
Ultrasound in Med. & Biol., Vol. 34, No. 8, pp. 1317–1326, 2008
Copyright © 2008 World Federation for Ultrasound in Medicine & Biology

Printed in the USA. All rights reserved
0301-5629/08/$–see front matter
doi:10.1016/j.ultrasmedbio.2008.01.006

● Original Contribution

ULTRASOUND SIMULATION IN THE DISTAL RADIUS USING CLINICAL
HIGH-RESOLUTION PERIPHERAL-CT IMAGES

VINCENT LE FLOCH,*† DONALD J. MCMAHON,‡ GANGMING LUO,†§¶ ADI COHEN,‡

JONATHAN J. KAUFMAN,†� ELIZABETH SHANE,‡ and ROBERT S. SIFFERT
�

*Ecole Nationale Superieure d’Arts et Metiers, Aix-en-Provence, Provence-Alpes-Cote-d’Azur, France;
†CyberLogic, Inc., New York, NY, USA; ‡Department of Medicine, College of Physicians and Surgeons, Columbia
University, New York, NY, USA; §VA New York Harbor HealthCare System, New York, NY, USA; ¶New York
University School of Medicine, Department of Rehabilitation Medicine, New York, NY, USA; and �Department of

Orthopedics, The Mount Sinai School of Medicine, New York, NY, USA

(Received 17 September 2007; revised 4 January 2008; in final form 12 January 2008)

Abstract—The overall objective of this research is to develop an ultrasonic method for noninvasive assessment
of the distal radius. The specific objective of this study was to examine the propagation of ultrasound through the
distal radius and determine the relationships between bone mass and architecture and ultrasound parameters.
Twenty-six high-resolution peripheral-CT clinical images were obtained from a set of subjects that were part of
a larger study on secondary osteoporosis. A single midsection binary slice from each image was selected and used
in the two-dimensional (2D) simulation of an ultrasound wave propagating from the anterior to the posterior
surfaces of each radius. Mass and architectural parameters associated with each radius, including total (trabec-
ular and cortical) bone mass, trabecular volume fraction, trabecular number and trabecular thickness were
computed. Ultrasound parameters, including net time delay (NTD), broadband ultrasound attenuation (BUA)
and ultrasound velocity (UV) were also evaluated. Significant correlations were found between NTD and total
bone mass (R2 � 0.92, p < 0.001), BUA and trabecular number (R2 � 0.78, p < 0.01) and UV and trabecular
bone volume fraction (R2 � 0.82, p < 0.01). There was only weak, statistically insignificant correlation (R2 < 0.14,
p � 0.21) found between trabecular thickness and any of the ultrasound parameters. The study shows that
ultrasound measurements are correlated with bone mass and architecture at the distal radius and, thus,
ultrasound may prove useful as a method for noninvasive assessment of osteoporosis and fracture risk. (E-mail:
jjkaufman@cyberlogic.org) © 2008 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Osteoporosis is a significant health problem affecting
more than 20 million people in the United States and
more than 200 million worldwide (Anonymous 2001).
Osteoporosis is defined as the loss of bone mass with a
concomitant disruption in microarchitecture, leading to
an increased risk of fracture (Kanis 2002). The most
common osteoporotic fractures occur at the wrist, spine
and hip. Hip fractures have a particularly negative impact
on morbidity. Approximately 50% of those individuals
suffering a hip fracture never live independently again
(Miller 1978). Currently, there are about 200,000 hip
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fractures yearly in the U.S. and approximately one mil-
lion worldwide (Anonymous 2001; Melton 1988). The
aging of the worldwide population is expected to in-
crease the incidence of hip and other fractures as well
(Anonymous 2001).

The primary method for diagnosing osteoporosis
and associated fracture risk relies on bone densitometry
to measure bone mass (Kaufman and Siffert 2001). The
use of bone mass is based on the well-established thesis
that bone strength is strongly related to the amount of
bone material present and that a stronger bone in a given
individual is associated generally with a lower fracture
risk (Johnell et al. 2005). Radiologic densitometry,
which measures the (areal) bone mineral density (BMD)
at a given site (e.g., hip, spine, forearm) is currently the

accepted “gold standard” indicator of bone strength and
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fracture risk (Johnell et al. 2005; Blake and Fogelman
2003). Clinically, this is often done using dual energy
X-ray absorptiometry (DXA), which measures the BMD
in units of g/cm2 (Blake and Fogelman 2003). Recently,
high resolution peripheral-CT imaging has become avail-
able for clinical research studies and has led to renewed
interest in the distal radius for a better understanding of
the relationship between bone structure and fracture risk.

Notwithstanding the fact that X-ray methods are
useful in assessing bone mass and fracture risk, osteo-
porosis remains one of the largest undiagnosed and un-
der-diagnosed diseases in the world today (Anonymous
2001). Among the reasons for this is that densitometry
(i.e., DXA) is not a standard tool in a primary care
physician’s office. This is due to its expense and incon-
venience, and reticence among patients concerning X-ray
exposure, particularly in young adults and children.

Ultrasound has been proposed as an alternative to
DXA for a number of reasons. These include the facts
that it is nonionizing, relatively inexpensive and simple
to use. Moreover, since ultrasound is a mechanical wave
and interacts with bone in a fundamentally different
manner than X-rays, it may be able to provide informa-
tion on additional components of bone strength, notably
its trabecular architecture (Siffert and Kaufman 2007;
Kaufman and Einhorn 1993; Hosokawa 2005; Kaufman
et al. 2008a).

The propagation of ultrasound through bone is a
complex phenomenon, for which few analytic character-
izations are available. In the past several years, computer
simulation has emerged as an extremely useful tool
(Kaufman et al. 2008a, 2008b; Haïat et al. 2007; Proto-
pappas et al. 2006; Hosokawa 2005; Bossy et al. 2005;
Luo et al. 1999). Simulation affords the user with the
ability to address a whole host of questions which, as
pointed out, have no analytic solution and for which the
experimental setting may be very difficult to carry out.

The overall objective of this research is to develop
an ultrasonic method for noninvasive assessment of the
distal radius. The specific objective of this study was to
examine the propagation of ultrasound through the distal
radius and determine the relationships between bone
mass and architecture on the one hand and ultrasound
parameters on the other.

MATERIALS AND METHODS

Distal Radius Images
Twenty-six three-dimensional (3D) images of the

distal radius were randomly selected from a larger set of
studies on secondary osteoporosis. In this study, no clin-
ical data were available on the subjects from which the
set of images was obtained. The images were made with

a high resolution peripheral-CT machine (XtremeCT,
SCANCO Medical AG, Bassersdorf, Switzerland). The
resolution is isotropic at 82 �m and the machine auto-
matically thresholds the image into a binary (bone or soft
tissue) structure. A single 2D slice from the center of the
region-of-interest (ROI) of each of the 26 3D data sets
was extracted. Figs. 1a, b and c, respectively, show a
pilot view of the region of the radius imaged by the
machine, a 2D transverse section showing the ulna and
the radius and surrounding soft tissue and two typical 2D
segmented (i.e., binary) slices used as models for simu-
lating ultrasound propagation through the radius, as de-
scribed in the next section. As may be seen in Fig. 1c,
there are significant amounts of both cortical and trabec-
ular bone in this portion of the distal radius. The ROI is
located using the antero-posterior scout view (Fig. 1a).
First, a reference line is manually placed at the endplate
of the radius. The first CT slice (of the total of 110) is 9.5
mm proximal to the reference line (Boutroy et al. 2005).
Thus, each central 2D slice of a given subject used in this
study was 1.4 cm from the radius endplate.

Each 2D image was processed to obtain a set of
mass and architectural features associated with each ra-
dius. To do this, a central location of 8 mm in width was
analyzed corresponding to the region to be interrogated
by the ultrasound wave (propagation from left to right)
(Fig. 1c). The 8 mm size is chosen because it corresponds
to the size of the source and receiver ultrasound trans-
ducers (discussed in the next section) and because the
irregular geometry of the radius make “whole bone”
interrogation problematic at least in part because of
phase aberrations. Over this 8 mm wide section, the bone
mass (characterized by an average thickness in millime-
ters and including both the cortical and trabecular por-
tions), the average trabecular thickness, the average tra-
becular number, the anterior and posterior cortical thick-
nesses and the bone volume fraction (associated with the
trabecular only portion) were all evaluated. The bone
mass was computed by counting up the total number of
bone pixels for each image line within the 8 mm region-
of-interest, averaging the results for all (97) lines along
the antero-posterior direction and finally multiplying by
the resolution (0.82 mm/pixel) to obtain the bone mass in
millimeters. Note that this representation of mass in
terms of length can also be converted to an (areal) bone
mineral density value as used in DXA by multiplying by
the volumetric density value of fully mineralized cortical
bone, given by �c � 1.20 g/cm3 (Attix 1986). The
trabecular thickness was computed by computing the set
of trabecular thicknesses (defined as the number of bone
pixels intercepted by each of the 97 image lines) and
evaluating the mean. Trabecular number was computed
by counting the number of trabeculae (defined as a re-
gion containing at least one bone pixel and surrounded

by marrow on both sides) in each of the 97 image lines
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and evaluating the mean. The (anterior and posterior)
cortical thickness parameters were computed by averag-
ing the thickness of each of the 97 lines length of
interception with the (anterior and posterior) cortical
bone. Finally, the bone volume fraction of the trabecular
portion was computed by adding up the total number of
bone pixels with the ROI (excluding the cortical bone)
and dividing by the total number of pixels within the
same region. All of the 2D images were processed to
obtain the set of associated bone parameters (Image
Processing Toolbox, Matlab, The Mathworks, Inc.,
Natick, MA, USA). The summary statistics for the 26
slices are provided in Table 1. Note that the bone mass
ranged from about 3.1 mm (0.37 g/cm2) to 6.8 mm (0.82

Fig. 1. (a) Scanned region of the forearm showing the di
where the CT-slices are acquired is between the two das
of the radius (indicated by the solid line in the figure). Th
courtesy of SCANCO Medical AG, Bassersdorf, Switzer
an ulna and a radius. The thin curved grey line at the bo
placed. (Photograph courtesy of SCANCO Medical AG,
used in the ultrasound simulations. The sample on the lef

one on the right (subject no. 301) has a total bone ma
stal radius and ulna by the peripheral-CT machine. The region
hed lines, the more distal one being 9.5 mm from the endplate
e distance between the dashed lines is 9.020 mm. (Photograph

land.) (b) Two-dimensional cross-section of a forearm showing
ttom of the image is a plastic holder into which the forearm is
Bassersdorf, Switzerland.) (c) Binary slices of two distal radii
t (subject no. 654) has a total bone mass of 6.84 mm while the
g/cm2), representing more than a 100% variation.
Table 1. Characteristics of bone mass and architecture for the
ultrasound simulation study

Characteristics Mean
Standard
deviation Range

Bone mass (mm) 5.06 1.33 3.10–6.83
Bone mass (g/cm2) 0.61 0.16 0.37–0.82
Anterior cortical thickness (mm) 1.17 0.33 0.74–1.66
Posterior cortical thickness (mm) 1.19 0.360 0.88–1.74
Bone volume fraction 0.24 0.066 0.12–0.32
Trabecular number 10.5 4.54 4.34–21.8

Trabecular thickness (mm) 0.27 0.072 0.16–0.34
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Ultrasound simulations and parameters
The fundamental equation characterizing the 3D

propagation of ultrasound in a medium comprised of
isotropic materials having viscous loss is provided by the
following viscoelastic wave equation (Auld 1990):
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In eqn 1, u � u (x, y, z, t) is the time-varying
displacement vector which is a function of the Cartesian
coordinates x, y and z, and has scalar components ux, uy

and uz, respectively, � is the mass density, � and � are
the first and second Lamé constants, respectively, � and
	 are the first and second viscosities, respectively and t is
time. Equation 1 models only the linear propagation of
ultrasound in a medium. Equation 1 must be solved with
respect to the boundary conditions of a given model,
which also include the input source(s) that have pre-
scribed time-dependent displacements (or stresses) at a
given location, as well as a set of initial conditions. For
a heterogeneous propagation medium like bone, it should
be noted that the material parameters (i.e., �, �, �, � and
	) are implicit functions of the spatial coordinates x, y
and z.

A finite difference time domain (FDTD) method
was used to numerically solve the viscoelastic wave
equation of eqn 1. A continuous stress and displacement
formulation for the lossless case that imposes continuity
of stresses and displacements across boundaries of the
grid elements has previously been presented by (Del-
santo et al. 1994) and (Schechter et al. 1994). This same
formulation has been extended to the lossy case by (Luo
et al. 1999; Kaufman et al. 2008a) and has also been
implemented in commercial software (Wave 2000, Cy-
berLogic, Inc., New York, NY, USA). This software was
used to produce all of the simulations in this study. The
material constants used for bone were �b � 1850 kg/m3,
�b � 9306 MPa, �b � 3127 MPa, � � 40 Pa · s and 	 �
0.1 Pa · s. This produced longitudinal and shear (phase)
velocities at 1.5 MHz of 2901 m/s and 1307 m/s and
differential specific attenuations of 6.09 dB cm�1

MHz�1 and 49.7 dB cm�1 MHz�1, respectively. The
value of shear attenuation in bone has the most degree of
uncertainty as reported in the literature; for example
Goss et al. (1980) noted experimental values of 7.6 dB
cm�1 MHz�1 while a more recent article by White et al.
(2006) reported (at 0.84 MHz) that shear attenuation was
17 dBMHz�1, more than four times the value of longi-
tudinal attenuation. Therefore, the higher value of shear
attenuation used in this study is felt to be reasonable
because of the higher center frequency (1.5 MHz) used.

The material in the marrow spaces of the tissue was
assumed to be fresh blood. For this case, �m � 1055
kg/m3, �m � 2634 MPa, �m � 0 MPa, � � 0.1 Pa · s and
	 � 0 Pa · s. This produced longitudinal and shear
(phase) velocities at 1.5 MHz of 1580 m/s and 42.3 m/s
and differential specific attenuations of 0.16 dB cm�1

MHz-1 and 19367 dB cm�1 MHz�1, respectively (Goss
et al. 1968, 1980; Selfridge 1985).

A set of 2D ultrasound simulations through each of
the 26 bone slices was then carried out. Each simulation
used the same 1.5 MHz Gaussian pulse source wave-
form, shown in Fig. 2. The 1.5 MHz frequency was
chosen as a compromise for extracting as much informa-
tion as possible (higher frequency and bandwidth) and
having a low enough frequency to make propagation
through trabecular bone in a clinical setting have suffi-
cient signal-to-noise ratio without exceeding exposure
safety levels. An 8 mm long transducer located on the
anterior portion of the forearm image provided the input
signal and an 8 mm long transducer in a through-trans-
mission configuration at the posterior portion of the
forearm image received the signal which had propagated
through the radius. These are not “transducers” in the
practical sense; rather the source is a time-dependent
boundary condition on the displacement of the boundary
over the 8 mm length, while the receiver is a “noncon-
tact” measurement of the displacement of the boundary
averaged over the 8 mm length. Figure 3 shows the
configuration of the source, receiver and radius (sur-
rounded by soft tissue) for a typical sample. A set of
three images showing the propagating wave correspond-
ing to three instants in time is shown in Fig. 4. The grey
level displayed is proportional to the magnitude of the
ultrasound-induced displacement at that location; also
shown are the interfaces (as a bright grey level) between

Fig. 2. A 1.5 MHz Gaussian pulse source waveform used for all
the ultrasound simulations.
bone and soft tissue (or marrow).
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The simulated ultrasound waveforms were pro-
cessed to compute a set of three ultrasound parameters
associated with each 2D slice. The parameters are the net
time delay (NTD), broadband ultrasound attenuation
(BUA) and ultrasound velocity (UV). The latter two
parameters have been well studied and reported in the
literature; see for example (Langton et al. 1984; Kauf-
man and Einhorn 1993; Laugier 2008; Langton and Njeh
2008). In brief, the BUA was computed as the slope
(estimated with a linear least squares curve fit) of the
attenuation as a function of frequency, over the fre-
quency range 600 kHz–1.2 MHz. The attenuation was
obtained as the negative logarithm of the magnitude of
the transfer function, which is the ratio of the Fourier
transform of the received signal to the Fourier transform
of the source waveform. The ultrasound velocity was
computed by dividing the arrival time of the ultrasound
waveform by the distance between the source and re-
ceiver. The arrival time (both for computing velocity and
also for computing net time delay), of the ultrasound
signal was defined as the time at which the first negative
peak occurred. A less well-studied parameter is the NTD.

Fig. 3. A schematic diagram showing the source, receiv
may be seen, propagation of the wave travels
The NTD is defined to be the difference in travel times of
waveforms with and without the radius in the path, i.e.,
a soft tissue only path and a path that contains both soft
tissue and the radius. The NTD has been shown analyt-
ically and experimentally to be a measure of the overall
mass (i.e., including both cortical and trabecular contri-
butions) of bone through which the ultrasound wave has
propagated (Kaufman et al. 2007, 2008a).

RESULTS

Two typical receiver waveforms associated with
two subjects (no. 654 and no. 301) are shown in Fig. 5
(corresponding to the same subjects whose radial slices
are shown in Fig. 1c). As may be seen, the signal for
subject no. 654 (with volume fraction � 0.32) is much
more attenuated than the signal for subject no. 301 (with
volume fraction � 0.12). As may also be apparent, the
latter signal has more high frequency content than the
former; this is due to the higher degree of scattering
present in the specimen with larger volume fraction
which preferentially removes the higher frequency con-
tent of the propagating waveform (Serpe and Rho 1996;

bone slice in a through-transmission configuration. As
the source to the receiver, from left to right.
er, and
Hodgskinson et al. 1996; Bossy et al. 2005; Kaufman et
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al. 2008a). Also shown in Fig. 5c and d are the associated
attenuation functions as a function of frequency, together
with linear least squares curve fits (dashed lines), for
subject radius no. 654 and no. 301, respectively. As may
be seen, there is moderate degree of nonlinear behavior
as manifested in the periodic-type interference. This is
likely due to the presence of multi-path interference, as is

Fig. 4. Propagating wave through a slice from subjec
displacement magnitude at times (a) 10.51 �s; (b) 14.07
finite size of the source can be seen by the trailing “e
propagates through the bone, there is also a large reflected
from right to left and back to the source. This article do

info
apparent in the time domain signals of Fig. 5a and b.
Nevertheless, the lowest R2 value for the least square
curve fit for the 26 subjects was 0.74 and, therefore, good
estimates of BUA were able to be obtained.

Table 2 displays the summary statistics for the ul-
trasound parameters. A plot of NTD versus total bone
mass for the simulated data is shown in Fig. 6. As may
be seen, there is a close linear correlation (R2 � 0.92)

132 (volume fraction � 0.17) showing snapshots of
nd (c) 19.60 �s. In (a), the diffraction effect due to the
ave.” In (b) and (c), in addition to the wavefront that
onent (from the near cortical surface) that is propagating
examine this wave or its potential for containing useful
n.
t no.
�s; a

dge w
comp

es not
between the total bone mass and the NTD. Note that total
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bone mass is measured in terms of millimeters of bone;
it could be equated to the more common expression of
clinical bone mass by multiplying total bone mass in
millimeters by volumetric density of cortical bone (nom-
inally equal to 1.20 g/cm3) and expressing total bone
mass in terms of areal bone mass in g/cm2. However, we
prefer to express “total bone mass” in terms of “bone
thickness.” Figure 7 shows the relationship between tra-

Fig. 5. Receiver signals for (a) radius no. 654 (volume fr
and associated attenuation functions as a function of fr

dB/MHz for radius no. 654 and (d)

Table 2. Ultrasound parameters for the simulation study

Ultrasound
parameters Mean

Standard
deviation Range

NTD (�s) 1.59 0.26 1.13–2.12
BUA (dB/MHz) 34.5 9.1 6.77–46.7
UV (m/s) 1688 51 1599–1803
action � 0.32) and (b) radius no. 301 (volume fraction � 0.12)
equency (c) Broadband ultrasound attenuation (BUA) � 49.3
NTD � net delay time; BUA � broadband ultrasound attenuation;
UV � ultrasound velocity.
Fig. 6. Plot of net time delay (NTD) vs. total bone mass (R2 �

0.92, p � 0.001) for the 26 subjects.
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becular number and BUA. The best fit was obtained with
a quadratic relationship and produced an R2 value of
0.78. A plot of UV versus bone volume fraction is shown
in Fig. 8; this produced an R2 value of 0.82.

DISCUSSION AND CONCLUSION

The simulation results obtained here demonstrate
that an ultrasound signal that has propagated through a
distal radius contains significant information on its mass
and architecture. In particular, the NTD, BUA and UV
were shown to be correlated with bone mass, trabecular
number and volume fraction, respectively. Of particular
interest is the fact that the BUA was correlated with
trabecular number. This may be significant since the
strength of trabecular bone can be related to not only its
mass (as represented through the volume fraction, for
example) but to how that mass is organized. Thus, two
structures with similar volume fraction but significantly
distinct trabecular number may have very different me-
chanical behavior (Goulet et al. 1994; Siffert et al. 1996;
Nazarian et al. 2006). In this context, it is interesting to
see how trabecular number and volume fraction are re-

Fig. 7. Plot of broadband ultrasound attenuation (BUA) vs.
trabecular number (R2 � 0.78, p � 0.01) for the 26 subjects.

Fig. 8. Plot of ultrasound velocity (UV) vs. volume fraction (R2
� 0.82, p � 0.01) for the 26 subjects.
lated in the 26 radial slices of this study (Fig. 9). As may
be seen, there are many subjects with similar volume
fractions but with large variations in trabecular number.
Conversely, there are many subjects with similar trabec-
ular number but with large variations in volume fraction.
In addition, since both cortical and trabecular bone con-
tribute to the strength of the distal radius (Ashe et al.
2006), the three ultrasound parameters studied here may
be able to estimate bone fragility better than a method
which combines into a single measurement the cortical
and trabecular masses (e.g., DXA). For example, Fig. 10
displays the amount of cortical bone as a percentage of
total bone mass. As may be seen there is a significant
variation (�2x) in the percentage of cortical bone for the
26 subjects, ranging from about 35% to 70% of total
bone mass. Therefore, ultrasound parameters—through
their respective associations with total bone mass, tra-
becular number and trabecular volume fraction—may be
able to identify those individuals at increased risk of
fracture (Melton et al. 2007).

An interesting finding is the apparent nonlinear be-
havior of BUA with respect to trabecular number. BUA
is also known to exhibit nonlinear behavior with respect

Fig. 9. Plot of trabecular number vs. volume fraction (R2 �
0.26, p � 0.3) for the 26 subjects.

Fig. 10. Plot of the amount of cortical bone as a percentage of

total bone mass for the 26 subjects.
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to porosity variations over a sufficiently wide range
(Serpe and Rho 1996; Hodgskinson et al. 1996). Whether
these two findings are related remains to be elucidated. It
will also be important to explore further the relationship
of trabecular number to attenuation. The trabecular num-
ber as typically reported is normalized by length and so
has units of 1/mm for example (Boutroy et al. 2005).
Although we have not presented the data, the correlation
of BUA to normalized trabecular number was much
lower. This was true (that is, much lower correlations
were observed) even when BUA was normalized by
length (often denoted by nBUA). Indeed, the highest and
most significant correlation was obtained between BUA
and un-normalized trabecular number. It will be of in-
terest to study this important aspect in future studies.

In this context, the utility of ultrasound simulation
methods is clear. By linking them with clinical high
resolution images of the distal radius (and this is, we
believe, the first time such a study has been reported), it
may be possible to identify those ultrasound parameters
most correlated with osteoporotic fracture risk. This can
be accomplished by using simulation to investigate a
large number of signal processing methods, transducer
configurations and a whole host of system parameters
(e.g., frequency, focusing) that cannot be studied analyt-
ically or clinically (Kaufman et al. 2008a). It should also
be noted that changes at the distal radius may be the first
signs of osteoporosis, thus, increasing the value of as-
sessment at this site (Mallmin and Ljunghall 1994; Cud-
dihy et al. 2002).

There are several limitations of this study that
should be noted. First, the simulations were carried out in
2D and would eventually need to be validated by 3D
simulations. However, another study (at the 1/3rd radius
site) used 2D simulations that were validated through
measurements on rods and tubes (Kaufman et al. 2008b)
and, thus, it is expected that the simulations presented
here would also prove to be valid as well. We have also
used 2D assessment of trabecular structure; this is ne-
cessitated of course by the 2D slices utilized but it should
be noted that these 2D histomorphometric features are
well correlated to the 3D structure and properties of bone
(Dalle Carbonare et al. 2005; Feldkamp et al. 1989).

An important consideration is that related to the
artifact induced by volume averaging. The isotropic res-
olution of the CT device used in this study is 82 �m,
which is slightly lower but of the order of magnitude of
the typical size of a trabecula. This will inevitably lead to
errors in the estimates of the bone parameters (i.e., bone
mass, trabecular thickness, trabecular number, anterior
and posterior cortical thicknesses and bone volume frac-
tion). Further studies should be done to determine if
other algorithms (e.g., a “thickness-independent algo-

rithm (Boutroy et al. 2005)) for estimating the bone
parameters would significantly change the results ob-
tained. Even more importantly, the present study will
need to be validated by in vitro and clinical studies as
well.

In this regard, an in vitro study that compares actual
measurements with that obtained with simulated data
should be carried out in future studies. Although ultra-
sound simulations have been validated in terms of ex-
perimental measurements on trabecular bone specimens,
this was done for much higher imaging resolutions (�23
�m) where volume averaging was much less of an issue
than it is in this study (Bossy et al. 2007). In addition, to
translate this research into clinical practice there will be
a number of practical issues to deal with, such as repo-
sitioning and reproducibility, acoustic coupling and soft
tissue geometry. These and other experimental aspects
will all have to be addressed to make the methods de-
scribed here have clinical utility.

This study should also be extended to include clin-
ical data, particularly data relating to the incidence of
low-trauma fracture. As the present study is the first of its
kind (namely the use of clinical high resolution periph-
eral-CT images as the basis for ultrasound simulations),
its main purpose was to demonstrate feasibility of the
proposed techniques and to determine if significant cor-
relations exist between ultrasound parameters and mass
and architecture of radial bones. Clearly, however, sub-
sequent studies will need to incorporate clinical variates
(e.g., age, sex, disease states, fracture history) into the
analysis (Sornay-Rendu et al. 2007; Boutry et al. 2005;
Melton et al. 2007). In addition, other architectural as-
pects such as connectivity and anisotropy should also be
considered in future studies. Indeed the ability to carry
out such studies is what makes the method potentially so
useful: the ability to simulate ultrasound through clinical
images and make side-by-side comparisons with clinical
outcomes.

In conclusion, this simulation study has demonstrated
the ability of ultrasound to noninvasively estimate the over-
all bone mass, trabecular number and trabecular bone vol-
ume fraction at the distal radius and with additional research
may ultimately prove useful as a simple, noninvasive tech-
nique to estimate osteoporotic fracture risk.
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