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Abstract—The overall objective of this research is to develop an ultrasonic system for noninvasive assessment of
the distal radius. The specific objective of this study was to examine the relationship between geometrical features
of cortical bone and ultrasound measurements in vitro. Nineteen radii were measured in through transmission in
a water bath. A 3.5 MHz rectangular (1 cm x 4.8 cm) single element transducer served as the source and a 3.5
MHz rectangular (1 cm x 4.8 cm) linear array transducer served as the receiver. The linear array consisted of
64 elements with a pitch of 0.75 mm. Ultrasound measurements were carried out at a location that was 1/3rdrd
of the length from the distal end of each radius and two net time delay parameters, NetDW and NetCW, associated
with a direct wave (DW) and a circumferential wave (CW), respectively, were evaluated. The cortical thickness
(CT), medullar thickness (MT) and cross-sectional area (CSA) of each radius was also evaluated based on a
digital image of the cross-section at the 1/3rd location. The linear correlations between CT and NetDW was r ⴝ
0.91 (p < 0.001) and between MT and NetCW ⴚ NetDW was r ⴝ 0.63 (p < 0.05). The linear correlation between
CSA and a nonlinear combination of the two net time delays, NetDW and NetCW, was r ⴝ 0.95 (p < 0.001). The
study shows that ultrasound measurements can be used to noninvasively assess cortical bone geometrical features
in vitro as represented by cortical thickness, medullar thickness and cross-sectional area. (E-mail:
jjkaufman@cyberlogic.org) © 2008 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

increase 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).
Radiological densitometry, which measures the
(areal) bone mineral density (BMD) at a given site (e.g.,
hip, spine, forearm) is currently the accepted indicator of
bone strength and 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 (Bonnick 2004).
Notwithstanding the fact that X-ray methods are
useful in assessing bone mass and fracture risk, osteoporosis remains one of the largest undiagnosed and un-

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
fractures yearly in the United States and approximately 1
million worldwide (Anonymous 2001; Melton 1988).
The aging of the worldwide population is expected to
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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 inconvenience and reticence among patients concerning X-ray
exposure, particularly in young adults and children.
Ultrasound has been proposed as an alternative to
DXA to estimate fracture risk. This is because it is
non-ionizing, 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 additional information on bone strength, for example aspects related to
trabecular architecture (Siffert and Kaufman 2007; Haïat
et al. 2007; Le Floch et al. 2008); however, the ability of
ultrasound to provide such “additional information” has
not been clinically established and is at present a somewhat controversial subject (Glüer 2007).
Ultrasound measurements for bone assessment have
previously been made at a number of anatomical sites,
the primary ones being the calcaneus, the phalanges and
the radius (Njeh et al. 1999). However, whereas the
former anatomical sites have relied on through transmission measurements, the radial data has been obtained in
an axial configuration, in which the ultrasound is propagated along the long axis of the bone (Bossy et al.
2004). This has the advantage of needing access to only
one side of the limb but the technique may have some
limitations in clearly separating material from geometric
properties. However, recent in vitro and simulation results have demonstrated the potential for estimating cortical thickness (Moilanen et al. 2007a, 2007b).
The radius has a number of advantages compared
with other anatomical sites, however. They are (1) the
availability of extensive data from decades of assessment
with x-ray absorptiometry (Bonnick 2004); (2) the correlation of radial bone mass with osteoporotic fracture
risk (Miller et al. 2002; Siris et al. 2006); and (3) the
extremely convenient nature of the forearm for measurement. If there is one disadvantage, it is that it is not as
predictive of future hip fracture as measurements of bone
mass at the hip itself (Cummings et al. 1993).
The objective of this article is to develop a new
ultrasound technique for assessing bone geometrical
properties at the radius. The specific goal is to determine
the relationship of parameters derived from ultrasound
measurements to geometrical features of cortical bone of
the radius in vitro.
MATERIALS AND METHODS
Bone samples and mass measurements
Nineteen human radii of unknown origin were
obtained from a commercial supplier (Skulls Unlim-

1973

Fig. 1. Illustration of the cortical bone parameters on the
cross-section of a radius (sample R5). For this radius, the CT ⫽
4.12 mm, MT ⫽ 5.09 mm and CSA ⫽ 41.3 mm2.

ited International, Oklahoma City, OK, USA). To assess geometrical features, the radii were analyzed as
follows. First, the length of each radius was measured
and cut at a distance one-third of the length from the
distal end. This location is close to the 1/3rd location
used in X-ray densitometric scanning of the forearm;
however the 1/3rd location is defined clinically based
on the length of the ulna, which was not available in
these experiments (Bonnick 2004). The proximal surface of the cut end of each radius was coated with
black ink and imaged with a digital camera. This
portion of the radius is composed of 99% cortical bone
with only 1% being cancellous (Bonnick 2004). The
image was converted to a binary one using simple
thresholding that separated the cortical bone from the
medullar space and the outer surroundings and each
cross-section was image processed to obtain the cortical thickness (CT), medullar thickness (MT) and
cross-sectional area (CSA) of bone. CT was defined as
the sum of the average cortical thicknesses of the
posterior (denoted as “a”) and anterior (denoted by
“b”) cortices, respectively. The average cortical thickness of the posterior and anterior cortices was defined
as the average of the posterior and anterior cortical
thickness over a 1 mm wide region that was manually
located to be approximately midway of the cavity with
respect to its medial and lateral extent (Fig. 1). The
medullar thickness was defined as the average length
between the posterior and anterior endosteal surfaces
over the same 1 mm region. The cross-sectional area
was computed by counting the number of bone pixels
and multiplying by the area of one pixel (4.2 ⫻ 10⫺3
mm2 / pixel).
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Fig. 2. A schematic of the ultrasound through-transmission
set-up.

Ultrasound measurements
Bench-top measurements were conducted on each
of the 19 radii. A through transmission experimental
configuration was utilized (Fig. 2). The source was a
single element rectangular 1 cm ⫻ 4.8 cm transducer
with a center frequency of 3.5 MHz and 60% bandwidth
(Valpey Fisher Corporation, Hopkinton, MA, USA). The
center frequency and bandwidth were selected as a compromise between sufficient temporal resolution to resolve the signal components (obtained with higher center
frequency and bandwidth) and sufficient signal-to-noise
ratio (obtained with lower center frequency so that absorption is not too large). This was determined by trial
and error using ultrasound simulation (Kaufman et al.
2008a). A water tank served to conduct the source pulse
to the radial sample and receiver. The temperature of the
water bath was not controlled but measured to be between 20.6°C and 22.8°C. This variation was not expected to be a significant source of error because of the
fact that differences of propagation times were used as
described in a subsequent paragraph. The receiver was a
linear array having 64 elements with a nominal center
frequency of 3.5 MHz, a 60% bandwidth and a pitch of
0.75 mm for an overall size of 1 cm by 4.8 cm (Vermon,
Tours, France). The receiver and source transducers were
linearly co-aligned, both were unfocused and were 3.8
cm apart. The radius was positioned between the source
and receiver so that the ultrasound impinged on it approximately at the 1/3rd cross-section; the placement
was actually a few millimeters proximal to the cut end in
order to reduce edge effects. The edge effects are related
to the ultrasound wave impinging on the cut end of the
bone, which of course would not be present in clinical
measurements. The cross-section of the radius shown in
Fig. 2 (sample number “R5”) has a CT ⫽ 4.12 mm, MT
⫽ 5.09 mm and CSA ⫽ 41.3 mm2. The length of the
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source and receiver (4.8 cm) was chosen to ensure that
the array signals would include propagation through a
water-only path (i.e., the soft-tissue only path between
the radius and ulna in the clinical case) as well as signals
propagating through the radius.
A pulser (Model No. 5077PR, Panametrics Inc.,
Waltham, MA, USA) provided input excitation to the
source transducer. The 64 channels of the receiver were
multiplexed down to two under computer control via a
USB connection; the multiplexer also provided amplification that allowed either 0 dB, 30 dB or 50 dB gain to
each channel independently, also under computer control
(Techen, Inc., Milford, MA, USA). The received waveform from each channel was sampled at 50 MHz with 14
bits resolution using a dual-channel digitizer card (Model
No. ATS460, AlazarTech, Inc., Kirkland, Quebec, Canada) installed in an extension chassis (Model No. CB1F,
Magma, San Diego, CA, USA). The data was downloaded to a laptop via a PC card, where an averaged
waveform based on 64 acquisitions for each of the 64
channels was computed and the 64 averaged signals
associated with the array were then stored for further
processing.
Each ultrasound data set (i.e., the 64 averaged timedomain waveforms) was processed to obtain two net
time delay parameters associated with each radius. Each
of the two parameters are associated with two distinct
wavefronts arising from two pathways that the ultrasound propagates along in a given radius, shown schematically in Fig. 3. The first pathway is associated with
a direct wave (DW) and is one which propagates from

Fig. 3. A schematic illustration of the three pathways associated
with a propagating waveform: a direct wave (DW), a circumferential wave (CW) and a water wave (WW). See text for
additional details.
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the source to the near cortical surface, through the near
cortex, into the medullar cavity, into the far cortex and
out the far cortical surface where it propagates to the
receiver. The second pathway is associated with a circumferential wave (CW) and is one which also propagates from the source to the near cortical surface and into
the near cortex as well, but then remains within the
cortex as it “circumferentially” propagates within the
bone cortex until it emerges at the far cortical surface and
again propagates to the receiver. The circumferential
wave is hypothesized to be a guided wave, analogous to
Lamb waves in a water-loaded plate (Rose 1999). However, the relatively broad range of wavelengths (⬃ 1 to ⬃
4 mm) together with the irregular shape of the radius
makes the analysis of the actual mode(s) of propagation
extremely difficult. Also indicated on Fig. 3 is a path of
a wave that has propagated entirely through water (WW),
the arrival time of which is used in the computation of
the two net time delay parameters.
The first net time delay parameter, NetDW, is defined to be the difference between the time of travel,
WW, of an ultrasound signal that has propagated through
water-only and the time of travel, DW, of an ultrasound
signal that has propagated along the direct pathway (with
the transducer separation assumed to be the same in both
instances). On the other hand, the second net time delay
parameter, NetCW, is defined to be the difference between the time of travel of the water-wave, WW, and the
time of travel, CW, of an ultrasound signal that is associated with the circumferential pathway (again, with the
transducer separation assumed to be the same in both
instances). Therefore,

NetDW ⫽ WW ⫺ DW

(1)

Fig. 4. Model for estimating cross-sectional cortical area of a
radius based on a nonlinear combination of NetDW and NetCW.

NetDW for the 19 radii using a linear regression. The
medullar thickness was estimated using the difference
NetCW ⫺ NetDW in a linear regression. In order to
ultrasonically estimate CSA, a theoretical model relating
CSA to NetDW and NetCW was used. In this model, inner
and outer concentric circles represent approximations to
the radial endosteal and periosteal surfaces, respectively
(Fig. 4). Note that this construction is used only for
deriving the relationship between the CSA and net time
delays. The cross-sectional area of a radius is approximately equal to the area between the two circles, i.e.,
CSA is roughly proportional to the difference of the
squares of the outer, ro and inner radii ri, viz.,
CSA ⬀ r2o ⫺ r2i ⫽ 共ro ⫺ ri兲 · 共ro ⫹ ri兲

and

NetCW ⫽ WW ⫺ CW

(2)

We shall see in the Results section that the DW and CW
arrive at sufficiently distinct times so that their individual
arrival times can be estimated. Arrival time in this study
was defined as the time of occurrence of the second peak
of each of the three signals, that is the times of occurrence of the second peak of the WW, DW and CW. As
will be seen in the following paragraphs, the waveforms
associated with each of the three paths of propagation
have first a negative going cycle followed by a positive
going cycle; the times at which these positive cycles
reach their maximum values is defined to be the times of
arrival of the WW, DW and CW, respectively.
As has previously been shown, the net time delay
parameters are related to the overall amount of bone in
the propagation pathway (Kaufman et al. 2007, 2008a,
2008b). Thus, the cortical thickness was compared with
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(3)

As already noted, NetDW is assumed to be proportional
to total cortical thickness; therefore in this model NetDW
is approximately proportional to 2·(ro⫺ri). It is also postulated here (and the data presented will demonstrate)
that the difference (NetCW ⫺ NetDW) is approximately
proportional to 2·ri (i.e., proportional to MT). Therefore,
it follows using these two facts in conjunction with the
right side of (3) that
2
CSA ⬀ 2 · NetCW · NetDW ⫺ NetDW

(4a)

A linear multivariate regression was then used to obtain
the ultrasound-based estimate, CSAUS, of CSA, i.e.,
2
CSAUS ⫽ a · NetCW · NetDW ⫺ b · NetDW
⫹ c (4b)

where a, b and c are regression parameters determined by
the method of least-squares.
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Table 1. CT, MT and CSA for the 19 radii (sample numbers
R0-R19) and summary statistics (mean, standard deviation
[SD] and range)
Sample number
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
Mean (SD)
Range

CT (mm)

MT (mm)

CSA (mm2)

5.47
3.85
5.85
4.10
4.12
5.91
3.76
5.78
4.54
5.22
4.95
7.38
6.52
7.02
7.03
5.69
5.75
5.92
4.84
5.46 (1.09)
3.76-7.38

3.18
5.42
3.92
5.70
5.09
2.59
5.45
2.95
4.61
5.02
5.00
3.62
4.20
3.25
3.87
4.06
4.48
5.26
4.11
4.31 (0.92)
2.59-5.70

58.6
45.7
59.6
50.2
41.3
61.7
42.4
53.2
58.9
65.6
64.4
92.0
90.4
79.3
96.5
68.3
73.8
79.4
62.2
65.5 (16.3)
41.3-96.5

CT ⫽ cortical thickness; MT ⫽ medullar thickness; CSA ⫽ crosssectional area.

RESULTS
Table 1 lists the geometrical parameters (CT, MT
and CSA) together with summary statistics for the 19
radii. As may be seen, there is about a 100% variation in
the geometrical parameters. Figure 5 displays a signal
from one channel of the receiver for the water path only
(no sample). Figure 6 presents the waveform from one
receiver element located directly behind a radius (R10).
As may be seen and as indicated on the figure, the three
wavefronts (WW, DW and CW) are all distinctly discernible. The “water wave” appears behind the radius

Fig. 5. Plot of ultrasound signal for the water bath only (no
sample).

Fig. 6. Plot of the ultrasound signal for an array element
directly behind radius R5. As indicated on the figure, the DW,
CW and WW can be identified.

because the ultrasound wavefront propagates “around”
the radius. In practice, the time delay of the water wave
is computed based on the signal in Fig. 5, i.e., from the
signal from a receiver element that is relatively distant
from the radius.
Table 2 lists the ultrasound net time delays (NetCW
and NetDW) for the 19 radii. Again, more than a 100%
variation in the ultrasound data is observed. Figures 7
and 8 display the relationships between NetDW and CT (r
⫽ 0.91, p ⬍ 0.001) and NetCW ⫺ NetDW and MT (r ⫽
0.63, p ⬍ 0.05), respectively. Figure 9 displays the
relationship of the ultrasound based nonlinear estimate,

Table 2. Net time delays NetCW and NetCW for the 19 radii
(sample numbers R0-R19) and summary statistics (mean,
standard deviation [SD] and range)
Sample number

NetDW [s]

NetCW [s]

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
Mean (SD)
Range

2.02
1.57
2.12
1.35
1.17
2.24
1.47
1.90
1.74
1.78
1.74
2.89
2.54
2.35
2.73
2.03
2.28
2.55
2.15
2.03 (0.47)
1.17-2.89

3.21
2.83
3.36
2.81
2.45
3.04
2.79
2.78
3.08
3.41
3.16
3.78
3.95
3.13
3.90
2.87
3.50
3.43
2.94
3.18 (0.41)
2.45-3.95
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Fig. 9. Plot of cross-sectional area vs. a nonlinear combination
of NetCW and NetDW (r ⫽ 0.95, p ⬍ 0.001).

Fig. 7. Plot of cortical thickness vs. NetDW and linear regression fit (r ⫽ 0.91, p ⬍ 0.001).

CSAUS using (4b) with the actual CSA. As may be seen,
the correlation between the two sets of data is high, with
r ⫽ 0.95 (p ⬍ 0.001). The standard errors of the estimates were 0.46 mm for CT, 0.74 mm for MT and 5.4
mm2 for CSA.
DISCUSSION AND CONCLUSION
The in vitro data presented show that ultrasound
measurements can be used to estimate cortical bone
thickness, medullar thickness and cross-sectional area of
the human radius at the 1/3rd location. We believe this is
the first time that a through transmission measurement at
the 1/3rd location of the human radius has been used to
estimate cortical thickness and cross-sectional area. Numerous studies have reported on the use of axial ultrasound measurements to estimate some aspects of bone
mass and geometry (Bossy et al. 2004; Camus et al.
2000). However, axial measurements cannot estimate
CSA or MT, although recent in vitro and simulation
results demonstrate the potential for estimating cortical
thickness (Moilanen et al. 2007a, 2007b).

6
r = 0.63, p<0.05
5

4

3

2
0.7

0.9

1.1

1.3

1.5

1.7

τNetCW -τNetDW [μs]

Fig. 8. Plot of medullary thickness vs. NetCW ⫺ NetDW and
linear regression fit (r ⫽ 0.67, p ⬍ 0.05).

A previous clinical and simulation study reported
very similar wave propagation pathways through human
phalangeal bones, i.e., a direct wave and a circumferential wave pertaining to the radii in this study (Barkmann
et al. 2000). In the study by Barkmann et al. (2000), the
speed of sound (SOS) was estimated using the first
arriving signal, i.e., the circumferential wave and a correlation with cortical cross-sectional area of r ⫽ 0.84 (in
clinical data) was reported. A correlation of cortical
thickness with ultrasound measurements was not reported, which is not surprising in view of the fact that the
arrival time of the direct wave was not measured. In
another study by Haiat et al. (2005), multiple propagation pathways were also reported through intact human
femurs in vitro. The present study is believed to be,
however, the first to examine the circumferential and
direct waves in the human radius and to use net time
delay parameters to estimate cortical thickness, medullar
thickness and cortical cross-sectional area all together.
We have previously reported on a computer simulation study that examined the relationship between the
net time delays and cortical geometrical parameters
(Kaufman et al. 2008a). That study also found significant
and strong correlations and demonstrated the ability of
ultrasound measurements to estimate geometry at the
1/3rd location on the radius. The data from both studies
provide a basis upon which to extend the through transmission approach to clinical measurements. In this regard, a number of issues will need to be addressed.
One such issue has to do with the potential confounding effect on the radial bone parameter estimates of
variations in the velocities of ultrasound in soft tissue
and cortical bone as exists both between and within
individuals. A previous clinical study on the calcaneus
that assumed that the velocities of ultrasound in both soft
tissue and bone were each constant did yield a significant
correlation between a net time delay parameter and a
bone mass measurement (Kaufman et al. 2007). In addition, the velocity of ultrasound in the bone of each radius
used in the present study was presumably not the same.
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Thus, the use of fixed values for the two velocities in
clinical application at the forearm is expected to maintain
significant correlations of ultrasound parameters to bone
geometry but this will need to be demonstrated.
It is important to note the expected range of values
for the estimated parameters that would be observed
clinically. A reasonable assessment can be made by
comparing the relative change in BMD at the 1/3rd
location measured that has been observed using DXA; a
percent change of about 100% between a young normal
and osteoporotic person (T-score ⫽ ⫺2.5) is typical
(Bonnick 2004). Since the data variations reported in this
study for the geometrical parameters are also of the order
of 100% and since the standard errors of the estimates are
relatively small with respect to these variations, it is
reasonable to expect that the technique may be clinically
useful. This will need to be clinically validated in the
context of expected changes in the geometrical parameters relative to precision of the estimates; this topic is
examined in the context of “least significant change” in
Bonnick (2004). A related topic that has not been addressed in this study is the issue of reproducibility. This
will need to be done in the specific context of repositioning of the forearm and repeat measurements. Although we have not reported the data here, the reproducibility of the net time delay parameters without repositioning is significantly better than 1%.
Clinical studies will also be important to determine
the relationship of the ultrasound net time delay parameters at the radius to overall osteoporotic fracture risk. In
terms of fractures, those at the hip are associated with the
highest degree of morbidity and mortality (Miller 1978;
Anonymous 2001) and are therefore the most clinically
relevant. However, measurement of bone mass at the
distal radius is also related to fracture risk at the hip. For
example, it has been shown that low BMD at the forearm
is associated with more than a two-fold risk of fracture at
any site, including the hip (Miller et al. 2002). Moreover,
it has been reported that changes in BMD at the hip and
distal radius were mostly in agreement, whereas changes
in total body and spine were generally incongruous
(Warming et al. 2002). Since cortical thickness and
cross-sectional area are related to bone strength and
fracture risk, the ultrasound technique presented here
may prove useful for estimating hip fracture risk (Sornay-Rendu et al. 2005; Boutroy et al. 2007, 2008). Another key point to note is that a distal radius fracture is
very often the first sign of osteoporosis and indicates that
the radius can be a useful site for screening (Hegeman et
al. 2004).
Although bone mass per se is the most important
factor in determining bone strength, geometry has also
been shown to play a role. Besides the direct roles that
cortical thickness and cross-sectional area may have in
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determining bone strength (as noted in the previous paragraph), it has also been demonstrated that low width of
tubular bones is associated with increased risk of fragility fractures (Szulc et al. 2006). It is also generally
accepted that reductions in bone strength as caused by
endosteal resorption can be mitigated by periosteal apposition, even in the face of reduced total bone mass
(Seeman 2002). Therefore, it will be interesting to see if
the medullar size estimate based on the difference of the
two net time delays, in conjunction with cortical thickness and cross-sectional area, may play a role in identifying those individuals most at risk of fracture.
In conclusion, this in vitro study has demonstrated
the ability of ultrasound to non-invasively estimate the
cortical thickness, medullar thickness and cross-sectional
area at the 1/3rd location on the human radius. Clinical
studies using a desktop ultrasound scanner for ultrasound
assessment at the forearm are presently being planned.
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