by the
echo tracking system. The displacement of the panel was also
measured simultaneously by a linear potentiometer (AT-104:
Keyence Corporation, Osaka, Japan) with a proven accuracy
of 1 pm at the flat surface of the columnar support above the
water (Fig. 3A and B). The accuracy of the echo tracking sys-
tem was evaluated by comparing these two measurements and
the standard deviation (S.D.) of the difference between the
displacement measured by the echo tracking and by the poten-
tiometer was calculated. The data-sampling rate for the echo
tracking system was 500 Hz and that for the potentiometer
was 100 Hz. Throughout the experiment, the water tempera-
ture was kept at 24 °C.

2.3. A three point bending test using a porcine tibia with
both ends fully constrained

To evaluate how accurately the echo tracking system detect
bone deformation under loading by monitoring displacement

Echo Tracking
System

Oscilloscope

Flat Panel

(A) (B)

Water Bath

Fig. 3. (Aand B) A flat panel fixed to a stepping motor via a columnar support in a plastic water tank vertically moved towards a 7.5 MHz linear electronic echo
probe ata displacement rate of 500 pnvs. The displacement of a central point on the panel surface was measured by the echo-tracking system. The displacement
of the panel was also measured simultaneously by a linear potentiometer.
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Fig. 4. After removing the soft tissues, the tibia was placed with its medial
aspect upwards and both ends of the tibia were fully constrained with dental
resin with a span of 214 mm. Two strain gauges were attached to the posterior
aspect of the tibia at 50 mm proximal and 50 mm distal from the center of
the tibia respectively. Displacement of the osseous surface was measured
with the 7.5 MHz linear probe throughout the loading process and strain at
each of the gauge sites was simultaneously measured. A single-cycle load
and a three-cycle load were applied. (The white arrow on the left indicates
the location of proximal strain gauge attached to the posterior bone surface
and the white arrow on the right indicates the distal strain gauge.)

of the point on the bone surface, a three-point bending test
using a porcine tibia was also performed to measure dis-
placement at the surface of the tibia with the same echo
tracking system. An adult porcine tibia with a length of
260 mm (preserved freshly frozen) was used for this exper-
iment. After removing the soft tissues, the tibia was placed
horizontally on a testing machine (Tensilon UTM-2.5T: A&D
Co. Ltd., Tokyo, Japan) with its medial aspect upwards and
both ends of the bone were fully constrained by dental resin
(GC Ostron2®: GC, Tokyo, Japan) with a span of 214 mm.
Two rosette strain gauges (KGF-1: Kyowa Electronic Instru-
ments, Tokyo, Japan) were attached to the posterior aspect
of the tibia at 50 mm proximal and 50 mm distal from the
center of the bone respectively. The displacement at the cen-
ter of the bone surface was measured with the same probe
throughout the loading process and the maximum principal
strain at each of the gauge sites was measured simultaneously.
A single-cycle load and a three cycle-load from 0 to 5780 N
were applied at the center of the span of 214 mm in the lateral-
medial plane using a resin pusher with a thickness of 25 mm
and an actuator speed of 0.1 mm/s over a distance of 0.7 mm
(Fig. 4). The sampling rate for the echo tracking system was
500Hz and that for the strain gauges was 100 Hz. The room
temperature was kept at 22 °C and the tibia was kept moist-
ened with physiological saline throughout the experiment.
The maximum principal strain measured by the two strain
gauges was compared with the displacement shown by the
echo tracking system.

2.4. A multi-echo tracking system

We also developed another echo tracking system (multi-
echo tracking system) that was capable of simultaneously
tracking multiple points. Five points were set along the long
axis of the probe at intervals of 10 mm. Displacement at
each of the five points was measured simultaneously, and
surface deformation of the bone was shown as a third order
spline complement curve defined by the displacement at the
five points measured by the echo tracking system. The echo
tracking system strain (ETS) was calculated by the following
equation as a parameter of surface deformation.

ETS =D/L (D

where L is the distance from the first tracking point to the
fifth point, and D is the maximum distance from the spline
curve to a straight line connecting the first and fifth tracking
points. With this multi-echo tracking system, it is assumed
that the displacement caused by translation to the direction of
the echo beam and rotation in the plane including a loading
point and five tracked points, is cancelled.

2.5. A three point bending test with proximal and distal
metaphyses supported

To prove the multi-echo tracking system could detect bone
deformation even when the measured object underwent some
translation, we also measured the deformation of a porcine
tibia. After the soft tissues were removed, the tibia with
a length of 230mm was placed horizontally on the test-
ing machine (Servo Pulser, Shimadzu Corporation, Tokyo,
Japan) with its medial aspect upwards and both sides of the
metaphyses were supported by rollers with a span of 115 mm.
A three-point bending load was applied by a resin pusher
with a width of 25 mm at the mid point between the two
supporting rollers (Fig. 5). Deformation and strain on the
posterior surface of the tibia were measured simultaneously
with a 7.5 MHz linear probe and two strain gauges (KGF-1,
Kyowa, Tokyo, Japan). Five tracking points were set along
the long axis of the tibia with the third point correspond-
ing to the site of loading. The echo probe was fixed parallel
to the posterior surface of the tibia at a distance of 20 mm.
Two strain gauges were attached along the tracking line (a
straight line formed by the five tracking points) at 5 mm dis-
tal and 5 mm proximal to the third point (center point) and
with each gauge axis parallel to the tracking line. The gauge
surfaces were waterproofed by coating tar (The Yokohama
Rubber Company, Tokyo, Japan). Incremental load increases
were applied from a preload of 100 N up to 1500 N. The load-
ing rate was set at 25 N/s. Under each load, the ETS value
and the readings of the two strain gauges set parallel to the
tracking line were determined. The data sampling rate for
echo tracking was 100 Hz and that for the strain gauges was
100 Hz. The correlation between the ETS value and each of
the strain gauge readings was calculated with Pearson’s cor-
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Fig. 5. The extracted porcine tibia was placed horizontally on the testing
machine with a medial aspect upwards and both sides of the metaphysis
were supported by rollers. Three-point bending loads were applied by a
resin pusher from a preload of 100N up to 1500 N. Deformation and strain
of the posterior surface of the tibia were simultaneously measured with a
7.5 MHzlinear probe and two strain gauges. Two strain gauges were attached
to the tracking line at 5 mm distal and 5 mm proximal to the third tracking
point with each gauge axis parallel to the tracking line. The gauge surfaces
were waterproofed by coating tar. (The white arrow on the left indicates the
location of proximal strain gauge attached to the posterior bone surface and
the white arrow on the right indicates the distal strain gauge.)

relation analysis. The room temperature was kept at 22 °C
and the tibia was kept moistened with physiological saline
throughout the experiment. The sound speed used for the
echo tracking measurement was set from the temperature of
water in a bath and a bag attached to the probe according to
the equation for the relation between water temperature and
sound speed proposed by Greenspan [11].

3. Results

For measurement of the displacement of the flat panel,
there was excellent linearity between the data obtained by the
echo tracking systemand the linear potentiometer (r=0.999).
The standard deviation (S.D.) of the difference between the
displacement measured by the echo tracking system and that
measured by the potentiometer was £2.6 pum.

In the three-point bending test of the porcine tibia, the
maximum principal strain recorded by the strain gauge set at
50 mm proximal to the loading point under a load of 5780 N
(the maximum load) was 1077 micro strain and that at 50 mm
distal was 1350 micro strain, whereas the displacement mea-
sured by echo tracking was 678.5 pm. The strain gauge read-
ings and those of the echo tracking system showed excellent
linearity with a correlation coefficient of 0.999 for the prox-
imal strain gauge and 0.996 for the distal gauge (Fig. 6).
The curve relating the load magnitude with the data obtained
from each strain gauge was a typical hysteresis loop, indicat-

800
700 |— Strain gauge (Proximal side)

y=0.6374x - 16.81
600 = R=0.999 P<0.01 // —
500 /
Strain gauge (Distal side) —]

y=0.5277x-11.779
R=0.996 P<0.01

i .

0 500 1000 1500
Maximum Principal Strain (microstrain)

Displacement (micron)
.
(=3
S

Fig. 6. Result of the single-cycle load in the three-point bending test of the
porcine tibia. The graph showed that the strain gauge readings and those
with the echo tracking system had an excellent linearity with a correlation
coefficient of 0.999 and 0.996 all through the loading cycles.
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Fig. 7. Result of the three-cycle load in the three-point bending test of the
porcine tibia. The curve relating the load magnitude with the data obtained
from the strain gauge of the distal side was a typical hysteresis loop, indicat-
ing that the measured object was a viscoelastic material. The curve for the
relationship between the load magnitude and the displacement of the echo
tracking system was also a hysteresis loop.

ing the measured bone was a visco elastic material. The curve
for the relationship between the load magnitude and the dis-
placement of the echo tracking system was also a hysteresis
loop (Fig. 7).

In the study with the multi-echo tracking system, the strain
readings of each gauge and the data from the entire system
showed a perfect linear increase with the load. There was
a linear relation between echo tracking data and each of the
strain gauges (r=0.998 and 0.998, respectively) (Fig. 8A and
B). The reading for the gauge axis parallel to the tracking
line and the maximum principal strain on the distal gauge
at 1500N was 1154.6 and 1160.4 micro strain, respectively.
The angle of the direction of the maximum principal strain
was 7° with reference to the echo tracking line.

4. Discussion
Bone shows deformation in response to an applied load.

By quantitatively measuring this deformation, it is possible
to assess the mechanical properties of bone material. Because



J. Matsuyama et al. / Medical Engineering & Physics 28 (2006) 588-595

593

1400
|__ A Strain gauge (Distal side)

00T 93k +33.72 e

E jooo— R=0.998 P<0.01 — -

£ e S

] - N

2 800 BT

3 N

E 600 Ros

E 400 O Strain gauge (Proximal side)

& N y = 1.033x + 25.03

200 & R=0.998 P< 0.01
5 il . . . A J
1] 200 400 600 800 1000
(A) ETS
Load ON 500N 1000N 1500N
Point 1
2
3 |8
4
100 200 -100 200 300 400 100 200 300 b0 0 00 200 30

5 Displacement [pim] Displacement [pm ] Displacement {pm] Displacement [}

(B)

Fig. 8. (A) Result of the three-point bending test of the porcine tibia with the multi-echo tracking system. The strain readings of each gauge and the data from
the entire system showed a perfect linear increase with the load. There was a linear relation between echo tracking data and each of the strain gauges (r=0.998
and 0.998, respectively). (B) Result of the displacements at the five tracked points under the loads of 0, 500, 1000 and 1500 N. The surface deformation was
visualized by a third order spline complement curve. The surface deformation increased with the increase of the load.

bone is a viscoelastic material, we can estimate its strength
by measuring the elasticity, viscosity, and plasticity under
dynamic loading. In this study, we attempted to develop an
echo tracking method to noninvasively detect bone deforma-
tion under a load.

Numerous quantitative measurement methods using ultra-
sound have been tested to evaluate the elastic properties of
bone or the fracture risk [12]. The axial transmission tech-
nique was based on the propagation of guided ultrasound
waves along the bone surface. A set of ultrasound trans-
ducers (transmitters and receivers) was placed on the skin
along the bone to measure the velocity of ultrasound waves
passing through the cortical layer of the bone parallel to its
axis. Sievanen et al. [13] reported in their study of the axial
transmission technique that the cortical density was the only
determinant of speed of sound measured in the radial and
tibial shafts in vivo. The technique of measuring broadband
ultrasound attenuation (BUA) and sound of speed (SOS) for
the calcaneus was recently developed. Ultrasound transmit-
ted to the calcaneus penetrates the bone and is detected by the
receiver located on the opposite side. Then the stiffness of the
bone is calculated from the measured BUA and SOS values.
This stiffness index is reported to be closely correlated with

the regional bone mineral density measured by dual energy
X-ray absorptiometry (DXA) [14]. These methods of quan-
titative evaluation by ultrasound technology have been based
on measurement of the speed, permeability, and attenuation
of ultrasound transmitted through the bone. In this respect, the
echo tracking method that measures bone deformation differs
markedly from these preceding ultrasound techniques.
Ultrasonography can clearly visualize the bone surface
because the acoustic impedance of osseous tissue differs
greatly from that of the surrounding soft tissues. However,
the spatial resolution of B-mode images is not better than
100 pm. Therefore, measurement of bone deformation from
B mode images is thought to lack sufficient precision, because
resolution of better than 10 pm is considered to be neces-
sary to detect deformation compatible to that measured by
a strain gauge, which can detect deformation of 0.001 pm
when the gauge length is 1 mm (the smallest available gauge).
Thus, much more accurate measurement technology has been
needed. Measurement of bone surface displacement using
the echo tracking fulfils this requirement. The echo tracking
method currently used for measuring arterial wall motion has
an accuracy of one-sixteenth of a wave length, which is an
accuracy of 13 pm at every 1 mm/s with a 7.5 Hz probe. The
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system was further improved to measure minute displace-
ment of the bone and a much better precision of 2.6 wm could
be obtained by improving the software to utilize the charac-
teristics of the acoustic impedance of bone, so that minute
displacement of tracked points on the bone surface could be
measured.

The purpose of the first three-point bending test in which
both ends were fully constrained was to evaluate whether
the echo tracking system could in fact detect bone deforma-
tion accurately because the surface of bone was not flat and
there was a possibility of the surface morphology changing
when deformed. The accuracy of the system was assessed by
directly comparing the data from our echo tracking method
with those simultaneously recorded by the strain gauges. In
this experiment, bone deformation should be regulated to
occur in the direction of the echo beam. Because the probe
was mounted firmly by an external support and faced the
direction of loading, the echo tracking system could only
detect displacement in the beam direction. The system used
in this experiment could only detect displacement of a sin-
gle point, so translation of the measured object should have
been avoided. From the result of the experiment, we could
prove that the correlation between the strain-related data from
the echo tracking and the strain gauge readings was excel-
lent. Therefore, the echo tracking method provided sufficient
accuracy for detection of bone surface deformation.

Under a cyclic load, the system was able to monitor bone
viscoelasticity because the load versus displacement curve
was a hysteresis loop. It is well known that bone shows
vicsoelasticity, but its nature has not been sufficiently investi-
gated in vivo, because few techniques have been available to
assess bone viscoelasticity in vivo. Only Moorcroft et al. [15]
and Ohnishi et al. [16] have already investigated viscoelas-
ticity in vivo using an external fixation system. To date, no
method has been available to noninvasively assess the vis-
coelasticity of bone in vivo. However, it is very useful to
assess bone viscoelasticity because it varies markedly during
the process of fracture healing. The hysteresis loop shown by
the echo tracking method indicated that it could be used to
quantitatively assess in vivo viscoelasticity noninvasively in
the future. Further investigations using bone models of known
viscoelasticity will be needed to confirm the precision of the
echo tracking system.

The purpose of the second three-point bending test in
which both sides of the metaphyses were supported by rollers
was to prove that the echo tracking system could detect bone
deformation even when the measured object underwent some
translation. Measurement of only one point is inadequate for
detecting deformation because the displacement caused by
translation of a moving object will be mixed. Accordingly,
measurement of multiple points should be necessary to can-
cel the displacement caused by translation. Using the system
with the multiple tracked points set along the straight line, it
is assumed that the displacement caused by translation to the
direction of the echo beam and rotation in the plane includ-
ing the loading point and the five tracked points is cancelled.

The test in which both metaphyses were simply supported by
rollers allows the tibia to translate to the direction of loading
and to rotate within the frontal plane (the plane that includes
the loading point and both supporting points). The magnitude
of the strain measured by the strain gauges was an average
strain of Imm gauge length, while the ETS measured an aver-
age strain of 40 mm. However, the linearity of both methods
was very strong, indicating that only deformation compo-
nents from the displacement data of five tracked points could
be extracted even when the measured object underwent some
translation. The strain along the tracking line was very close
to the maximum principal strain and the difference in the
direction of both was very small (only 7°). This indicated
that the direction of strain at the center of the posterior sur-
face of the tibia generated by three-point bending was almost
parallel to that of the echo tracking line. By echo tracking
measurement of multiple points, it is possible to optimize the
detection environment depending on the pattern or mode of
bone deformation under specific mechanical conditions by
changing the interval and number of the measured points.

Our method has the technical limitation of only detecting
deformation in the plane that includes the measured points
because the tracking points were all located on a straight
line. When bone deformation occurs in multiple planes, only
the component of deformation in the measured plane can be
detected, and the other components cannot be measured with
the current system. To overcome this limitation, a measure-
ment system should be developed with a three-dimensional
distribution of multiple tracking points that is capable of
detecting multi-directional deformation.

Our echo tracking system had sufficient accuracy to detect
bone surface deformation and could monitor the viscoelastic-
ity of bone. Although further investigations will be necessary
before this method can be applied to in vivo measurement,
our echo tracking method might have a considerable poten-
tial for noninvasive measurement of the viscoelasticity and
plasticity of bone.
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" Nonlinear Finite Element Model Predicts Vertebral
Bone Strength and Fracture Site

Kazuhiro Imai, MD, PhD, Isao Ohnishi, MD, PhD, Masahiko Bessho, MD,

and Kozo Nakamura, MD, PhD

Study Design. A study on computed tomography (CT)-
based finite element (FE) method that predicts vertebral
strength and fracture site using human cadaveric speci-
mens.

Objective. To evaluate the accuracy of the nonlinear
FE method by comparing the predicted data with those of
mechanical testing.

Summary of Background Data. FE methods may pre-
dict vertebral strength and fracture site but the prediction
has been difficult because of a complex geometry, elas-
toplasticity, and thin cortical shell of the vertebra.

Methods. FE models of the 12 thoracolumbar vertebral
specimens were constructed. Nonlinear FE analyses were
performed, and the yield load, the fracture load, the sites
where elements failed, and the distribution of minimum
principal strain were evaluated. A quasi-static uniaxial
compression test for the same specimens was conducted
to verify these analyses.

Results. The vyield loads, fracture loads, minimum
principal strains, and fracture sites of the FE prediction
significantly correlated with those measured.

Conclusions. Nonlinear FE model predicted vertebral
strength and fracture site accurately.

Key words: vertebral fracture, osteoporosis, fracture
strength prediction, nonlinear finite element analysis,
fracture site. Spine 2006;31:1789-1794

Most vertebral fractures among the elderly occur be-
cause of their skeletal fragility due to osteoporosis. To
assess the risk of vertebral fracture and its prevention, it
is essential to predict vertebral bone strength. Clinically,
measurement of bone mineral density by quantitative
computed tomography (QCT) and dual energy radio-
graph absorptiometry (DXA) have been used to predict
vertebral strength. However, the correlations between
vertebral strength and bone mineral density measured by
QCT are reported to be 0.37 to 0.72'7% and those with
DXA are reported to be 0.51 to 0.80.*~7 Therefore, such
methods only explain 40% to 80% of vertebral strength.
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Finite element (FE) models based on data from QCT
may predict vertebral strength more accurately because
they assess geometry, architecture, and heterogeneous
mechanical properties of the bone. CT-based FE models
are known to be able to make accurate predictions on
fracture loads for femur.®*'% For vertebra, there have
been several attempts to predict fracture strength, and
the correlations between compressive vertebral strength
and predicted strength were reported to be high (r =
0.89-0.95).131¢ However, the slopes of the regression
line between the measured fracture loads and the pre-
dicted were much less than 1.0 (0.569-0.86), and no
quantitative prediction could have been made with de-
pendable accuracy. Furthermore, previous models did
not compare the fracture sites within a whole vertebra.
For clinical application, it is essential for a simulation
method to be able to predict both vertebral strength and
fracture sites because these are the requisite predictors of
a vertebral fracture.

Prediction of vertebral fracture has been difficult be-
cause of complex geometry, elastoplasticity, and thin
cortical shell of the vertebra. The vertebra has elaborate
architecture and geometry with curved surfaces, which
cannot be realistically modeled with eight-noded hexa-
hedron elements. Previous mechanical tests showed that
there was a difference between tensile and compressive
behavior of the bone.'””' The compressive behavior
showed nonlinear behavior. Therefore, a nonlinear FE
model should be used to predict the clinical fracture load.

The cortical shell of the vertebra is estimated to be
thin with a thickness of less than 0.5 mm.?°22 On the
other hand, the resolution of a clinically available CT
scanner is very low with a pixel spacing larger than 0.25
mm. With the currently available CT resolution, a thin
cortical shell cannot be precisely modeled. The thickness
tends to be overestimated and its density to be underes-
timated.?>** Therefore, it would be necessary to con-
struct a thinner part of the cortical shell from data that is
independent of QCT data.

The purpose of this study was to establish a nonlinear
FE model that predicted the vertebral strength and the
fracture sites, and then to evaluate the accuracy of our FE
model by performing mechanical testing with human ca-
daveric specimens.

B Materials and Methods

Twelve thoracolumbar (T11, T12, and L1) vertebrae with no
skeletal pathologies were collected within 24 hours of death
trom 4 males (31, 55, 67, and 83 years old). Causes of death for
the four donors were myelodysplastic syndrome, pneumonia,

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is proRf§tted
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adult T-cell leukemia, and bladder cancer, respectively. All of
the specimens were obtained at University of Tokyo Hospital
with the approval of our ethics committee and with informed
consent. They were stored at —70 C after each step in our
protocol. The vertebrae were disarticulated, and the discs were
excised. Then the posterior elements of each vertebra were
removed by cutting through the pedicles.

The vertebrae were immersed in water and axial CT images
with a slice thickness of 1 mm and pixel width of 0.351 mm
were obtained using Lemage SX/E (GE Yokokawa Medical
System, Tokyo, Japan) with a calibration phantom containing
hydroxyapatite rods.

Nonlinear FE Analysis. The CT data were transferred to a
workstation (Endeavor Pro-1000, Epson Direct Co., Nagano,
Japan). The three-dimensional FE models were constructed
from the CT data using MECHANICAL FINDER software
(Mitsubishi Space Software Co., Tokyo, Japan). Trabecular
bone was simulated using 2-mm linear tetrahedral elements,
and the outer surface of the cortical shell was modeled using
2-mm triangular-plates (Figure 1). The thickness of the cortical
shell was set as 0.4 mm based on the previous papers.>®~>> On
average, there were 41,133 and 3,191 tetrahedron elements
and triangular-plates, respectively.

To allow for bone heterogeneity, the mechanical properties
of each element were computed from the Hounsfield unit value.
Ash density of each voxel was determined from the linear re-
gression equation created by these values of the calibration
phantom. Ash density of each element was set as the average
ash density of the voxels contained in one element. Young’s
modulus and yield stress of each tetrahedron element were
calculated from the equations proposed by Keyak et al.'°
Young’s modulus of human vertebra cancellous tissue was re-
ported as 3.8 to 13.4 GPa**=*%; Young’s modulus of each tri-
angular-plate was set as 10 GPa. Poisson’s ratio of each element
was set as 0.4, which was used in the previous papers.'>?

A uniaxial compressive load with uniform distribution was
applied on the upper surface of the vertebra and all the ele-
ments and all the nodes of the lower surface were completely
restrained. The models were analyzed using MECHANICAL
FINDER. A nonlinear FE analysis by the Newton-Raphson
method was used. To allow for the nonlinear phase, mechani-
cal properties of the elements were assumed to be bilinear elas-
toplastic, and the isotropic hardening modulus was set as 0.05,
which is generally used in the analysis of concrete materials.

Trabecular Bone

Cortical Shell

0.4mm

Figure 1. A finite element model of a whole vertebral body. Tra-
becular bone was simulated using 2-mm tetrahedron elements,
and cortical shell was modeled by 2-mm triangular-plates with a
thickness of 0.4 mm. This model consisted of 12,938 nodes with
70,022 tetrahedron elements and 3,586 triangular-plates.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Each element was assumed to yield when its Drucker-Prager
equivalent stress reached the element yield stress. Failure was
defined as occurring when the minimum principal strain of an
element was less than —10,000 microstrain. Vertebral yield
was defined as being when at least one element yielded, and
vertebral fracture was defined as being when at least one ele-
ment failed. The yield load, the fracture load, the sites where
elements failed, and the distribution of minimum principal
strain were analyzed.

Quasi-Static Uniaxial Compressive Load Testing. To ver-
ify the simulations, a quasi-static uniaxial compression test of
each vertebra was conducted. Load, cross-head displacement,
and principal strain at the vertebral surface were measured. To
restrain the specimens for load testing, both upper and lower
surfaces of the vertebrae were embedded in dental resin (Os-
tron; GC Dental Products Co., Aichi, Japan) so that the two
surfaces were exactly parallel. Then the embedded specimens
were placed on a mechanical testing machine (TENSILON
UTM-2.57T; Orientec, Tokyo, Japan) and were compressed at a
cross-head displacement rate of 0.5 mm per minute. A com-
pression plate with a ball joint was used to apply a uniform
load onto the upper surface of the specimen. The applied load
was measured by a load cell (T-CLB-5-F-SR; T. S. Engineering,
Kanagawa, Japan). The load and the cross-head displacement
were recorded using MacLab/4 (AD Instruments, Castle Hill,
NSW, Australia) at a sampling rate of 2 Hz. For 9 of the 12
vertebrae, one of the four rosette strain gauges (SKF-22358;
Kyowa Electronic, Tokyo, Japan) was attached to each of an-
terior, left, right, and posterior surfaces of the vertebra. The
strain readings were recorded at a sampling rate of 0.5 Hz and
stored by a data logger (U-CAM-20PC-1; Kyowa Electronic);
then principal strain was calculated at each of the attachment
sites. The measured yield load was defined as the load that
reached the end of the plateau of the constant load increment
rate, which corresponded with the end of the linear phase on
the load displacement curve. The measured fracture load was
defined as the ultimate load achieved (Figure 2). To determine
the actual fracture sites, anteroposterior and lateral soft radio-
graph pictures (Softex, Kanagawa, Japan) and micro-CT
(MCT-CB100MF: Hitachi Medico Technology Corp., Tokyo,
Japan) images scanned with 70 kV, 100 pA, and a voxel size of
107 pm were obtained after the mechanical testing. The mi-
cro-CT images were processed and reconstructed to obtain the
images at the midsagittal cross section and at the midfrontal
cross section. The sites and the types of experimental fractures
were judged trom the soft radiograph pictures and the recon-
structed micro-C'T images.

A three-dimensional surface acquisition system using an im-
age encoder (VOXELAN; Hamano Engineering, Kanagawa,
Japan) was used to identify the gauge attachment sites on the
shell elements by matching the three-dimensional surface image
with the FE model. All three images, i.e., the three-dimensional
mesh model, the two-dimensional digitized image, and the
three-dimensional surface image, were matched and the strain
gauge attachment sites were then identified (Figure 3). The
minimum principal strain was calculated with an applied load
of 1,000 N, under which all specimens were in the elastic phase.

Pearson’s correlation analysis was used to evaluate correla-
tions between the predicted and the measured fracture loads, as
well as between the predicted and the measured minimum prin-
cipal strains.
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B Results

There was a significant linear correlation between the
yield loads predicted by the FE analysis and those of the
measured (r = 0.949, P < 0.0001) (Figure 4). The cor-
relation between the FE predicted fracture loads and the
measured was even stronger (r = 0.978, P < 0.0001),
and the slope of the regression line was 0.8807 (Figure
5). There was also a significant linear correlation be-
tween the FE predicted minimum principal strain and the
measured (r = 0.838, P < 0.0001) (Figure 6).

There were two types of experimental fractures. Ob-
vious fracture lines were recognized in six vertebrae.
There were no obvious fracture lines in the other six, but
they had apparent residual deformities after the mechan-

3D mesh model

2D digitized image
2048%1536 pixels

S—

Mesh size: 2.0 mm

1 15

Cress-head displac emend fmn)

ical testing. The anterior part of the vertebra was com-
pressed in three of the six. The other two sustained mid-
dle part compression and in one there was compression
of the entire vertebra.

The experimental fracture line in the specimen was
found to pass through a region of the failed elements on
the simulation model (Figure 7). In addition, the FE anal-
ysis of the minimum principal strain at the midsagittal
section disclosed that the area with a large absolute value
of this predicted minimum principal strain agreed well
with the experimental fracture site and that it visualized
the fractured area.

In the specimens with anterior compression, marked
radiolucency was recognized at the anterior part of the
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5

P

Figure 3. A three-dimensional
surface acquisition system was
employed to identify the gauge at-
tachment sites by matching the
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three-dimensional surface image
with the FE model. The three-
dimensional mesh model, the two-
dimensional digitized image, and
the three-dimensional surface im-
age, were matched and the strain
gauge attachment sites were then
identified.
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Figure 4. The experimentally measured yield loads versus the
yield loads predicted by the finite element (FE) analysis. They were
significantly correlated.

vertebra, where the trabecular pattern was observed to
be very coarse (Figure 8). The FE analysis showed that
the failed elements appeared at the same anterior part as
the area with coarse trabeculae. Likewise, the area with
large absolute value of the minimum principal strain lo-
calized at the anterior part, which agreed with the area of
the experimental compression fracture.

B Discussion

The correlations between the measured values of fracture
strength and the predicted values with the FE model were
very good (r = 0.978) and better than the previous FE
studies (r = 0.89-0.95). The characteristics of the FE
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Figure 5. The measured fracture loads versus the fracture loads
predicted by the FE model. The correlation was much better with
a slope of 0.8807.
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Figure 6. The values of measured minimum principal strain versus
those of minimum principal strain predicted by the FE model.
Significant correlation was also obtained.

model in this study were as follows: adoption of tetrahe-
dron elements to precisely model surface curvatures of
the entire vertebra, utilization of nonlinear analysis to
match the elastoplasticity of the vertebra in compression,
construction of cortical shells on the surface of the
model, and adoption of Drucker-Prager equivalent stress
instead of von Mises stress as a criterion of an element
yield. Which of these factors contributed most to the
results was not determined in this study because we did
not separate these characteristics to analyze each factor’s
contribution. Clarification of this feature will be one of
our targets for the next study.

With tetrahedron elements, it was possible to create a
more proximate, realistic and smooth surface contour
than with hexahedral elements, which could possibly
avoid any artificial stress raisers.

With the currently available CT resolution, strength
of the cortical shell tended to be underestimated. In CT-
based FE models, density of this shell has been underes-
timated because it is dependent on its Hounsfield unit
value. It has been reported that in previous experiments
thin cortical shell of the vertebrae contributed approxi-
mately 10% to the overall vertebral strength in healthy
individuals and the contribution of the cortical shell was
estimated to be significantly larger in osteoporotic indi-
viduals.>*® Thus, the importance of the strength of the
cortical shell should be taken into consideration in pre-
dicting the fracture load of osteoporotic individuals.

Overaker et al set the thickness of the anterior cortex as
0.6 mm and that of the posterior as 0.4 mm; they set the
cortical Young’s modulus as 3, 6, 7 GPa. They concluded
that Young’s modulus of 7 GPa precisely correlated with
the experimental result.* Liebschner ez al set the thickness
as 0.35 mm and Young’s modulus as 0.475 GPa.’> We
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Figure 7. The reconstructed micro-CT images (A, anterior; P, posterior), the failed elements, and the minimum principal strain distribution
at the mid-section analyzed by the FE model. The failed elements appeared right on the actual fracture line. The minimum principal strain

distribution agreed well with the experimental fracture line.

constructed a cortical shell with a thickness of 0.4 mm and
Young’s modulus of 10 GPa. The cortical area with a thick-
ness of more than 0.4 mm was modeled with both the shell
and the tetrahedron element adjacent to the shell.

Young’s modulus of human cortical bone has been re-
ported to be 15 GPa,*! 19.9 GPa (dynamic), and 16.2 GPa
(static).*® Young’s modulus of human vertebra cancellous
tissue was reported as 3.8 to 13.4 GPa,>*~2® but few data of
cortical shell have been available. Thus, it was necessary to
set our own value. Young’s modulus of the cortical shell
obtained from the QCT data were 7 GPa. QCT underesti-
mated the cortical shell density, so the actual density was
estimated to be higher than that derived from QCT. There-
fore, we set Young’s modulus as 10 GPa, and then the
values of the minimum principal strain were accurately pre-
dicted with a correlation coefficient of 0.838 and a slope of
the regression line of 0.9288.

In previous studies, von Mises equivalent stress has
been used as the criterion of yield.*!%!3 For ductile ma-
terials such as metals, von Mises criterion would be ef-
fective, but for bones it seems more appropriate to use
Drucker-Prager equivalent stress. The yield strain of hu-
man vertebral trabecular bone was reported —7,000 to
—10,000 microstrain.'”>'® Therefore, we adopted mini-
mum strain of —10,000 microstrain as a criterion for
element collapse.

Some previous reports described the mechanical prop-
erties of human bone. We tested three theories: Carter
and Hayes’ property,®>** Keller’s,>® and Keyak’s.!°
With Carter and Hayes’ property, the predicted fracture
loads were about 60% and using Keller’s, the predicted
fracture loads were about 120% of those of the experi-
ment. Accurate prediction could be made with Keyak’s,
although further investigations will be necessary to ob-
tain the actual mechanical properties of human vertebra.

In this investigation, prediction of the ultimate load
was more accurate than that of the yield load. One pos-

Figure 8. Radiogram after the me-
chanical testing, showing sparse
trabecula in the anterior part of the
vertebral body. The failed ele-
ments agreed well with the site of
the experimental fracture. The
minimum principal strain distribu-
tion also agreed well with the area
of the experimental fracture.

Copyright © Lippincott Williams & Wilkins

sibility was that determination of the experimental yield
load was not appropriate. The ultimate load was clearly
determined, but the yield load was objectively deter-
mined from load versus displacement curves by calculat-
ing the load increment rate (Figure 2).

There were two types of vertebral fracture: one
showed fracture line and the other showed no fracture
lines but had apparent residual deformities. Both frac-
ture types could be predicted. Fracture location was most
accurately predicted by the distribution of very low levels
of the minimum principal strain. Therefore, we specu-
lated that fracture was initiated at the sites of failed ele-
ments and propagated along with the area with very low
minimum principal strain.

The prediction was made under a very simple loading
condition with quasi-static uniaxial vertical loading. The
condition was the simplest, but it minimized experimental
error, which might have occurred to some degree with com-
plicated loading conditions. Arbitrary load magnitude or
direction can be set for the same simulation model. So it is
possible to analyze strength or fracture site of vertebrae for
loading conditions that actually cause fractures, although it
would be very hard to create these fractures under an ex-
perimental condition. To predict in vivo behavior of spinal
bones is another target for our next study.

To verify our model, we evaluated three factors: fracture
strength, fracture site, and strain on the surface of the ver-
tebrae. Prediction of only fracture strength would not be
adequate to evaluate the accuracy of FE analysis. Predicted
fracture sites should also be matched with those of the ex-
periment, and the process by which deformation of the
vertebrae proceeds should be simulated. To attain this, we
used strain gauges to measure surface strain throughout the
loading process. This has not been done in previous studies
investigating the accuracy of a simulation model.

The limitation is the cortical shell was treated as a
homogeneous material because the pixel spacing with

. Unauthorized reproduction of this article is prohibited.
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CT is too large to model the thin cortical shell. If a CT
with improved resolution becomes available, it would
make it possible to model the cortical shell with hetero-
geneous properties, thus enabling creation of a more re-
alistic model.

There is another limitation. The posterior portion of the
vertebra was excised in this study. A three-dimensional sur-
face acquisition system using an image encoder was used to
identify the gauge attachment sites on the shell elements.
With the posterior portion of the vertebra such as lamina or
spinous process, obtaining three-dimensional surface im-
age of the posterior part of the vertebral body should be
interfered. It was one of the reasons why the posterior
portion of the vertebra was excised. Clinically, most of
the vertebral fractures occur at the vertebral body. How-
ever, the posterior portion of the vertebra might share
some ratio of axial loading. Therefore, loading environ-
ment in the in vivo situation may be different from that in
this study. To predict in vivo behavior of spinal bones,
the posterior portion of the vertebra must be included.

The cadaveric specimens were all extracted from
males, whose bone quality might be somewhat different
from that of females. To use this model as a diagnostic
tool for osteoporosis, it would have been better to use
specimens from both males and females. Validation of
accurate prediction by the FE model in an experiment
using female cadaveric specimens will be another target
of our future study. Furthermore, true efficacy of this
method will be validated after a large-scale cohort study
investigating the association between the predicted frac-
ture loads in the study groups and the occurrence rates of
actual fracture in the same groups. It is expected that this
method will be valuable in estimating fracture risk of
vertebrae in osteoporotic individuals.

B Key Points

e Vertebral strength and fracture site were accurately
predicted using nonlinear finite element model.

e The minimum principal strain at the vertebral
surface was also predicted.

e The experimental fracture sites corresponded with
the sites where the elements were predicted to fail.
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