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Abstract

Although bone sonometry has been demonstrated to be useful in the diagnosis of osteoporosis, 

much remains to be learned about the processes governing the interactions between ultrasound and 

bone. In order to investigate these processes, ultrasonic attenuation and backscatter in two 

orientations were measured in 43 human calcaneal specimens in vitro at 500 kHz. In the 

mediolateral (ML) orientation, the ultrasound propagation direction is approximately 

perpendicular to the trabecular axes. In the anteroposterior (AP) orientation, a wide range of 

angles between the ultrasound propagation direction and trabecular axes is encountered. Average 

attenuation slope was 18% greater while average backscatter coefficient was 50% lower in the AP 

orientation compared with the ML orientation. Backscatter coefficient in both orientations 

approximately conformed to a cubic dependence on frequency, consistent with a previously 

reported model. These results support the idea that absorption is a greater component of 

attenuation than scattering in human calcaneal trabecular bone.
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Introduction

Bone sonometry has been established as a useful modality for prediction of osteoporotic 

fracture risk.1–12 Most commercial bone sonometers measure attenuation and/or sound 

speed in the calcaneus (heel bone). Despite the documented clinical utility, the physical 

mechanisms underlying the interaction between ultrasound and bone are not completely 

understood yet.

The calcaneus is predominantly composed of trabecular bone and is surrounded by a thin 

cortical shell. The trabecular interior consists of a three dimensional lattice of branching 

spicules and plate-like structures. The spaces between the trabeculae are filled with marrow 

which consists of fat and cellular components of blood constituents. The interfaces between 
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mineralized bone trabeculae and marrow (which have substantially different acoustic 

impedances) are likely candidates for the sources of ultrasonic scattering.

In a previous study conducted in this laboratory, backscattering from calcaneus under 

mediolateral (ML) insonification (which is the orientation employed by commercial 

calcaneus-based bone sonometers), was found to be consistent with a proposed theory in 

which calcaneal trabeculae were modeled as long thin cylinders that are narrow relative to 

the wavelength and long relative to the beam cross section.13 Scattering by a cylinder of an 

incident plane wave propagating perpendicular to the cylinder axis has been studied in 

detail.14,15 (The problem of a plane wave propagating in a direction not perpendicular to the 

cylinder axis is far more complicated and has received less attention). In the low frequency 

limit, it may be shown that the intensity of an inelastically scattered wave is given by14

Is ≅ πω3b4

8rc3 I(1 − 2cosϕ)2 (1)

where Is is the intensity of the scattered wave, I is the intensity of the incident plane wave, b 

is the radius of the cylinder, ω = 2πf where f is the frequency of the wave, c is the speed of 

sound in the medium outside the cylinder, r is the distance from the scatterer to the 

observation point, and ϕ is the angle between the incident plane wave propagation direction 

and the observation direction. Thus, at low frequencies, inelastic scattering is proportional to 

the cube of the ultrasonic frequency at all angles. This is also at least approximately true for 

the elastic case if the material properties of hydroxyapatite are used to characterize the 

cylinder.13,15 (Submicroscopic deposits of calcium phosphate similar to hydroxyapatite are 

the major inorganic constituents of bone.)

The cubic frequency dependence of scattering also would hold for an ensemble of 

unresolvable cylinders provided that the cylinders (trabeculae) are positioned sufficiently 

irregularly that their scattered waveforms may be assumed to add incoherently,13 which 

would appear to be the case for calcaneus (see Figures 1 and 2). The cubic dependence of 

scattering in the ML orientation, in combination with the widely-reported finding that 

attenuation in calcaneus varies approximately as frequency to the first power,1–12 provides 

evidence that in this orientation, absorption is a greater component of attenuation than 

scattering. Some diagnostic promise for backscattering measurements has been 

demonstrated.16–19

Further insight into the nature of the interaction between tissue and ultrasound may be 

obtained by investigation of anisotropy of acoustic properties, as has been done in heart20,21 

and kidney.22 Glüer and co-workers investigated anisotropy of broadband ultrasonic 

attenuation in 10 cubical specimens of purely trabecular bovine bone.23 They found 

attenuation to be 44% – 54% larger along the trabecular axis as compared with the two 

perpendicular axes.

The objective of this paper is to investigate anisotropy of both attenuation and backscatter in 

human calcaneus in vitro. The parameters are measured for mediolateral (ML) and 
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anteroposterior (AP) orientations. Experimental methods are first described, followed by 

results. Finally, these results are discussed in the closing section.

Experimental Methods

Biological Methods

Twenty-two human (gender and age unknown) calcaneus samples were obtained from 

cadavers. They were defatted using a trichloro-ethylene solution. Defatting was presumed 

not to significantly affect measurements since attenuation6,24 and speed of sound24,25 of 

defatted trabecular bone have been measured to be only slightly different from their 

counterparts with marrow left intact. In addition, defatting may not have a profound effect 

on backscatter measurements provided that the acoustic properties of water (which fills 

spaces between trabeculae during the in vitro interrogation of defatted bone) and marrow 

(which normally fills the spaces between trabeculae) are much closer to each other than 

either is compared with the acoustic properties of mineralized bone trabeculae.

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

trabecular bone. Two portions were cut from each calcaneus sample, one from the central 

region and one from the posterior region, as shown in Figure 1. This yielded a total of 43 (22 

calcanae × 2 samples/calcaneum minus one sample which fragmented in the machining 

process and was unusable) specimens each approximately 15 mm (ML) × 15 mm (AP) × 35 

mm (craniocaudal) in size. Samples were interrogated in both the ML and AP orientations. 

Although the trabeculae exhibit a wide range of orientations, they are all oriented 

approximately perpendicular to the ultrasound propagation direction under conditions of ML 

insonification (perpendicular to the plane of Figure 1). In the AP view, on the other hand, a 

variety of trabecular orientations ranging from perpendicular to parallel is encountered by 

the ultrasound beam. See Figures 1 and 2.

In order 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 for the experiment ranged from 21.9 to 

23.4 °C.

Apparent density, the ratio of the dehydrated, defatted tissue mass to the total specimen 

volume,6 was measured for each sample. Mass was measured using a balance. Volume was 

assessed from separate measurements of thickness in the three dimensions using calipers.

Ultrasonic Methods—For some experiments, a Panametrics (Waltham, MA) 5800 pulser/

receiver was used. For the remaining experiments, a MetroTek MP 215 pulser and a 

MetroTek MR 101 receiver were used. Samples were interrogated in a water tank using 

Panametrics 1.00” diameter circular, focussed (focal length = 1.5”), broadband transducers 

with nominal center frequency of 500 kHz. 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.
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Backscatter coefficients were measured using a reference phantom method.26,27 With this 

method, the dependences of measurements on machine-dependent factors (e.g. transducer 

aperture, distance from transducer to sample, transducer electromechanical response, gain 

settings, etc.) are suppressed. A reference phantom, consisting of glass beads in agar, with 

known frequency-dependent backscatter coefficient and attenuation coefficient placed in the 

water tank at the same distance as for the bone samples was used. The backscatter 

coefficient vs. frequency data, η(f), were least-squares fit to a power law, η(f) = Afn over the 

range from 400 kHz to 800 kHz. Both the midband value, η(500 kHz), and the exponent, n, 

were used to characterize backscatter.

The broadband beam may be thought of as a superposition of components at the various 

contributing frequencies. The lower limit of the range of frequencies used for analysis was 

set by the minimum frequency for which the beam cross section at that frequency was such 

that the bulk of the acoustic energy (that portion contained within the −6dB points of the 

beam cross section), could be reliably assumed to be included within the bone specimen. 

This criterion is somewhat conservative in that it does not make use of the fact that the 

directivity pattern of the receiving transducer will also serve to suppress signals that are 

sufficiently laterally displaced from the axis of the beam. The frequency-dependent beam 

profile was established using numerical simulations employing the Huygens-Fresnel 

principle without making the Fresnel approximation (which can break down as source 

dimensions become appreciable relative to the propagation distance).28 The simulated beam 

properties at 400 kHz are illustrated in Figure 3. Since the beam width decreases with 

frequency (beam width at the focal plane is proportional to cz/lf where c is the sound speed, 

f is the frequency, z is the focal distance, and l is the transducer diameter28), frequencies 

above 400 kHz were considered acceptable as far as diffraction considerations were 

concerned. The upper limit of the usable band of frequencies was determined by signal-to-

noise ratio considerations. See Figure 4.

Attenuation was measured using a standard substitution method. Using two opposing 

coaxially-aligned transducers (one transmitter and one receiver), transmitted signals were 

recorded both with and without the bone sample in the acoustic path. Each power spectrum 

was estimated from the average squared magnitude of fast Fourier Transforms of four 

digitized radio frequency signals. Attenuation coefficient was then estimated using a log 

spectral difference technique.29 If the power spectra recorded with and without the bone 

sample in the acoustic path are denoted by Y(f) and X(f) respectively, then

Y (f) = T 4e−2dα(f)X(f) (2)

where T is the amplitude transmission coefficient at each bone/water interface, d is the 

thickness of the bone sample, and α(f) is the frequency-dependent amplitude attenuation 

coefficient. Taking the log spectral difference,

α′(f) = α(f) − 2
dlogT = 1

2d[logX(f) − logY (f)] (3)
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where α′(f) combines the effects of attenuation and transmission losses and may be referred 

to as the apparent attenuation coefficient. If transmission losses are negligible then the 

apparent attenuation coefficient equals the true attenuation coefficient.

Apparent attenuation vs. frequency was least-squares fit to a linear function over the range 

from 400 kHz to 800 kHz. The function was then characterized by its value at 500 kHz and 

the slope of the resulting line. This latter parameter is often referred to as “normalized 

broadband ultrasonic attenuation” (nBUA) in the bone densitometry field6 and “attenuation 

slope” in the most of the rest of the biomedical ultrasonics field.29 The speed of sound in the 

calcaneus, approximately 1475 – 1650 m/s,30 is sufficiently close to that of distilled water at 

room temperature, 1487 m/s,31 that potential diffraction-related errors in this substitution 

method due to the disparity in sound speeds between the two media32,33 may be ignored.30 

Due to the high content of marrow in trabecular bone, the speed of sound is relatively close 

to that of water or soft tissue and much less than that of cortical bone. Note that the slope of 

apparent attenuation versus frequency is relatively unaffected by transmission losses 

provided that T is independent of frequency which is true for dispersionless media.34 

Dispersion in trabecular bone is minimal.30,35–38

Results

The densities of the 43 specimens ranged from 0.16 – 0.43 g/ml. The mean density was 0.27 

g/ml. The standard deviation was 0.07 g/ml. The spectral properties of the broadband 

measurement system are illustrated in Figure 4.

Apparent attenuation at 500 kHz was significantly greater for AP insonification than ML 

insonification. See Table I. The mean ± standard deviation (standard error) for apparent 

attenuation coefficient at 500 kHz in the AP orientation was 7.59 ± 4.51 (0.69) dB/cm 

compared with 4.34 ± 2.83 (0.43) dB/cm in the ML orientation. Apparent attenuation 

coefficients, as functions of frequency, are plotted for the two orientations in Figure 5.

Attenuation slope in the AP orientation was 11.80 ± 7.44 (1.13) dB/cmMHz compared with 

10.01 ± 5.56 (0.85) dB/cmMHz in the ML direction. The difference between AP and ML 

attenuation slopes for individual samples had a mean of 1.79 dB/cmMHz and a standard 

error of 0.96 dB/cmMHz. A t-test revealed that this difference was significantly different 

from zero. (See Table I). These results are consistent with the finding by Glüer et al. that 

attenuation slope is larger along the axis of compressive trabeculae compared with the two 

perpendicular axes in bovine trabecular bone.23

In contrast to attenuation, backscatter coefficient at 500 kHz was significantly lower for AP 

than ML insonification. Backscatter coefficient at 500 kHz in the AP orientation was 0.018 

± 0.016 (0.002) cm−1Sr−1 compared with 0.036 ± 0.042 (0.006) cm−1Sr−1 in the ML 

direction. The difference between AP and ML backscatter coefficients for individual 

samples had a mean of −0.019 cm−1Sr−1 and a standard error of 0.006 cm−1Sr−1. 

Backscatter coefficients, as functions of frequency, are plotted for the two orientations in 

Figure 6.
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The exponents for the power law fits for backscatter coefficient versus frequency were close 

to the cubic model for both orientations. For AP insonification, the exponent was 2.7 ± 1.4 

with a standard error of 0.2. For ML insonification, the exponent was 3.2 ± 1.4 with a 

standard error of 0.2. This approximate frequency-cubed variation is consistent with 

previous findings.13 Cubic fits for experimentally measured backscatter coefficients for the 

two orientations are shown in Figure 6.

Experimental results are summarized in Table I.

Discussion

The anisotropy of attenuation slope measured in the current study is similar to that reported 

by Glüer and co-workers based on their study in 10 cubical specimens of bovine trabecular 

bone.13 Both studies indicate minimal attenuation for insonification perpendicular to the 

predominant trabecular orientation. Glüer et al. found attenuation slope (BUA) to be 44% – 

54% larger along the axis of the compressive trabeculae as compared with the two 

perpendicular axes. The difference between the AP measurements and the ML 

measurements reported in the current study was 18% on the average. This diminished 

difference may be in part attributable to the substantial differences between human calcaneus 

and bovine proximal radius. In addition, while ML insonification in calcaneus fairly closely 

approximates perpendicular incidence to the trabecular axes, AP insonfication in calcaneus 

is associated with a complex variety of angles relative to trabecular orientation. Thus the 

study by Glüer et al. may have been a more controlled comparison of parallel vs. 

perpendicular incidence than the present investigation and hence revealed a greater 

difference. Nevertheless, both studies show the same basic trend.

The measured approximate cubic dependence of backscatter at diagnostic frequencies in the 

ML orientation reinforces an earlier investigation which indicated that not only backscatter 

but total scattering in all directions varies as frequency to the third power.13 Attenuation (the 

combined result of absorption and scattering) in calcaneus is widely reported to vary 

approximately as frequency to the first power.1–12 These two findings could be consistent if 

and only if absorption is a greater component of attenuation than scattering.13 (If, for 

example, scattering were the dominant component, then attenuation would also vary as 

frequency cubed, contrary to empirical observations1–13). The measured approximate cubic 

dependence of backscatter in the AP direction is a previously unreported result. One possible 

explanation for this is that scattering in the AP orientation is dominated by that fraction of 

cylinders which happen to be oriented approximately perpendicular to the ultrasound 

propagation direction. This would also provide some explanation for the diminished 

magnitude of backscatter in the AP orientation (since the effective density of cylinders 

encountered in the AP direction is less than that for the ML direction – see Figures 2, 7 and 

8).

While attenuation was greater, backscatter at 500 kHz was much lower in the AP orientation 

compared with the ML orientation (see Table I). The reduction of scattering in the AP 

orientation may extend to total scattering in all directions (not just backscatter). This would 

be the case if, as stated above, the cylindrical model (see Introduction section) is applicable 
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to the AP orientation as well as the ML orientation (as is suggested by the approximate 

cubic frequency dependence of backscatter13) and the reduction in scattering in the AP 

direction is merely due to a decrease in the effective number of cylinders encountered by the 

incident ultrasound beam. This would imply that the excess attenuation exhibited in the AP 

orientation is not attributable to excess scattering. By default it must be due to excess 

absorption. This would further support the notion that absorption is a greater component of 

attenuation than scattering. Examination of Figures 7 and 8 offers some support for the 

cylindrical model for both orientations, though in the AP case the cylinders appear 

somewhat more jagged.

These results were obtained in vitro from cadaveric specimens with relatively low bone 

mineral density. A certain amount of uncertainty with regard to the extent to which the 

conclusions of this study may be extended to higher density calcanei in vivo should be 

acknowledged.
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Figure 1. 
Calcaneus with lateral cortical sides removed. Two adjacent boxes corresponding to the 

sections cut from each calcaneus for ultrasonic interrogation are shown. Long thin 

trabeculae running throughout the calcaneus are apparent. For mediolateral (ML) 

insonification, the trabecular orientations are approximately perpendicular to the ultrasound 

propagation direction (perpendicular to the figure). The width of the image is 10.5 cm. 

Directions of superoinferior (SI) and anteroposterior (AP) propagation are also indicated.
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Figure 2. 
Two calcaneal sections. The one on the left is shown in the ML orientation. The one on the 

right is shown in the AP orientation. The width of each section is approximately 15 mm. The 

height is approximately 35 mm.
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Figure 3. 
Beam widths (−3 dB and −6 dB) as functions of depth for a 400 kHz ultrasound beam 

emanating from circular piston transducer with a diameter of 25.4 mm and a focal length of 

38.1 mm. The −6 dB beam width is completely contained within the calcaneal section (15 

mm × 15 mm). The −3 dB and −6 dB beam widths at the focal plane predicted by Fourier 

Optics are also shown.
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Figure 4. 
Power spectra from through transmission measurements through water only (dotted line) and 

with bone in the acoustic path (dashed line). The range of frequencies used for analysis is 

shown by the solid line. The lower limit of the analysis band was determined by beam width 

not by signal-to-noise ratio considerations.

Wear Page 13

J Acoust Soc Am. Author manuscript; available in PMC 2021 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Attenuation coefficients, as functions of frequency, for the two orientations. Linear fits to the 

data (solid line: ML, dashed line: AP) are also shown.
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Figure 6. 
Backscatter coefficients, as functions of frequency, for the two orientations. Cubic fits to the 

data (solid line: ML, dashed line: AP) are also shown.
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Figure 7. 
Magnified view of calcaneal trabecular bone from ML orientation. The scale of the image is 

11.8 mm × 8.7 mm.
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Figure 8. 
Magnified view of calcaneal trabecular bone from AP orientation. The scale of the image is 

11.8 mm × 8.7 mm.
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Table I.

Experimental measurements for the 43 human calcaneus samples.

Anteroposterior (AP) Mean ± 
SD (SE)

Mediolateral (ML) Mean ± 
SD (SE)

Difference AP - ML values 
Mean ± SD (SE)

Apparent Attenuation Coefficient at 
500 kHz (dB/cm) 7.59 ± 4.51 (0.69) # 4.34 ± 2.83 (0.43) # 3.25 ± 2.59 (0.40) *

Attenuation Slope or nBUA (dB/
cmMHz) 11.80 ± 7.44 (1.13) 10.01 ± 5.56 (0.85) 1.79 ± 6.29 (0.96) $

Backscatter Coefficient at 500 kHz 
(cm−1Sr−1)

0.018 ± 0.016 (0.002) # 0.036 ± 0.042 (0.006) # −0.019 ± 0.039 (0.006) *

Exponent (n) from power law fit to 
backscatter coefficient vs. frequency, 
BC = Afn

2.7 ± 1.4 (0.2) 3.2 ± 1.4 (0.2) -

The asterisk (*) and dollar ($) symbols denote that the null hypothesis that the mean difference equals zero can be rejected at the 95% and 90% 
confidence levels respectively. The pound sign (#) denotes that the null hypothesis that the means from the AP and ML distributions are equal can 
be rejected at the 95% confidence level.
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