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Abstract
The objectives of this study were to evaluate the capability of a novel ultrasound device to
clinically estimate bone mineral density (BMD) at the 1/3rd radius. The device rests on a desktop
and is portable, and permits real-time evaluation of the radial BMD. The device measures two (2)
net time delay (NTD) parameters, NTDDW and NTDCW. NTDDW is defined as the difference
between the transit time of an ultrasound pulse to travel through soft-tissue, cortex and medullary
cavity, and the transit time through soft tissue only of equal overall distance. NTDCW is defined as
the difference between the transit time of an ultrasound pulse to travel through soft-tissue and
cortex only, and the transit time through soft tissue only again of equal overall distance. The
square root of the product of these two parameters is a measure of the radial BMD at the 1/3rd
location as measured by dual-energy x-ray absorptiometry (DXA). A clinical IRB-approved study
measured ultrasonically sixty adults at the 1/3rd radius. BMD was also measured at the same
anatomical site and time using DXA. A linear regression using NTD produced a linear correlation
coefficient of 0.93 (P<0.001). These results are consistent with previously reported simulation and
in vitro studies. In conclusion, although x-ray methods are effective in bone mass assessment,
osteoporosis remains one of the largest undiagnosed and under-diagnosed diseases in the world
today. The research described here should enable significant expansion of diagnosis and
monitoring of osteoporosis through a desktop device that ultrasonically assesses bone mass at the
1/3rd radius.

Keywords
osteoporosis; bone mineral density; ultrasound; net time delay; DXA; radius

© 2012 World Federation for Ultrasound in Medicine and Biology. Published by Elsevier Inc. All rights reserved.

Contact information for corresponding author: Jonathan J. Kaufman, Ph.D., CyberLogic, Inc., 611 Broadway, Suite 707, New York,
NY 10012, Voice: 212-260-1351, Fax: 212-260-1353, jjkaufman@cyberlogic.org.

Conflict of Interest: One of the authors (Jonathan J. Kaufman) is a principal and CEO of the company (CyberLogic, Inc.) which
manufactures the UltraScan 650 device, and another of the authors (Gangming Luo) is an employee of the same company. None of the
other authors report any conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Ultrasound Med Biol. Author manuscript; available in PMC 2014 March 01.

Published in final edited form as:
Ultrasound Med Biol. 2013 March ; 39(3): 388–395. doi:10.1016/j.ultrasmedbio.2012.09.024.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
The objective of this study is to enhance the ability of ultrasound to non-invasively assess
bone. As is well known, osteoporotic fractures are a major public health problem associated
with high degrees of morbidity and mortality [Kanis, 2002; Kanis et al., 2009a]. As stated on
the National Osteoporosis Foundation (NOF) website <nof.org>, osteoporosis and low bone
mass are currently estimated to be a major public health threat for almost 44 million U.S.
women and men aged 50 and older. The 44 million people with either osteoporosis or low
bone mass represent 55 percent of the people aged 50 and older in the United States.
According to estimated figures, osteoporosis was responsible for more than 2 million
fractures in 2005, including approximately 297,000 hip fractures, 547,000 vertebral
fractures, 397,000 wrist fractures, 135,000 pelvic fractures and 675,000 fractures at other
sites. The number of fractures due to osteoporosis is expected to rise to more than 3 million
by 2025. If current trends continue, the number of people affected with osteoporosis or
osteopenia will climb to over 61 million by 2020. In 2005, osteoporosis-related fractures
were responsible for an estimated $19 billion in costs, and by 2025, it is predicted that these
costs will rise to approximately $25.3 billion. The toll both in individual quality of life and
in national health care costs of osteoporotic fractures cannot be overstated. Early detection
and assessment is crucial to initiating therapeutic interventions as this is the best way to
prevent a fracture from occurring [Kanis et al., 2009b].

Presently the gold standard for bone assessment is based on x-ray densitometric techniques,
such as with DEXA [Ott et al., 1987; Blake and Fogelman, 2003; Bonnick, 2004; Johnell et
al., 2005]. The measurement of bone mass as represented for example by (areal) bone
mineral density (BMD) is based on the well established principle that more mass is
generally associated with a stronger bone, and a stronger bone is in turn associated with a
reduced risk of fracture [Turner, 2006]. Indeed, BMD is the single most important factor in
estimating bone strength and fracture risk [Baim and Leslie, 2012]. Notwithstanding these
facts, osteoporosis remains one of the world’s most under-diagnosed diseases. Indeed, the
NOF estimates that only about 20 percent of the at-risk population has been assessed; indeed
the problem of under-diagnosing osteoporosis appears to be getting worse [Lewiecki et al.,
2012; Zhang et al., 2012]. The reasons for this are several. First and foremost is perhaps that
the vast majority of primary care physicians do not have bone assessment capability
available; therefore patients must be referred off-site to specialists for these measurements
making them performed less often than necessary. In addition, the relatively high cost of
such bone density tests—not always covered by health insurance—and the high costs of the
devices themselves—also leads to them being utilized less frequently as needed [King and
Fiorentino, 2011]. There is also the issue of ionizing radiation which at least in the minds of
some patients, is another reason to avoid the test [Leffall and Kripke, 2009].

Ultrasound has been proposed as an alternative to DEXA [Langton et al., 1984; Laugier,
2008; Krieg et al., 2008]. It is non-ionizing, relatively (to DEXA) inexpensive, and as a
mechanical wave may provide information above and beyond mass alone [Kaufman and
Einhorn, 1993; Siffert et al., 1996; Njeh et al., 2001; Siffert and Kaufman, 2007; Padilla et
al., 2008; Hosokawa, 2010; Souzanchi et al., 2012]. A number of research and/or
commercial ultrasonic devices are currently available and operate in one of three basic
modalities [Laugier and Haiat, 2011]; these include through transmission methods [Langton
et al., 1984; Kaufman & Einhorn, 1993; Wear, 2000], pulse-echo (backscattering methods)
[Wear, 2008; Karjalainen et al., 2009; Litniewski et al., 2012], and axial transmission
methods [Barkmann et al., 2000; Lefebvre et al., 2002; Talmant et al., 2009; Moilanen,
2008; Kilappa et al., 2011]. Notwithstanding the number of devices and modalities already
explored, the impact that ultrasound has had to date on improving bone health and
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identifying those individuals at increased risk of fracture has been relatively modest. This is
due primarily to the fact that performance of present ultrasound technology—and
specifically performance in terms of serving as a proxy for BMD—is less than needed to
displace the current gold standard, DEXA. ideal. For example, presently approved thru-
transmission ultrasound devices designed to measure the calcaneus provide correlations with
BMD at the same anatomical site ranging from 0.6 to about 0.8 [Langton and Langton,
2000]. Axial and back-scattering ultrasound methods produce even poorer correlations with
BMD [Laugier and Haiat, 2011].

The purpose of this paper is to report on the ability of a new desktop ultrasound device to
clinically estimate BMD at the 1/3rd radius. The rest of this paper is organized as follows.
The next section describes the ultrasound measurement methodology, including the signal
processing algorithm and the clinical study protocol. The results are then provided, followed
by a discussion and conclusion that summarizes the findings of this study.

Materials and Methods
Device and Signal Processing

A new desktop device (UltraScan 650, CyberLogic, Inc., New York, NY, USA, Fig. 1) for
quantitative real-time bone assessment has been constructed [Kaufman et al., 2009a]. It
processes ultrasound signals after propagating through a forearm and displays an estimate of
BMD on a laptop computer that is connected via USB. The device is constructed around a 1
cm × 4.8 cm rectangular single element source transducer and a 1 cm × 4.8 cm 64 element
array receiver transducer with a pitch of 0.75 mm, and both transducers are flat
(unfocussed). The device emits a 3.5 MHz broadband ultrasound signal from the source that
propagates through the radius and soft tissue to the array receiver. In water, the received
waveform has a nominal center frequency of 3 MHz with a 3 dB bandwidth of 800 kHz.

In operation, the source emits a broadband ultrasonic pulse at a rate of 1 kHz, the receiver
waveforms are sampled at a 50 MHz sampling rate, and for each channel sixty-four of the
received sampled-waveforms are summed to obtain an averaged set of sixty-four received
waveforms. A variable gain under software control (from 0 to 40 dB in 5 dB increments) is
set independently for each channel in order to bring the maximum absolute value of each
channel as close as possible to the maximum value allowed (without saturation) as input to
the analog-to-digital converter (±5 volt). Note that channels associated with propagation of
ultrasound through bone required 30–40 dB of gain as compared with propagation of
ultrasound solely through soft tissue which required 0 dB of gain. The averaged waveforms
are then processed to obtain two ultrasound net time delay (NTD) parameters, NTDDW and
NTDCW, Fig. 2. [Kaufman et al., 2009b; LeFloch et al., 2008a; Kaufman et al., 2008; Siffert
& Kaufman, 2007; Kaufman et al., 2007]. NTDDW, the DW notating “direct wave”, is
defined as the difference between the transit time of an ultrasound pulse through soft-tissue,
cortex and medullary cavity, and the transit time through soft tissue only of equal overall
distance. NTDCW, the CW denoting “circumferential wave”, is defined as the difference
between the transit time of an ultrasound pulse through soft-tissue and cortex only, and the
transit time through soft tissue only again of equal overall distance. Measurement of the two
NTDs and associated BMD estimate on an individual takes about ten (10) seconds, with no
operator post-processing as in DXA required (or allowed).

As shown in Fig. 2, the ultrasound signal propagates in three distinct pathways. One
pathway consists of soft tissue only (a soft-tissue wave or “SW”); clinically, this
corresponds to the space between the ulna and the radius at the 1/3rd location. The time
delay associated with this pathway is denoted by τSW. Another pathway consists of
propagation through soft tissue on both sides of the radius, propagation through two cortices
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on opposite sides of the radius, and propagation through the marrow-filled medullary cavity
as well (a direct wave or (DW”). The time delay associated with this pathway is denoted by
τDW. The final pathway consists of propagation through soft tissue on both sides of the
radius, and propagation through the radial cortex only (a circumferential wave or “CW”).
The time delay associated with this pathway is denoted by τCW. Thus, NTDDW = τSW −
τDW and NTDCW = τSW − τCW. Note that the physical separation of the radius and ulna at
the 1/3rd location in adults is nominally about 1 cm; therefore the number of receiver
elements associated with the soft-tissue only region (away from the bone edges) is about 10,
and a SW time delay (i.e., τSW) can be estimated for each of these channels.. A somewhat
smaller number of channels (typically 5–10) is associated with propagation primarily though
the radius, and from each of these channels a pair of DW and CW time delays (i.e., τDW and
τCW) can be estimated. The final estimates of the three time delays are obtained by
averaging the set of delays associated with each channel. Note that the SW channels are
identified by the large maximum absolute amplitudes associated with the signals that have
propagated through soft-tissue only, while the “radius” channels are those whose amplitudes
are smallest, adjacent to the soft-tissue only channels, and near the upper portion of the array
(regardless of which arm is being measured; see Fig. 1).

Estimation of the time delays associated with the three pathways is described in [Luo &
Kaufman, 2012; Luo and Kaufman, 2011]. Briefly, a set of signals associated with the soft
tissue only path is first identified using the maximum absolute amplitude as a guide. (The
peak absolute amplitudes of the SW signals are typically 30 – 40 dB larger than those
associated with the CW and DW signals.) The mean time delay of this set of signals (“τSW”)
is obtained by averaging the time delays, τSWi, of each of the soft tissue signals in the
identified set by a method of moments, computed over the first half-cycle of each signal:

(1a)

and

(1b)

In (1a) and (1b), si(t) is a soft tissue signal measured with an individual element (channel) of
the array receiver transducer, t0i and t1i are the initial and final time points (linearly
interpolated if necessary) of the first half-cycle of the signal si(t), and NSW is the number of
receiver channels that are associated with propagation through the soft tissue pathway. As
noted above, a typical soft-tissue time delay estimate includes about ten channels (dependent
on forearm and bone sizes), and the use of the moment computation serves to reduce the
influence of noise due to the integrations in (1a). The determinations of τSW and τDW are
done entirely analogously to (1a) and (1b), but utilizing a set of (about 5–10) channels
associated with propagation through the radius.

It is hypothesized that each of the two NTD parameters is proportional to the amount of
bone (i.e., effectively proportional to BMD as would be measured by DXA) in their
respective and distinctive pathways. This has been shown for NTDDW using computational,
in vitro and clinical studies [Luo et al., 1999; LeFloch et al., 2008a, LeFloch et al., 2008b;
Kaufman et al., 2007; Siffert & Kaufman, 2007]. Using geometrical arguments, NTDCW in
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combination with NTDDW has also been shown in vitro to provide an ultrasonic-based
estimate, BMDUS, of radial DXA BMD at the 1/3rd location, according to the following
formula [LeFloch et al., 2008a]:

(2)

In (2), a and b are regression parameters to be determined by the method of least squares.

For comparison purposes, an average ultrasound velocity (UV) associated with each subject
was also evaluated. UV was defined as d1/3/tDW where d1/3 is the thickness of the forearm at
the 1/3 rd location, i.e., the separation of the skin-contacting transducer pair.

Clinical Measurements
Sixty adult subjects were recruited for this study under an IRB approved protocol and
informed consent was received from each participant. Pregnancy was excluded in
premenopausal women before DXA scans were performed. Each subject was measured
three to five times at the 1/3rd radius with the UltraScan 650. Standard off-the-shelf
isopropyl alcohol (70%) was used as an ultrasound coupling agent; it was sprayed onto the
subject’s forearm and the transducers’ active surfaces. The alcohol also served as an
antiseptic and evaporated relatively quickly so that clean-up was minimal (as opposed to
using standard coupling gel). The ultrasound device requires a minimum of three
independent ultrasound measurements to be made on each person; if the range of both NTD
parameters is sufficiently small (viz., the range of both NTD parameters is within ±0.05μs,
which on average represents a precision of about 3%), the test ends. Otherwise, up to two
more independent NTD measurements were made and the three closest together data sets
were averaged and saved to a log file. For each subject radial bone density at the same 1/3rd
location was determined using DXA (QDR 4500, Hologic, Inc., Bedford, MA, USA).
Finally, an ultrasound reproducibility study was carried out on three additional subjects each
with 15 independent measurements, and the percent coefficient of variation (%CV) was
evaluated [Bonnick, 2004].

Results
Table 1 lists the demographic and ethnic/racial data on the 60 subjects in this study. A set of
received ultrasound waveforms associated with a typical subject is shown in Fig. 3a. Two
signals are displayed; one (solid line) is for a channel located largely behind the radius and
the other (dotted line) is for a channel located behind a soft tissue only region. For purposes
of the plot, the data from the soft tissue channel (“SW”) has been divided by twenty so that
the signals associated with propagation through the radius (i.e., the CW and DW) may be
clearly observed. Fig. 3b displays the variation of the transit times associated with the three
propagation pathways as a function of channel (receiver element) number for a typical study
subject. As may be seen, each channel is associated generally with a distinct value of the
associated time delay; as noted above (Eq. 1b), the actual estimate for a given time delay is
computed as an arithmetic average of a small number of such individual channel delays that
are centered around the regions directly behind the radius (indicated in Fig. 3b by the arrows
for τCW and τDW) and centered directly behind the region containing only soft tissue
(indicated in Fig. 3b by the arrow for τSW).

For these clinical data, plots showing the relationships of BMDUS and UV to BMD, together
with the respective linear regression curve fits, are shown in Figs. 4a and 4b, respectively.
The linear correlation between BMDUS and BMD was r = 0.93 (P<0.001); the linear
correlation between UV and BMD was r = 0.78 (P<0.01). The linear univariate regression
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between BMD and BMDUS produced a standard error of the prediction of 0.043 g/cm2. The
linear univariate regression between BMD and UV produced a standard error of the
prediction of 0.077 g/cm2. Finally, the percent coefficient of variation in the reproducibility
study was found to be 2.1%.

Discussion and Conclusion
The data presented demonstrate that the new device and its associated nonlinear function of
two ultrasound NTD parameters, NTDDW and NTDCW, is a very good proxy of BMD as
measured by DXA at the 1/3rd radius. In contrast, the data show that ultrasound velocity is
much less correlated with BMD; this is a result of the variations between people in amount
of overlying soft tissue thickness and size of the marrow-containing medullary cavity.

The results reported here are consistent with previously reported computational and in vitro
studies. In particular, in a 2D computer simulation study on 20 human radii, NTDDW was
shown to have a high correlation (r = 0.99, P<0.001) with cortical thickness [Kaufman et al.,
2008]. The data from this simulation study were re-analyzed; the cross-sectional (bone-only)
area of each radius was divided by the projected bone width to obtain the simulated BMD,
BMDSIM, in this case in units of millimeters of bone. (Note that the actual values of
BMDSIM would normally need to be scaled by a factor related to the mineral density of
bone, but this is not done here as it is not relevant to this analysis; such a scale factor would
only affect the associated regression coefficients.) The relationship between BMDSIM and
the two NTDs is assumed to have the same form as in (1). In this case NTDCW and NTDDW
are replaced by NTDCW-SIM and NTDDW-SIM, respectively, the latter pair being the
simulated values of the two NTD parameters from Kaufman et al. [2008]. Fig. 5 displays the
relationship for the simulated data. As may be seen, there is a high degree of correlation (r =
0.96, P<0.001) between BMDSIM and the square root of the product of the two NTDs,
similar to the clinical case. It should be noted that the simulation study demonstrated that the
CW mode through the radii was similar to a circumferential guided wave through a cylinder
that has been characterized analytically by Rose [1999]. It should be noted that the nominal
wavelength of the ultrasound propagating in the cortex is on the order of 1 mm (nominal
center frequency of 3 MHz, nominal longitudinal velocity of 3000 m/s) which is in the range
of cortical thicknesses typically observed (~0.5 – 2 mm). Thus, further studies which
examine the dispersion curves of circumferential modes in irregular tubes should provide
further insight into this key mode of propagation that is observed in transmission through the
radius. An important consideration will be to develop dispersion curves for the case of tubes
which are loaded both inside and outside by soft tissue (i.e., outside the radius by muscle
and fat, and inside the radius by marrow/blood), in order to appropriately model the clinical
reality.

The clinical results are also consistent with an in vitro study on the same set (less one) of 20
human radii [LeFloch et al., 2008a]. The radii were scanned in a water tank with a
laboratory prototype similar to the clinical UltraScan 650. The two NTD parameters were
evaluated and shown to have a correlation (r = 0.95, P<0.001) with the cross-sectional
(bone) area [LeFloch et al., 2008a]. To compare the in vitro results with the clinical data of
this study, this data was also re-analyzed. The cross-sectional area was converted to an
equivalent BMD (by dividing by the associated projected bone width), to obtain BMDInVitro.
(Note that BMDInVitro is equal to BMDSIM of the previous paragraph.) The relationship
between BMDInVitro and the two NTDs is again assumed to have the same form as in (1). In
this case, NTDCW and NTDDW are replaced by NTDCW-InVitro and NTDDW-InVitro,
respectively, the latter pair being the in vitro values of the two NTD parameters from
LeFloch et al. [2008a]. Fig. 6 displays the relationship for the in vitro data. As may be seen,
there is a high degree of correlation (r = 0.92, P<0.001) between BMDInVitro and the square
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root of the product of the two NTDs, again similar to the clinical case. The remarkably high
degree of similarity in the computational, in vitro and clinical data lends strong support to
the applicability of the NTD-based methods used for assessing BMD. Further research on
extending ultrasound to assessing the ultra-distal radius is also underway [Le Floch et al.,
2008b].

In summary a new device, the UltraScan 650, has been described that has the potential to
enlarge the scope of ultrasound bone assessment in particular and of bone screening in
general. The portability and simplicity in use of the radiation-free ultrasound scanner,
combined with its high degree of accuracy and precision in estimating radial BMD, provides
a basis by which to expand ultrasonic assessment to the primary care setting. This will in
turn provide an opportunity to reduce the incidence of osteoporotic fractures through early
and timely therapeutic interventions.
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Fig. 1.
The UltraScan 650 ultrasound bone assessment device.
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Fig. 2.
Schematic of radius bone showing three propagation pathways (see text).
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Fig. 3.
Fig. 3a. Plot of received waveforms for a typical subject. Two channels are shown; the solid
line indicates a channel located largely behind the radius, while the dotted line indicates a
channel within the soft tissue only region. For purposes of the plot, the data from the soft
tissue channel (“SW”) has been divided by twenty so that the signals associated with
propagation through the radius (i.e., the CW and DW) may be clearly observed. Thus, the
actual voltage of the soft tissue only signal is approximately 4.6 volts.
Fig. 3b. Plot of the estimates of the three transit times τDWi, τCWi, τSWi associated with the
direct, circumferential, and soft-tissue waves, respectively, as a function of channel (array
element) number i, i=1,…,64. The actual estimates of the three transit times, τDW, τCW,
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τSW, are based on an average of 3–5 transit times near the minimum delays associated with
each of the three modes, indicated by the arrows, respectively. See also Eq. 1b in the text.
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Fig. 4.
Fig. 4a. Plot of BMD vs. [NTDCW * NTDDW]1/2 for the clinical study.
Fig. 4b. Plot of BMD vs. ultrasound velocity (UV) for the clinical study.
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Fig. 5.
Plot of BMDSIM vs. [NTDCW-SIM * NTDDW-SIM]1/2 for a previous computational study.
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Fig. 6.
Plot of BMDInVitro vs. [NTDCW-InVitro * NTDDW-InVitro]1/2 for a previous in vitro study.

Stein et al. Page 16

Ultrasound Med Biol. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Stein et al. Page 17

Table 1

Demographic statistics for the clinical study group (SD = standard deviation, Min = minimum, and Max =
maximum).

N = 60 (Number of subjects) Mean (SD) Min-Max

Age [Years] 47 (20) 22–84

Race

62% White

7% African American

16% Hispanic

15% Asian

Sex (68% female)

Height [cm] 167 (11) 150–198

Weight [kg] 73 (16) 50–143

1/3rd radius BMD [g/cm2] 0.69 (0.12) 0.45–0.92
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