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Purpose: The purpose of this paper was to take the first steps toward applying noncontact ultra-

sound (NCU) to the tasks of monitoring osteoporosis and quantitative ultrasound imaging (QUS) of

cortical bone. The authors also focused on the advantages of NCU, such as its lack of reliance on a

technologist to apply transducers and a layer of acoustical coupling gel, the ability of the trans-

ducers to operate autonomously as specified by preprogrammed software, and the likely reduction

in statistical and systematic errors associated with the variability in the pressure applied by the

clinician to the transmitting transducer that NCU might provide. The authors also undertook this

study in order to find additional applications of NCU beyond its past limited usage in assessing the

severity of third degree burns.

Methods: A noncontact ultrasound imaging system using a pair of specially designed broadband,

1.5 MHz noncontact piezoelectric transducers and cortical bone phantoms, were used to determine

bone mineral density (BMD), speed of sound (SOS), integrated response (IR), and ultrasonic trans-

mittance. Air gaps of greater than 3 cm, two transmission and two reflection paths, and a digital sig-

nal processor were also used in the collection of data from phantoms of nominal mass densities that

varied from 1.17 to 2.25 g/cm3 and in bone mineral density from 0 to 1.7 g/cm3.

Results: Good correlations between known BMD and measured SOS, IR, and transmittance were

obtained for all 17 phantoms, and methods for quantifying and minimizing sources of systematic

errors were outlined. The BMD of the phantom sets extended through most of the in vivo range

found in cortical bone. A total of 16–20 repeated measurements of the SOS, thickness, and IR

for the phantom set that were conducted over a period of several months showed a small variation

in the range of measurements of 61%–2%. These NCU data were shown to be in agreement with

similar results using contact ultrasound to be within 1%–2%. Transmittance images of cortical bone

phantoms showed differences in the nominal overall BMD values of the phantoms that were large

enough to be distinguished by a visual examination. A list of possible sources of errors in quantita-

tive NCU was also included in this study.

Conclusions: The results of this paper suggest that NCU might find additional applications in

medical imaging, beyond its original and only previous usage in assessing third degree burns. The

fact that the authors’ phantom measurements using conventional, gel coupled ultrasound are in

agreement with those obtained with NCU demonstrates that in spite of large additional levels of

attenuation of up to 150 dB and new error sources, NCU could have comparable levels of accuracy

to those of conventional quantitative ultrasound, while providing the medical and patient comfort-

related advantages of not involving direct contact. VC 2012 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4709598]
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I. INTRODUCTION AND MOTIVATION

Dual-energy x-ray absorptiometry (DXA or DEXA)1,2 has

established itself as the standard method for diagnosing

osteoporosis, and it is the most widely used technique for

in vivo measurements of bone mineral density (BMD). Other

methods such as quantitative computerized tomography

(QCT),3–5 magnetic resonance imaging (MRI),6–9 and quan-

titative ultrasound imaging (QUS)10–12 have been used to

make accurate measurements of bone mineral density and

bone structural parameters. Although a major goal of in vivo

bone diagnostic imaging is the accurate prediction of frac-

ture risk, data obtained from bone research over the past two
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decades suggest that factors other than bone mineral density,

such as bone architecture, geometry, and microstructure, are

significantly correlated to fracture risks.13–15 The authors

were motivated to develop a cortical bone ultrasound ana-

lyzer because current FDA approved ultrasound technology

focuses on trabecular bone rather than cortical bone. Since

most of the skeleton is cortical (80% by mass) (Ref. 16) and

the majority of osteoporotic fractures originate in cortical

bone,17 the authors have pursued the development of a corti-

cal device for quantitative ultrasound measurements. In this

endeavor, they were aided by two pioneering studies that

were of pivotal importance in establishing the field of ultra-

sonic characterization of cortical bone: the first by Tatarinov

et al.18 that used multiple acoustic wave modes to assess long

bones, and the second by Molianen et al.19 concerning the

axial propagation of ultrasound in long cortical bones for use

in the in vivo diagnosis of osteoporosis. Currently, the Holo-

gic Sahara, Lunar Achilles, Quantitative Real-Time 2000,

and CUBA Clinical systems focus on broadband ultrasound

attenuation (BUA) and speed of sound (SOS) in the trabecular

calcaneus, while the DBM Sonic 1200 and SoundScan 2000

devices determine the velocity of cortical bone in the pha-

langes and tibia, respectively.20,21 Much of the impetus for

these earlier devices was the work of Langton and

collaborators22–26 which demonstrated that a significant dif-

ference in the slope of the attenuation–frequency spectrum

measured on a logarithmic scale in decibels per centimeter

megahertz units (dB/cm MHz), the so-called “BUA,” was a

reliable index for osteoporosis. The original papers

of Langton and collaborators were used to help design such

devices as the Hologic Sahara which measures BUA in the

trabecular calcaneus and uses this quantity to distinguish

healthy from osteoporotic subjects. There are many other

studies of BUA and SOS in the literature including Refs.

27–35 and two M.S. theses in biology from the California

State University, Dominguez Hills Medical Physics Research

Group.36,37 Certain systems such as the SoundScan 2000

utilize axial transmission to assess skeletal status in cortical

bone, whereas the authors’ SIA-7 noncontact ultrasound sys-

tem is similar to the Hologic Sahara and DBM 1200 Sonic

and, therefore, uses transverse transmission to evaluate the

quality of bone. The axial transmission method makes meas-

urements of velocity20 and attenuation, while transverse

methods can measure velocity, attenuation, as well as BUA.

In addition, the axial transmission method involves acoustical

coupling gels,20 while the noncontact method does not. Errors

associated with axial transmission include uncertainties in the

time of flight of the first arriving signal which implies that the

signal-to-noise ratio is not optimal.20 Although a paper by

Camus states that the axial transmission technique may be

applied to additional skeletal sites other than the tibia, it

seems that noncontact ultrasound could potentially be applied

to a greater number of skeletal sites than axial methods

including conditions, sites, and procedures that involve high

levels of discomfort such as contusions, burns, open wounds,

the eye, recovering surgical anatomical wounds, and image

guided surgery. Ultrasound speed and attenuation have been

measured in vivo for most bodily organs and tissues over the

past five decades, and in vivo quantitative ultrasound has

been available in clinics for a similar period of time. In par-

ticular, quantitative SOS, attenuation, and BUA have been

applied to osteoporosis-related diagnostics and imaging using

conventional contact ultrasound. In contrast, air-coupled

(noncontact) ultrasound and imaging has been available for

only two decades. The assessment of the degree and extent of

damage in severe burns is the only previous application of

the NCU modality to medicine in the medical physics litera-

ture other than this study and related published abstracts38 by

the authors of this study. The application of NCU to burns

was limited to shallow propagation into the body over small

distances of a few millimeter or less.39,40 There are small sys-

tematic errors associated with contact ultrasound including

its dependence upon coupling gels and water baths, which

can lead to infections41,42 and pneumonia,43 as a result of

transducer contact and immersion. Because NCU is air-

coupled, these particular errors are eliminated. In addition,

NCU eliminates the minor systematic errors associated with

the variable operator-dependent transducer pressure applied

by a technologist.44,45 Studies which make contact ultrasound

measurements using coupling gels and water baths yield

temperature-dependent results and corresponding errors.46–49

SOS in air varies with temperature, thus NCU results are

temperature-dependent as well, and the authors have taken

into account this effect in the calibration procedure for the

SIA-7 instrument.

This study is novel because it uses a noncontact ultra-

sound system to assess cortical bone phantoms. In particular,

we measured SOS, integrated response (IR), and transmit-

tance using NCU. According to the best knowledge of the

authors, there are presently no published papers on the appli-

cations of NCU methods to bone assessment. Therefore, this

paper would be the first to investigate the feasibility of

applying noncontact ultrasound imaging and quantitative

analysis to the assessment of cortical bone. This study is also

novel because it involves propagation through relatively

large distances in a simple and possibly routine procedure.

This study generalizes and extends preliminary work con-

ducted by one of the authors50 on simple, trabecular bone

x-ray phantoms to more realistic cortical bone phantoms spe-

cially designed for ultrasound studies of bone. The two pre-

vious papers on the clinical applications of NCU (Refs. 39

and 40) have not been followed up by additional related

studies and the techniques of these early studies, which con-

cerned classifying third degree burns, have yet to be repli-

cated. The authors’ paper is novel in that it may eventually

yield the first medical application of NCU that could find

significant usage in clinics.

II. MATERIALS AND METHODS

II.A. Noncontact transducers

A matched pair of piezoelectric noncontact transducers

with a central frequency of 1.5 MHz and weak focusing with

a radius of curvature of 0.7 m was constructed by the Ultran

3125 Bulman et al.: Noncontact ultrasound imaging applied to cortical bone phantoms 3125
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System Group to the specifications of the authors of this

study. The diameter of the transducers is 13 mm and the

focal point was designed to be in the middle of a cylinder

with the approximate dimensions of a distal radius of mean

diameter of about 2.3 cm, including a soft tissue layer of

about 1 cm surrounding and concentric with the distal radius.

The transducers were designed to allow for separation of

reflected pulses from the surfaces of the distal radius as mod-

eled by coaxial cylinders with a 6 mm separation of inner

and outer radii. Excitation pulses for the noncontact trans-

ducers are broadband chirps, which allow for the use of a

synthesized pulse to help distinguish highly attenuated signal

pulses from noise that has been transmitted through or

reflected by the test object, usually an ultrasound phantom.

Figure 1 contains an RF excitation chirp which produces a

similar transmitted transducer pulse that is typical of those

used in this study, while Fig. 2 contains a plot of the pulse

received by the second transducer after transmission through

a 9 mm polystyrene block. The frequency range of the chirp

pulse from the 1.5 MHz transducers used in most of the

authors’ measurements contained frequencies from 1.175 to

1.925 MHz and, therefore, had a bandwidth of 0.750 MHz.

The noncontact system used an amplifier with a gain that

varies between 5 and 90 dB, which amounted to about 90

and 60 dB for the transmitted and reflected pulses, respec-

tively. The amplifier is an integral component of the SIA-7

system that was designed and built by VN Instruments Ltd.,

Elizabethtown, ON, Canada. Figure 3 displays the results of

the convolution of the received signal with a replica of the

excitation pulse in a process called the synthetic impulse

method patented by VN Instruments Ltd. This process is

used to increase the dynamic range of the system to 150 dB,

as stated in a list of the manufacturer’s (the Ultran Group)

specifications.51

II.B. Phantoms (CIRS cortical)

In order to study how changes in BMD effect the reflec-

tion and transmission of ultrasound in cortical bone in vivo,

phantoms with calibrated amounts of hydroxyapatite,

contained in a solid plastic matrix, were used to simulate

human cortical bone. These rectangular shaped “bone refer-

ence plates” were constructed by Computerized Imaging

Reference Systems (CIRS) of Norfolk, Virginia, from epoxy

and varying concentrations of calcium hydroxyapatite, rang-

ing from 0.0 to 1.7 g/cm3. Therefore, the bone reference

plates cover the hydroxyapatite concentration range for

osteoporotic bone (BMD< 1.2 g/cm3)52 up to a relatively

high BMD of 1.96 g/cm3 for healthy bone.53 The total mass

density of the bone reference plates ranged from 1.15 to

1.94 g/cm3 for the lower density phantoms that were

referred to as the “BN set.” The higher density set of phan-

toms, referred to as the “NEW set,” has densities that vary

from 1.82 to 2.25 g/cm3. The dimensions of the NEW phan-

toms are 50� 50� 6 mm3. The dimensions of the BN phan-

toms are slightly different, 55� 55� 6 mm3. The BN and

NEW phantoms were tested in the authors’ laboratory with

contact transducer frequencies of 2.25, 3.5, and 5 MHz,

yielding speed of sound values that were consistent with the

NCU method. The plate composed of pure plastic (with a

BMD equal to zero) had the same dimensions as the other

FIG. 1. A snapshot of the RF excitation pulse that was used to energize the

transmitting transducer.

FIG. 2. A pulse received by the receiving transducer after propagation

through a 9 mm block of polystyrene.

FIG. 3. A plot of the received pulse after application of the synthetic impulse

method.

3126 Bulman et al.: Noncontact ultrasound imaging applied to cortical bone phantoms 3126

Medical Physics, Vol. 39, No. 6, June 2012



BN plates and a density of 1.15 g/cm3. A representative

bone phantom is shown in Fig. 4.

II.C. Noncontact ultrasound methods

The analysis software–firmware combination was devel-

oped by VN Instruments Ltd. and was used to make all of the

ultrasound measurements. Their ultrasound hardware con-

sisted of two specialized noncontact transducers, a scanner

from the ISEL Corporation of Eiterfeld, Germany, a pulse

generator including equipment for formulating chirp pulses, a

digital signal processor, a power supply, specialized software,

and a computer based on a Pentium II processor running a

variation of the UNIX operating system called QUNIX.

A photograph of the NCU system is shown in Fig. 5. The

authors’ system includes a 14-bit analog to digital converter

with a sampling rate of 50 MHz and 256 MB of on-board

storage which sends information to a separate digital signal

processing module. The SIA-7 unit consists of a digital signal

processing module that includes an arbitrary function genera-

tor coupled to a digitizer. The units are locked together using

a common digital clock. The waveforms are sent to a power

amplifier, included as part of the system, and then received

using low noise, high gain variable amplifiers which are also

integral to the system. A chirp is constructed from a sine

wave signal that has a linear frequency ramp applied at a pre-

cisely controlled rate. The resulting chirp signal is modulated

with a stepped cosine weighting function to reduce side

lobes. The chirp is used to deconvolve the received signal.

The resulting image called a synthetic impulse image pre-

serves its phase and magnitude over the entire frequency

range of the transducers, amplifiers, and signals being used.

Therefore, one can study synthetic impulse images in exactly

the same way that researchers analyze conventional pulse-

generated images. The chirp parameters can be adjusted arbi-

trarily and are usually setup to coincide with the gain charac-

teristics of the transducers connected to the system, which

helps to maximize the detected signals. The primary advan-

tages of synthetic impulses are a much larger dynamic range

and far greater signal stability than conventional ultrasonic

methods. Such methods are commonly used in many syn-

thetic aperture radar systems.

The SIA-7 software includes programs for interfacing

and running the scanner, for signal processing, and for com-

puting SOS, attenuation, and density for each of the four

ultrasound paths (among the receiving and transmitting

transducers) as illustrated in Fig. 6. The authors’ NCU sys-

tem uses the following technique which is significantly dif-

ferent from standard ultrasound methods such as a single

transducer used in the pulse-echo configuration with only

electronic amplifiers to determine the time of flight

and attenuation relative to an initial pulse. Instead,

the authors’ system augments electronic amplification with

the “synthetic impulse” signal processing method which

performs a mathematical convolution of the received pulse

with a replica of the excitation pulse to increase the overall

gain beyond that obtained from standard electronic ana-

lyzers. The IR or integrated response is a numeric integra-

tion of a peak signal appearing in a synthetic impulse

image.54 The magnitude of a synthetic impulse image is

proportional to the energy of the received pulse. The inte-

grated response is an integral of a detected peak that is

proportional to the total energy (in Joules) contained within

a single observed peak. The proportionality constant is not

known but the relative signals can be used to compute ratios

including transmission and reflection coefficients. The speed

of sound is computed using a centroid method. The time of

flight for a single peak is measured by fitting a third order

polynomial to an observed peak and locating the local maxi-

mum associated with the peak. This technique allows for a

larger signal-to-noise level with a larger dynamic range than

that obtained from the received pulse alone. This approach

allows for detection of very weak signals and more accurate

measurements of the transmission, IR, and SOS than that of

standard ultrasound. The authors note that the synthetic

impulse approach resembles matched-filtering methods that

are frequently used to process electromagnetic signals in

FIG. 4. One of the 17 different cortical bone phantoms from two sets, which

varied in BMD from 0 to 1700 mg/cm3.

FIG. 5. The NCU measurement configuration showing the upper and lower

transducers, the monitor screen, the scanning system, and the computer soft-

ware utilized to measure the SOS, IR, attenuation, and thickness for all of

the cortical bone phantoms.
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contemporary remote sensing systems such as those involv-

ing radar.

A careful mechanical alignment of the transducers is

undertaken, when needed, by maximizing the peak value

of the IR and the number of observable peaks in the two

reflection paths called P2 (back scattering from the lower

transducer) and P3 (back scattering from the upper trans-

ducer), as displayed in Fig. 6. This optimization process

involves slightly tilting each transducer by using three ad-

justable springs. When studying the speed, thickness, and

time of flight in a calibration block designed for the authors’

transducers provided by the manufacturer, a systematic

realignment was performed about once every 2 weeks or

when there was some indication that the system’s alignment

had been significantly changed. The authors estimate that a

proper alignment involves relative tilts of the transducers of

less than approximately 3�. After the alignment was com-

pleted, the authors performed a calibration procedure that

was built into the system, which involved measuring the

SOS in the air between the transducers, using adjustments

of the expected SOS based on small variations of the nomi-

nal SOS in air due to the ambient temperature and possibly

other environmental factors such as humidity. The air cali-

bration was followed by a similar calibration with the sam-

ple in place and a quality control (QC) procedure on a test

block that was part of the system, as recommended by the

manufacturer. After these basic measurements were under-

taken, the authors used the calibrated system to make meas-

urements on each of the 17 rectangular cortical bone

phantoms (Fig. 4) to determine SOS, thickness, time of

flight, and IR for each phantom. Most of the data presented

in this study were collected from these bone phantoms. A

group of test objects similar to the authors’ cortical bone

phantoms might be a useful tool for calibrating some future

NCU system to measure bone mechanical properties in a

clinical setting.

II.D. The scanning system

The authors’ scanning system has the capability to perform

two-dimensional (2D) ultrasound scans over an array of

square shaped pixels with dimensions as small as 0.1 mm

� 0.1 mm. The duration of a scan that is capable of producing

a clear image can be as short as 2–5 min and as long as about

30 min and is dependent upon the pulse-repetition frequency

(PRF). If a phased array of NCU transducers were available

for usage with the Second Wave/VN Instruments Ltd. ana-

lyzer, it could be employed to measure depth and undertake a

3D scan of an array of voxels.

II.E. Mechanism for the SOS measurements

The vertical position of the horizontally aligned trans-

ducers relative to each other and to the sample changed from

experiment to experiment, but the exact position was always

known from the set-up calibration procedure. The time of

flight of transmitted pulses was measured without a sample

between the transducers and then multiplied by the SOS

value in air to obtain an accurate value for the distance

between the transducers, which was automatically calculated

by the signal processor. The central plane of the sample usu-

ally bisected the distance between the two transducers which

were approximately separated by a total distance of 3.0 cm;

however, the exact position was obtained from the time-of-

flight measurements of the first reflection peak for both

paths, P2 (bottom surface) and P3 (top surface).

III. RESULTS

The values of the SOS measurements using contact

ultrasound ranged from approximately 2450–3090 m/s. To

be specific, the measured SOS is the group velocity of the

pulse through the sample. Since the phase velocity is con-

stant over the band of frequencies that travel through the

phantom, the group and phase velocities are equivalent in

this case and there is no dispersion in the samples. NCU

measurements of SOS on the cortical phantoms as a func-

tion of density were conducted repeatedly over 21=2 yrs. and

the results of these measurements are displayed in Fig. 7. A

conspicuous characteristic of this figure is the monotonic

increase in SOS with phantom density, which is in agree-

ment with a previous study by Yamato et al.55 that demon-

strates that SOS is directly proportional to density. The

physical mechanism behind the steady increase in SOS is

due to the fact that the material becomes more closely

packed (with higher density and compressibility) and rigid,

and as the elastic modulus, which is dependent on the min-

eral density,56 increases, the speed, acoustical absorption,

and attenuation increase as well. Figure 7 compares the

authors’ results to similar contact measurements and dem-

onstrates that the SOS values obtained using the authors’

noncontact methods are almost identical to those taken

with their standard, single transducer, pulse-echo contact

technique. The close agreement in the data for the two tech-

niques provides a validation for the usage of NCU, demon-

strating that any new sources of systematic errors specific to

NCU are likely small in the authors’ measurements. Figure 7

displays SOS results for the full range of samples from the

two sets of phantoms studied, which spans the full range

of bone mineral densities found in vivo for healthy adults

as well as those with osteoporosis. The values of the phantom

densities and SOS in NCU resulted in acoustical impedances

of the phantoms ranging from 2.79 to 6.89� 106 kg/(m2�s),

FIG. 6. The velocity/thickness algorithm uses measurements of the time of

flight and signal strength in these four propagation paths. P1 and P4 are the

two transmission paths and P2 and P3 represent the two reflection paths.
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where the higher value corresponds to about 97% of the aver-

age in vivo value of the acoustical impedance in cortical

bone.57 In addition, the authors found that their SOS data

were consistent and reproducible over a 21=2 yr period, pro-

viding additional confirmation of the stability of NCU meas-

urements and commensurability with conventional contact

ultrasound.

The reproducibility of SOS measurements for a given sam-

ple (one from each set of phantoms) was studied by making

similar measurements over an extended period of time. A sec-

ond indicator of the reproducibility and reliability of the NCU

method was obtained through repeated measurements of the

thickness of each of the phantoms in the two phantom sets.

Sixteen repeated measurements (n¼ 16) of SOS on the NEW

1400 mg/cc as well as twenty measurements (n¼ 20) of SOS

in the BN 750 mg/cc phantoms yielded means and standard

deviations equal to 2832.1 and r¼ 50.4 m/s (1.8%) and

2562.2 m/s and r¼ 33.4 m/s (1.3%), respectively. The 1.3%

error in the authors’ SOS measurements is relatively high in

comparison to similar measurements using contact ultrasound.

This increased error in NCU is likely due to such sources as

turbulence and nonuniformity in the density from pixel to

pixel across the surface of the sample. Temperature variations

in the air gaps resulting in changes in the SOS in air is prob-

ably the most significant source of error and other sources of

uncertainties include turbulence and currents in the air gaps

that could be limited in follow-up studies through the usage

of a plastic enclosure as a wind shield. In addition to SOS, 16

repeated measurements (n¼ 16) of phantom thickness for the

NEW 1400 mg/cc as well as 20 measurements (n¼ 20) of

thickness for the BN 750 mg/cc phantom yielded means and

standard deviations equal to 6.15 mm and r¼ 0.029 mm

(0.4%) and 5.96 mm and r¼ 0.026 mm (0.4%), respectively.

The IR is a measure of the total power of the signal. It is

equal to the area or integral under the first peak in the trans-

mitted pulse, with units of decibel-seconds. Transmission is

a measure of the fraction of the ulrasound energy that is

transferred directly (without reflections) through the sample.

By Parseval’s theorem, the integral of the square of a func-

tion is equal to the integral of the square of its Fourier trans-

form.58 As indicated in Figs. 8(a) and 8(b), the fraction of

the signal that passes through the sample decreases as the

density increases, in a nearly uniform manner. A portion of

the decrease in IR as a function of BMD is due to the

increasing impedance mismatch at the two air–sample inter-

faces. As the difference in acoustical impedance increases,

the intensity of the reflected pulse (R) increases, and thus the

transmitted intensity (T) decreases, since RþT¼ 1 (with

proper normalization), by virtue of conservation of energy.

A prominent feature in Figs. 8(a) and 8(b) is the constant

diplacement of the two linear curves representing the two

different analysis protocols (NCA-1000 and SIA-7) which

have nearly the same slope but a different IR intercept,

indicating an offset by a constant number of decibels. The

intercept of the IR curves are �10 and �100 dB for the

NCA-100 and SIA-7 systems, respectively. This significant

difference is due to a corresponding difference in the choice

of the standard voltage (Vstandard). Therefore, the only differ-

ence between the two protocols is a constant number of deci-

bels which is related to a corresponding difference in the

standard voltage. The measured attenuation (in decibels) is

defined by the following well-known expression: A(dB) ¼ 20

log10 (V/Vstandard). Langton et al.59 and Sasso et al.60 both

studied the dependence of BUA on BMD using conventions

that differ by a multiplicative minus sign and an additive con-

stant. The authors’ data for the IR parameter are similar to

the data on BUA published by Sasso, in that both the authors’

IR and Sasso’s BUA data are inversely proportional to BMD.

As suggested above, the slope calculated from a linear fit to

the A (db) versus density q (g/cm3) plot [S¼DA(dB)/(Dq(g/

FIG. 7. Measurements of SOS as a function of density comparing the data collected from conventional contact ultrasound by using the single transducer pulse-

echo technique with data collected from the authors’ SIA-7 and NCA-1000 noncontact analysis programs with their NCU analyzer. Both programs were used to

collect data from the BN and NEW phantom sets during the dates noted in the legend, on the right.
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cm3)] is similar in both protocols. Linear regressions for the

three curves in both Figs. 8(a) and 8(b) yield similar average

slope [S¼DA(dB)/(Dq (g/cm3)] values of �6.509 and

�6.668 for the NCA-1000 and SIA-7 analyses, respectively,

which yield a small difference of less than 2.5%.

In Fig. 9, a third noncontact ultrasound parameter, the

transmittance of the acoustical signal through the sample (T),

was used to formulate images of some of the cortical bone

phantoms as a function of density. These images were created

using a color scale to construct a visually perceptible repre-

sentation of the transmittance as a function of BMD. Figure 9

suggest a linear proportionality between transmittance and

BMD. The color scale was configured such that transmittance

increases with the visible-light wavelength (from blue to red).

The IPass images clearly demonstrate that transmittance

decreases as BMD increases. The images in Fig. 9, which

include only the BN phantom set, are all standardized relative

to the BN 300 phantom, and the pixel-averaged transmittance

for both phantom sets are plotted in Fig. 10.

C-line scan averages were determined for each phantom

from a horizontal line drawn across the diameter of the sam-

ple by averaging the peak-to-peak transmittance amplitude

in millivolts over all the pixels on the line. The resulting

averages are plotted versus density in Fig. 10, which exhibits

a very strong linear relationship between the density of the

sample and its transmittance.

Statistical and systematic errors are used to determine the

values of the accuracy and precision errors. Possible sources

of these errors related to propagation through the air are the

temperature, properties of air currents, humidity, barometric

pressure, and turbulence. Sources of errors in the signal-

to-noise ratio include imperfect acoustical alignment, wave

acoustical effects such as diffraction and interference, and

the specifications and performance of the pulse generator,

detector, digitizer, signal processor, and electronic noise.

Systematic errors associated with system hardware also

include the seven parameters used to define the transducer

excitation chirp, the central frequency, and the bandwidth of

the transducers; the configuration, geometry, and uniformity

of the phantoms (including alignment, tilts, and nonuniform-

ities), and the calibration stability. Possible sources of errors

in the software are associated with the stability of the time

offsets, signal processing, pulse averaging, and the stability

of the interface between the scanner and the analysis system.

FIG. 8. (a) IR as a function of phantom density using the NCA-1000 and Pathway 4 (P4) which is used for pulses that are emitted from the upper transducer,

transmitted through the sample, and received by the lower transducer. (b) IR as a function of phantom density measured using the SIA-7 protocol for the same

pathway as in (a).
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IV. DISCUSSION AND CONCLUSIONS

The authors’ results show that noncontact measurements

of the speed of sound, integrated response, and transmittance

are directly or inversely proportional to the mass density of

the cortical bone phantoms. Therefore, future in vivo studies

of NCU might be able to accurately determine bone mineral

density, and ultimately ultrasound could possibly be used to

undertake bone diagnostics in clinics to supplement data

obtained using radiological techniques such as DXA and

QCT.

The authors plan to perform more detailed experiments

on phantoms including those involving skin-simulating

materials to augment the bone phantom data obtained in this

study, including attenuation and spectroscopic measure-

ments. In the long term, they foresee that NCU research will

involve cadaver studies for calibration and validation, as

well as clinical trials with human subjects for use in the diag-

nosis and monitoring of osteoporosis. This study takes a first

step in that direction by demonstrating that standard clinical

ultrasound measurements conducted with noncontact ultra-

sound can agree well with those of contact ultrasound and,

therefore, might be adapted to a clinical setting. The results

are highly reproducible over time and under variable condi-

tions. These results also demonstrate that an NCU system,

correctly configured and calibrated, can have a level of

reproducibility and reliability for quantitative measurements

that is comparable to conventional contact ultrasound, de-

spite the additional high level of attenuation due to propaga-

tion through air and large acoustical impedance mismatches

at the interfaces resulting in large losses due to reflection.

Since the authors’ current system already has a suitable

geometric configuration, they intend to make scans of the

hand in vivo, in particular to scan the phalanges to determine

SOS, thickness, time of flight, IR, attenuation, and BUA that

might be useful for skeletal imaging and bone diagnostics.

Similar studies have been undertaken on the phalanges in a

clinical study using conventional contact ultrasound as in a

relatively recent paper by Guglielmi et al.61 that showed

promise for clinical usage. In follow-up papers, the authors

hope to apply the NCU technique to the phalanges, therefore,

using the advantages in convenience, safety (by avoiding

ultrasound gels as well as ionizing radiation), accuracy

(through minimization of systematic errors), reproducibility

through the lack of reliance on pressure-dependent trans-

ducers applied by an ultrasound technologist,44,45 and the

availability of position-accurate, repeatable scans that could

be provided by using preprogrammed software and a preci-

sion scanner along with an NCU system. NCU signals are

highly attenuated because impedance mismatches imply

FIG. 9. Transmittance images of the cortical bone phantoms using the IPass system. The BMD ranges from 150 to 1250 mg/cm3.

FIG. 10. Average transmittance of the IPass C-scans as a function of phan-

tom density for both phantom sets. A least-squares line fit is included and

plotted.
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74 dB losses due to two transmissions through surfaces

between air and cortical bone. Given recent concerns over

risks due to exposure to ionizing radiation in radiological

imaging and the low level of patient risks involved in ultra-

sound imaging, NCU might find a clinical niche if developed

in the near future. Longstanding high prevalence rates of se-

rious osteoporotic fractures at such sites as the femoral neck,

the hip, and the spine especially among the aged,62 provide

an additional impetus to develop NCU in the near term for

the purpose of skeletal diagnostics. Quantitative ultrasound

measurements using NCU might avoid some of the system-

atic errors found in conventional contact QUS imaging due to

its lack of operator intervention or coupling gels, thus elimi-

nating the risk of allergic reactions to the gel as well as the

discomfort and inconvenience of the gels. As mentioned in

the Introduction, NCU imaging may also be useful for per-

forming ultrasound examinations in situations where contact

ultrasound might be highly painful, uncomfortable, or harm-

ful as in the case of imaging of the eyes or in the assessment

of severe burns and other serious wounds.
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