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Abstract

Frequency-dependent phase velocity (dispersion) has previously been measured in trabecular bone 

by several groups. In contrast to most biologic tissues, phase velocity in trabecular bone tends to 

decrease with frequency. A stratified model, consisting of alternating layers of bone and marrow 

(in vivo) or water (in vitro), has been employed in an attempt to explain this phenomenon. 

Frequency-dependent phase velocity was measured from 300 kHz to 700 kHz in 1) phantoms 

consisting of regularly-spaced thin parallel layers of polystyrene sheets in water, and 2) thirty 

calcaneus samples in vitro. For the polystyrene phantoms, the agreement between theory and 

experiment was good. For the calcaneus samples, the model has some limited usefulness (error 

of about 5%) in predicting average phase velocity. More importantly, the model seems to perform 

consistently well for predicting the frequency dependence of phase velocity in calcaneus.
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Introduction

Speed of sound (SOS) in calcaneus has been reported by numerous investigators to be 

predictive of osteoporotic fracture risk [1–23]. In addition, calcaneal SOS may provide some 

additional information regarding fracture risk independent of that provided by bone mineral 

density (BMD), the traditional measurement for diagnosis of osteoporosis [19].

Phase velocity in calcaneus has been reported by several groups to vary with ultrasonic 

frequency [8, 9, 16, 23]. In other words, calcaneus is dispersive. Dispersion can be positive 

(phase velocity increasing with frequency) or negative (phase velocity decreasing with 

frequency) in individual calcaneal samples. However, on the average, dispersion tends to be 

negative [8, 9, 16, 23]. This is rather unusual for biologic tissue and is contrary to what 

one might expect based on models relating frequency-dependent attenuation and frequency-

dependent phase velocity [24, 25].

Negative dispersion has been reported in so-called stratified media. The simplest example 

of a stratified medium consists of alternating parallel layers of two materials. Fundamental 

theory regarding such media has been developed by Rytov [26], Bruggeman [27], Tarkov 
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[28], Riznichenko [29], and Postma [30]. Brekhovskikh [31] has provided a nice summary. 

Plona and co-workers have demonstrated good agreement between theory and experiment 

for negative dispersion in aluminum/water and in plexiglass/water stratified media [32]. 

Hughes and co-workers have applied a stratified model to trabecular bone and have found it 

useful for predicting the angular dependence of fast and slow compressional waves [33].

The objective of this paper is to apply the stratified model to predict dispersion in trabecular 

bone. First, a brief summary of a stratified model is presented. Next, experimental methods 

are described for measurements of frequency-dependent phase velocity in phantoms and in 

calcaneus samples. Finally results are presented and discussed.

The Stratified Model

The stratified model is illustrated in Figure 1. Two homogeneous materials (1 and 2) are 

arranged in alternating layers. Each material is characterized by its density, ρ, and its first 

and second Lame’ constants, λ and μ. The widths of the alternating layers are denoted by 

h1 and h2. The width of the periodic unit is h = h1 + h2 and is assumed to be small relative 

to the wavelength. The periodic nature of the model imposes periodic conditions on the 

solution to the wave equation. Thus velocities and pressures at a location z are the same as 

those at z + nh where n is an integer. Continuity of velocities and pressures is also assumed 

at layer boundaries.

For plane wave propagation perpendicular to the planar interfaces between adjacent layers, 

the dispersion relation for the longitudinal wave is given by [31]

cosξℎ = cosk1ℎ1cosk2ℎ2 − [(1 + s)/2s]sink1ℎ1sink2ℎ2 (1)

where k1 = ω/c1, k2 = ω/c2,

s = (λ2 + 2μ2)k2
(λ1 + 2μ1)k1

(2)

and the phase velocity of the longitudinal wave for propagation perpendicular to the layers is 

given by czz = ω/ξ where ω=2πf and f is the frequency of the wave. The right hand side of 

Equation (1) may computed from the material properties of the two media. After taking an 

inverse cosine and dividing by h, ξ is obtained. Phase velocity is then computed from czz = 

ω/ξ.

Experimental Methods

Biological Methods

Thirty human calcaneus samples (both genders, ages unknown) were obtained. They were 

defatted using a trichloro-ethylene solution. Defatting was presumed not to significantly 

affect measurements since speed of sound of defatted trabecular bone has been measured 

to be only slightly different from that of bone with marrow left intact [14, 34]. The 

cortical lateral layers were sliced off leaving two parallel surfaces with direct access to 

trabecular bone. The thicknesses of the samples varied from 12 to 21 mm. In order 
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to remove air bubbles, the samples were vacuum degassed underwater in a desiccator. 

After vacuum, samples were allowed to thermally equilibrate to room temperature prior to 

ultrasonic interrogation. Ultrasonic measurements were performed in distilled water at room 

temperature. The temperature was measured for each experiment and ranged between 19°C 

and 22°C. The relative orientation between the ultrasound beam and the calcaneus samples 

was the same as with in vivo measurements performed with commercial bone sonometers, in 

which sound propagates in the mediolateral (or lateromedial) direction.

Ultrasonic Methods

The experimental setup is illustrated in Figure 2. A Panametrics (Waltham, MA) 5800 

pulser/receiver was used. Samples were interrogated in a water tank using a pair of opposing 

coaxially-aligned Panametrics 1” (2.54 cm) diameter, 500 kHz center frequency, focussed 

(focal length = 1.5” or 3.81 cm), broadband transducers. Received ultrasound signals were 

digitized (8 bit, 10 MHz) using a LeCroy (Chestnut Ridge, NY) 9310C Dual 400 MHz 

oscilloscope and stored on computer (via GPIB) for off-line analysis.

Two phantoms consisting of polystyrene layers were constructed. One had 15 0.02” (0.051 

cm) thick parallel layers. The other had 22 0.015” (0.0381 cm)thick parallel layers. In each 

case the spacing between layers was equal to the layer thickness. Water filled the spaces in 

between the layers. The layers were oriented perpendicular to the ultrasound propagation 

direction.

Phase velocity was computed using [23]

cp(ω) = cw

1 + cwΔϕ(ω)
ωd

(3)

where Δϕ(ω) is the difference in unwrapped phases of the received signals with and without 

the sample in the water path. The unwrapped phase difference, Δϕ(ω), was computed as 

follows. The received digitized signal was gated to isolate the main burst of ultrasound. (See 

Figure 3a). The dc component of this signal was subtracted out. The Fast Fourier Transform 

(FFT) of the signal was taken. The phase of the signal at each frequency was taken to be the 

inverse tangent of the ratio of the imaginary to real part of the FFT at that frequency. Since 

the inverse tangent function yields principal values between −π and π, the phase had to 

be unwrapped by adding an integer multiple of 2π to all frequencies above each frequency 

where a discontinuity appeared.

The speed of sound in the calcaneus, approximately 1475 – 1650 m/s [16], is sufficiently 

close to that of distilled water at room temperature, 1490 m/s [35], that potential diffraction-

related errors in this substitution method due to the disparity in sound speeds between the 

two media [36, 37] may be ignored [16].

Results

Figure 3 shows the radio-frequency data and the (normalized) logarithm of power spectral 

density corresponding to a signal that propagated through one of the polystyrene phantoms. 
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Multiple reverberations are apparent. The usable bandwidth was taken to be from 300 to 700 

kHz.

Figure 4 shows theoretical curves (Equation 1) and experimental data for frequency-

dependent phase velocity for the polystyrene phantoms. The values assumed for the 

theoretical curves were longitudinal velocity = 2400 m/s, λ = 3271 MPa, μ = 1389 

MPa, ρ = 1050 kg/m3 (polystyrene), and longitudinal velocity = 1490 m/s, λ = 2241 

MPa, μ = 0 MPa, ρ = 1000 kg/m3 (water). The experimental data for the 0.015” 

thick polystyrene shows little if any dispersion, consistent with the gradually decreasing 

frequency-dependent phase velocity predicted by the theory. The experimental data for the 

0.02” thick polystyrene shows a greater decline especially for frequencies between 600 and 

700 kHz. A comparison of Figures 3 and 4 indicates that this rather precipitous decline 

is not attributable to inadequate signal-to-noise ratio for these frequencies. Although the 

theoretical and experimental dispersion curves for the 0.02” thick polystyrene show similar 

trends, the frequency at which rapid decline begins is lower for the theory than for the 

experimental data. This discrepancy may be attributable to some uncertainty regarding the 

true material properties for the specific samples of polystyrene investigated. Also, edge 

effects may have distorted measurements. The stratified model theory assumes an infinite 

medium. The 0.015” thick polystyrene phantom had 22 periods (one period corresponds to 

one layer of polystyrene plus one equally thick layer of water) and was about 17 mm across 

while the 0.02” thick polystyrene phantom had 15 periods and was about 15 mm across.

Figure 5 shows frequency-dependent measurements of phase velocity for the thirty 

calcaneus samples. The error bars denote standard errors of the estimates. A linear fit 

to the trend is shown by the dotted line. This negatively sloped trend has been reported 

previously by four groups [8, 9, 16, 23]. Also shown in Figure 5 are theoretical dispersion 

relations (Equation 1) based on material parameters reported for synthetic hydroxyapatite 

[38], powdered human femur [38], and cortical bone [39]. The absolute values of phase 

velocity for the three sets of assumed material parameters varies somewhat. However, the 

frequency dependence of phase velocity is quite similar for the three cases.

The parameter values assumed for the theoretical dispersion relations in Figure 5 were 

as follows. The material thicknesses, h1 and h2, were taken to be the average trabecular 

thickness (120 microns) and spacing (630 microns) of human calcaneus determined by 

histomorphometry [40]. As required by the theory, the sum of these values is small relative 

to the wavelength of ultrasound in water (about 3 mm at 500 kHz). The density of the 

bone was assumed to be 1850 kg/m3 [39]. The Lame’ constants were assumed to be λ = 

15398 MPa, μ = 8000 MPa (synthetic hydroxyapatite [38]), λ = 58168 MPa, μ = 45500 MPa 

(powdered human femur [38]), and λ = 9306 MPa, μ = 3127 MPa (cortical bone [39]).

Discussion

Negative dispersion in trabecular bone has been reported by several groups [8, 9, 16, 23]. 

In this paper, a stratified model has been employed to predict frequency-dependent phase 

velocity in two-component media. The model performed well for phantoms consisting of 

alternating layers of polystyrene sheets and water. The absolute levels of phase velocity 
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predicted by this model for calcaneus were fairly sensitive to the assumed values for material 

parameters. Hence the stratified model may not have more than a limited utility (error of 

about 5%) for prediction of average phase velocity. However, the frequency dependence 

of phase velocity (dispersion) seems to be relatively insensitive to the choices for material 

parameters. Moreover, the model predicts negative dispersion similar to the measurements 

reported here and elsewhere.

Although the experimental data for calcaneus presented here seem to vary approximately 

linearly with frequency between 300 and 700 kHz, the model predicts somewhat nonlinear 

behavior over this range with phase velocity curving increasingly downward at higher 

frequencies. (There may be a hint of the increasing rate of decline of phase velocity at higher 

frequencies in the data published by Nicholson and co-workers [9], Table 1). The measured 

rate of decline of phase velocity with frequency was somewhat less than that predicted by 

theory, particularly at high frequencies.

While the experimental data reported here were acquired with focussed transducers, the 

theory applies to plane waves propagating normally to the layer surfaces. The focussed 

beams used in the experiments had angular spectral content propagating at a range of 

angles about the normal direction. This difference may account for some of the discrepancy 

observed between theory and experiment for both the polystyrene and the calcaneus data.

Additional sources of disparity between predicted and measured phase velocity and 

dispersion in calcaneus may include the following. Trabecular bone consists of 

approximately cylindrically shaped rather than planar objects embedded within marrow (in 
vivo) or water (in vitro). In addition, the stratified model corresponds to an infinite medium. 

Edge-effects may have an effect in measurements in small samples containing roughly 16-27 

cycles. Also, trabecular bone is not nearly so orderly as the stratified model. Also, although 

the material properties of trabecular bone have estimated in several indirect ways, substantial 

uncertainty remains regarding the true values. Finally, the assumption that h1 + h2 is much 

less than the wavelength becomes challenged at the high end of the frequency band of 

analysis.

Figure 3 illustrates potential diagnostic value in the dispersion measurement. The two 

phantoms investigated had precisely the same volumetric density. Specifically, their densities 

over any rectangular solid volume containing an equal number of polystyrene and 

water layers equals the arithmetic mean between the densities of water and polystyrene. 

However the structural (or microarchitectural) properties (layer thickness and spacing) 

of the two phantoms clearly differed. Hence, dispersion may contain useful diagnostic 

microarchitectural information not already contained in bone mineral density (BMD), the 

traditional measurement for diagnosis of osteoporosis. It is known that variations in BMD 

account for only 60 – 80% of variations in bone strength [12]. The remaining variations (20 

– 40%) are thought to be due to variations in microarchitecture and elasticity.

Acknowledgements

The author is grateful for funding provided by the US Food and Drug Administration Office of Women’s Health.

Wear Page 5

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Biography

Keith A. Wear graduated from the University of California at San Diego with a B.A. in 

Applied Physics in 1980. He received his M.S. and Ph.D. in Applied Physics with a Ph.D. 

minor in Electrical Engineering from Stanford University in 1982 and 1987.

He was a post-doctoral research fellow with the Physics department at Washington 

University, St. Louis from 1987-1989. He has been a research physicist at the FDA Center 

for Devices and Radiological Health since 1989. He has performed research in biomedical 

applications of ultrasound and magnetic resonance spectroscopy for 15 years. His research 

has included measurements of ultrasonic scattering properties from tissues, high-resolution 

spectral estimation, magnetic resonance spectroscopic image reconstruction methods, and 

analysis of statistical properties of ultrasonic echoes from tissues. He has become interested 

in applications with bone in the late 1990’s as FDA’s regulatory interest in bone sonometry 

has increased.

He is a senior member of IEEE, a member of IEEE Ultrasonics Society, IEEE Signal 

Processing Society, IEEE Engineering in Medicine and Biology Society, American Institute 

of Ultrasound in Medicine (AIUM), AIUM Technical Standards Committee, American 

Society for Testing of Materials, and the American Society for Bone and Mineral Research.

References

1. Rossman P, Zagzebski J, Mesina C, Sorenson J, and Mazess R, “Comparison of Speed of Sound and 
Ultrasound Attenuation in the Os Calcis to Bone Density of the Radius, Femur and Lumbar Spine,” 
Clin. Phys. Physiol. Meas, 1989; 10:353–360. [PubMed: 2698780] 

2. Tavakoli MB and Evans JA. “Dependence of the velocity and attenuation of ultrasound in bone on 
the mineral content.” Phys. Med. Biol, 36, 1529–1537, 1991. [PubMed: 1754623] 

3. Zagzebski JA, Rossman PJ, Mesina C, Mazess RB, and Madsen EL. “Ultrasound transmission 
measurements through the os calcis.” Calcif Tissue Int. 49, 107–111, 1991. [PubMed: 1913288] 

4. Laugier P, Giat P, Droin P,P, Saied A, and Berger G. “Ultrasound images of the os calcis: a 
new method of assessment of bone status.” Proc. IEEE Ultrasonics Symp., Sponsor: Ultrasonics 
Ferroelectric & Frequency Control Soc, 31 Oct.-3 Nov. 1993, Baltimore, MD, USA. vol. 2, Page: 
989–92, Editor: Levy M; McAvoy BR Publisher: IEEE, New York, NY, USA, 1993.

5. Kaufman JJ, Xu W, Chiabrera AE, and Siffert RS, “Diffraction effects in insertion mode estimation 
of ultrasonic group velocity,” IEEE Trans. Ultrason. Ferroelectr. Freq. Contr, 42, 232–242, 1995.

6. Schott AM, Weill-Engerer S, Hans D, Duboeuf F, Delmas PD, and Meunier PJ, “Ultrasound 
discriminates patients with hip fracture equally well as dual energy X-ray absorptiometry and 
independently of bone mineral density.” J. Bone Min. Res, 10, 243–249 1995.

7. Turner CH, Peacock M, Timmerman L, Neal JM, and Johnston CC Jr., “Calcaneal ultrasonic 
measurements discriminate hip fracture independently of bone mass,” Osteo. International, 5, 130–
135 1995.

8. Strelitzki R, and Evans JA, “On the measurement of the velocity of ultrasound in the os calcis using 
short pulses,” Eur. J. Ultrasound, 4, pp. 205–213, 1996.

9. Nicholson PHF, Lowet CG, Langton CM, Dequeker J, and Van der Perre G, “Comparison of 
time-domain and frequency-domain approaches to ultrasonic velocity measurements in trabecular 
bone,” Phys. Med. Biol, 41, 2421–2435, 1996. [PubMed: 8938036] 

10. Njeh CF, Hodgskinson R, Currey JD, and Langton CM. “Orthogonal relationships between 
ultrasonic velocity and material properties of bovine cancellous bone.” Med. Eng. Phys, 18, 373–
381, 1996. [PubMed: 8818135] 

Wear Page 6

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11. Hans D, Dargent-Molina P, Schott AM, Sebert JL, Cormier C, Kotzki PO, Delmas PD, Pouilles 
JM, Breart G, and Meunier PJ. “Ultrasonographic heel measurements to predict hip fracture in 
elderly women: the EPIDOS prospective study,” Lancet, 348, 511–514, 1996. [PubMed: 8757153] 

12. Glħer C. “Quantitative ultrasound techniques for the assessment of osteoporosis: expert agreement 
on current status.” J. Bone Miner. Res, 12, 1280–1288, 1997. [PubMed: 9258759] 

13. Laugier P, Droin P, Laval-Jeantet AM, and Berger G. “In vitro assessment of the relationship 
between acoustic properties and bone mass density of the calcaneus by comparison of ultrasound 
parametric imaging and quantitative computed tomography.” Bone, 20, 157–165, 1997. [PubMed: 
9028541] 

14. Njeh CF and Langton CM. “The effect of cortical endplates on ultrasound velocity through the 
calcaneus: an in vitro study.” Brit. J. Radiol, 70, 504–510, 1997. [PubMed: 9227233] 

15. Njeh CF, Kuo CW, Langton CM, Atrah HI, and Boivin CM. “Prediction of human femoral bone 
strength using ultrasound velocity and BMD: an in vitro study.” Osteo. Int’l 7, 471–477, 1997.

16. Droin P, Berger G, and Laugier P. “Velocity dispersion of acoustic waves in cancellous bone.” 
IEEE Trans. Ultrason. Ferro. Freq. Cont 45, 581–592, 1998.

17. Nicholson PHF, Muller R, Lowet G, Cheng XG, Hildebrand T, Ruegsegger P, Van Der Perre 
G, Dequeker J, and Boonen S. “Do quantitative ultrasound measurements reflect structure 
independently of density in human vertebral cancellous bone?” Bone. 23, 425–431, 1998. 
[PubMed: 9823448] 

18. Thompson P, Taylor J, Fisher A, and Oliver R, “Quantitative heel ultrasound in 3180 women 
between 45 and 75 years of age: compliance, normal ranges and relationship to fracture history,” 
Osteo. Int’l, 8, 211–214, 1998.

19. Hans D, Wu C, Njeh CF, Zhao S, Augat P, Newitt D, Link T, Lu Y, Majumdar S, and Genant HK. 
“Ultasound velocity of trabecular cubes reflects mainly bone density and elasticity.” Calcif. Tissue 
Intl 64, 18–23, 1999.

20. Trebacz H, and Natali A. “Ultrasound velocity and attenuation in cancellous bone samples from 
lumbar vertebra and calcaneus.” Osteo. Int’l, 9, 99–105, 1999.

21. Njeh CF, Hans D, Fuerst T, Glħer CC, Genant HK, ed.s, Quantitative Ultrasound: Assessment of 
Osteoporosis and Bone Status, Martin Dunitz, 1999.

22. Wear KA, “The effects of frequency-dependent attenuation and dispersion on sound speed 
measurements: applications in human trabecular bone,” IEEE Trans. Ultrason. Ferro. Freq. Cont, 
47, 265–273, 2000

23. Wear KA, “Measurements of phase velocity and group velocity in human calcaneus,” Ultrason. 
Med. Biol, 26, 641–646, 2000.

24. O’Donnell M, Jaynes ET, and Miller JG, “Kramers-Kronig relationship between ultrasonic 
attenuation and phase velocity.” J. Acoust. Soc. Am, 69, 696–701, 1981.

25. Waters KR, Hughes MS, Mobley J, Brandenburger GH, and Miller JG, “Kramers-Kronig 
Dispersion Relations for ultrasonic attenuation obeying a frequency power law,” Proc.1999 IEEE 
Ultrason. Symp, vol. 1, 537–541, 1999.

26. Rytov SM, “Acoustical properties of a finely layered medium,” Akust. Zh., 2, 71, 1956, Sov. Phys 
– Acoust, 2, 67, 1956

27. Bruggeman DAG, “Berechnung verschiedener physikalischer Konstanten von heterogenen 
Substanzen,” Ann. Phys. (Leipzig), 24, 636, 1935.

28. Tarkov AG, “The problem of the anisotropy of elastic properties in rocks,” Mater. Vses. N.-I. Geol. 
In-ta Obshch. Seriya. Sb 5, 209, 1940.

29. Riznichenko YV, “Propagation of seismic waves in discrete and heterogeneous media,” Izv. Akad.. 
Nauk SSSR, Ser. Geogr. Geofiz, 13, 115, 1949.

30. Postma GW, “Wave propagation in a stratified medium.” Geophysics, 20, 80, 1955.

31. Brekhovskikh LM, Waves in Layered Media, Academic Press, New York, p. 81, 1980.

32. Plona TJ, Winkler KW, and Schoenberg M, “Acoustic waves in alternating fluid/solid layers,” J. 
Acoust. Soc. Am 81, 1227–1234, 1987.

33. Hughes ER, Leighton TG, Petley GW, and White PR, “Ultrasonic propagation in cancellous bone: 
a new stratified model,” Ultrason. Med. Biol, 25, 881–821, 1999.

Wear Page 7

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34. Alves JM, Xu W, Lin D, Siffert RS, Ryaby JT, and Kaufmann JJ. “Ultrasonic assessment of human 
and bovine trabecular bone: a comparison study.” IEEE Trans. Biomed. Eng 43, 249–258, 1996. 
[PubMed: 8682537] 

35. Pierce AD, Acoustics: An Introduction to Its Physical Principles and Applications (McGraw-Hill, 
New York, 1981), p. 31.

36. Verhoef WA, Cloostermans MJTM, and Thijssen JM. “Diffraction and dispersion effects on the 
estimation of ultrasound attenuation and velocity in biological tissues.” IEEE Trans. Biomed. Eng, 
BME-32, 521–529, 1985.

37. Xu W and Kaufman JJ. “Diffraction correction methods for insertion ultrasound attenuation 
estimation.” IEEE Trans. Biomed. Eng 40, 563–570, 1993. [PubMed: 8262538] 

38. Grenoble DE, Lawrence Katz J, Dunn KL, Gilmore RS, and Lingamurty K, “The elastic properties 
of hard tissues and apatites,” J. Biomed. Mater. Res, 6, 221–233, 1972. [PubMed: 5027322] 

39. Luo G, Kaufman JJ, Chabrera A, Bianco B, Kinney JH, Haupt D, Ryaby JT, and Siffert RS, 
“Computational methods for ultrasonic bone assessment,” Ultrason. Med. Biol 25, 823–830, 1999.

40. Hausler KD, Rich PA, Smith PC, and Barry EB, “Relationships between static histomorphometry 
and ultrasound in the human calcaneus,” Calcif. Tissue. Int 64, 477–480, 1999. [PubMed: 
10341018] 

Wear Page 8

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2022 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. 
Stratified Model. Two materials are arranged in alternating layers. Each material is 

characterized by its first and second Lame’ constants, λ, and μ, as well as its density, ρ. 

The thicknesses of the individual layers are given by h1 and h2. The period of the medium is 

h = h1 + h2. The wave is assumed to propagate in the z direction.
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2. 
Experimental Setup. The calcaneus sample is shown rotated 90 degrees about a vertical axis.
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3. 
(a) Radio frequency data acquired through 0.02” thick polystyrene layers in water. The gated 

region used for analysis is shown by the solid line. (b) Power spectrum from data in (a). 

Multiple reverberations are apparent. The usable bandwidth was from 300 – 700 kHz.
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4. 
Frequency-dependent phase velocity measured through 0.015” polystyrene and 0.02” 

polystyrene layers. Both theoretical (continuous curves) and experimental data are shown. 

Error bars denote standard deviations. The theoretical and experimental data corresponding 

to the 0.02” polystyrene show a rather sharp drop off for frequencies greater than about 500 

or 600 kHz. The theoretical and experimental data corresponding to the 0.015” polystyrene 

show a much more gradual decline.
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5. 
Frequency-dependent phase velocity measured in thirty calcaneus samples. Theoretical 

curves based on material parameters published for synthetic hydroxyapatite [38], powdered 

human femur [38], and cortical bone [39] are also shown. Error bars denote standard errors.
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