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Abstract

A model describing the frequency dependence of backscatter coefficient from trabecular bone is 

presented. Scattering is assumed to originate from the surfaces of trabeculae, which are modeled 

as long thin cylinders with radii small compared with the ultrasonic wavelength. Experimental 

ultrasonic measurements at 500 kHz, 1 MHz, and 2.25 MHz from a wire target and from 

trabecular bone samples from human calcaneus in vitro are reported. In both cases, measurements 

are in good agreement with theory. For mediolateral insonification of calcaneus at low frequencies, 

including the typical diagnostic range (near 500 kHz), backscatter coefficient is proportional to 

frequency cubed. At higher frequencies, the frequency response flattens out. The data also suggest 

that at diagnostic frequencies, multiple scattering effects on the average are relatively small for the 

samples investigated. Finally, at diagnostic frequencies, the data suggest that absorption is likely to 

be a larger component of attenuation than scattering.
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Introduction

Osteoporosis is a major public health issue. In the United States, over 1.5 million fractures 

attributed to osteoporosis occur each year. These include fractures in vertebrae (500,000), 

hip (250,000), and distal forearm (240,000) with annual treatment-related cost exceeding 

$10,000,000,0001.

Bone mineral density (BMD) is one of the primary predictive risk factors for osteoporotic 

fracture2–7. An expert panel of the World Health Organization (WHO) has proposed 

diagnostic criteria for osteoporosis based on BMD measurements. The WHO criteria were 

recently applied to femoral BMD measured by dual energy x-ray absorptiometry (DEXA) in 

men and women participating in the third National Health and Nutrition Examination Survey 

(NHANES III), 1988–19945. The prevalence of osteoporosis (defined by WHO as BMD 

below a threshold equal to 2.5 standard deviations below the mean of young normal 

nonHispanic Caucasian women, a threshold intentionally chosen so that the prevalence 
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would approximate that of lifetime osteoporotic fractures in Caucasian women) in the USA 

is 13–18% or 13–17 million5.

Common methods for assessing bone density include DEXA and quantitative computed 

tomography (QCT). These methods are expensive, involve ionizing radiation, and require 

relatively sophisticated equipment and are often unavailable in smaller hospitals with low 

caseloads. Finally, while these measurements correlate relatively well with bone mineral 

density, they are not necessarily very sensitive to micro-architecture or to the protein matrix 

of bone (which are also important determinants of fracture risk).

Approaches based on ultrasound offer advantages including low cost, lack of ionizing 

radiation, speed, simplicity, and portability. Most current methods are based on broadband 

ultrasonic attenuation (BUA) and speed-of-sound (SOS) measurements in the calcaneus. It 

has been demonstrated that ultrasonic attenuation is highly correlated with calcaneal mass 

density.8–11 Calcaneal ultrasonic measurements (BUA combined with SOS) have been 

shown to perform well for prediction of hip fractures in elderly women in prospective12,13 

and retrospective14–16 studies. Despite this diagnostic utility, the fundamental mechanisms 

underlying the interaction between ultrasound and calcaneus are not well understood 

presently.

Measurements of ultrasonic backscattering properties may provide additional useful 

information. The decreased number and size of trabeculae (which may serve as scattering 

sites) within bone that accompany the aging process would be expected to reduce 

backscatter. The clinical feasibility and diagnostic promise of this measurement have already 

been demonstrated.17–19

The objective of this paper is to investigate mechanisms underlying ultrasonic scattering in 

trabecular bone. Toward this end, a theoretical model for ultrasonic scattering from 

trabecular bone is presented and subsequently tested experimentally. Tests are performed to 

assess the magnitude of multiple scattering effects in trabecular bone.

Theory

Bone tissue may be classified into two types: cortical (or compact) bone and trabecular (or 

spongy) bone. Cortical bone is most abundant in the shafts of long bones such as the tibia, 

though it constitutes the outer shell of every bone in the body. Trabecular bone is 

concentrated in the vertebrae, pelvis, calcaneus, and at the ends of long bones, though it is 

present in the interiors of all bones. The calcaneus is predominantly composed of trabecular 

bone covered by a thin cortical shell. Trabecular bone consists of a three dimensional lattice 

of branching spicules or plates. The spaces between the trabeculae are filled with marrow, 

which consists of fat and cellular components of blood constituents. In this paper, scattering 

from trabecular bone is investigated.

Trabeculae within bone are postulated to be the principle sources of ultrasound scattering 

and are modeled here as cylinders with diameters that are small relative to the ultrasonic 

wavelength. In addition, it is assumed that these cylinders are long relative to the ultrasound 

beam cross-section and are oriented perpendicular to the ultrasound propagation direction. 
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Figure 1 shows the presence of long thin trabeculae within the interior of a calcaneus which 

is consistent with this model. Although the trabeculae exhibit a myriad of orientations, they 

are all approximately perpendicular to the ultrasound propagation direction provided that the 

bone is interrogated in the mediolateral (or lateromedial) direction (perpendicular to the 

plane of Figure 1). A typical value for human calcaneal trabecular thickness is 120 ± 10 μm 

(mean ± standard deviation).20 The wavelengths of ultrasound (in water) used in the 

experiment were much larger and ranged from 3.1 mm (at 500 kHz) to 0.7 mm (at 2.25 

MHz).

The intensity of an acoustic wave scattered from a solid cylinder, Is, is given by21,22

Is = Ia
πr |φs(ϕ)|2 (1)

where I is the intensity of the incident plane wave, a is the radius of the cylinder, r is the 

distance from the cylinder axis to the observation point, and

|φs(ϕ) |2 = 1
ka ∑

m = 0

∞
∑

n = 0

∞
εmεn sin ηm sin ηn cos(ηm − ηn)cos(mϕ)cos(nϕ) (2)

where ϕ is the angle between the incident and observation directions, k = 2π/λ, λ is the 

wavelength in the fluid surrounding the scatterer, ε0 = 1, εm = 2 (m > 0), ηm is the phase 

angle for scattering from a cylinder given by21

tan ηn = tan δn(x) tan Φn + tan αn(x)
tan Φn + tan βn(x) (3)

where x = ka,

δn(x) = tan−1[ − Jn(x)/Nn(x)], (4)

αn(x) = tan−1[ − xJn′(x)/Jn(x)], (5)

βn(x) = tan−1[ − xNn′(x)/Nn(x)], (6)

and

tan Φn = ( − ρ/ρ1)tan ζn(x1, σ), (7)

where, Jm and Nm correspond to Bessel and Neumann functions, primes denote 

differentiation, ρ is the density of the fluid surrounding the scatterer, ρ1 is the density of the 

cylindrical scatterer, and σ = Poisson’s ratio. For inelastic scattering, tan Φn = 0 for all n. In 

general, the scattering phase angle, ζn(x1, σ) is given by
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tan ζn(x1, σ) = −
x2

2

2

tan αn(x1)
tan αn(x1) + 1 − n2

tan αn(x2) + n2 − x2
2/2

tan αn(x1) + n2 − x2
2/2

tan αn(x1) + 1 − n2[tan αn(x2) + 1]

tan αn(x2) + n2 − x2
2/2

(8)

where x1 = k1a, x2 = k2a, k1 = ω/c1, k2 = ω/c2, c1 = the compressional wave velocity in the 

scatterer, and c2 = the shear wave velocity in the scatterer. Since the ratio of x1 to x2 is 

completely determined by σ, ζn may be expressed simply as a function of x1 and σ. For 

backscatter, ϕ = 180°.

Scattered intensities for both inelastic (solid line) and elastic (dashed line) scattering from a 

cylinder as functions of ka are shown in Figure 2. For the elastic case, material properties for 

hydroxyapatite (c1 = 6790 m/s, ρ = 3.22 g/cm3, and σ = 0.28)23,24 scatterers in water (c1 = 

1480 m/s at 20°C and ρ = 1.00 g/cm3) were assumed. Submicroscopic deposits of calcium 

phosphate, similar but not necessarily identical to hydroxyapatite, Ca10(PO4)6(OH)2, are the 

major inorganic constituents of bone.25 Anderson, Soo, and Trahey, in modeling 

microcalcifications in the breast, performed a similar comparison in which they employed 

inelastic and elastic models for spherical scatterers composed of hydroxyapatite.24 The 

relationship between inelastic and elastic scattered intensities are very similar for the two 

different shapes. For both cylinders and spheres, there are four roughly equally spaced 

maxima in the range 0 < ka < 5. The locations of the maxima are approximately the same for 

the elastic and inelastic cases. For both cylinders and spheres, the first elastic peak is lower 

in magnitude than the first inelastic peak, while the second through fourth elastic peaks are 

higher in magnitude.

In the low frequency limit (ka << 1), it may be shown that the intensity of the inelastically 

scattered wave is given by22

Is ≅ πk3a4

8r I(1 − 2cosϕ)2 . (9)

Thus, in the low frequency limit, inelastic scattering becomes proportional to the cube of the 

ultrasonic frequency at all angles. This is at least approximately true for the elastic case, as 

can be seen in Figure 3, where cubic fits agree well with scattered wave intensities at various 

angles. The angular distribution of scattering at 500 kHz is illustrated in Figure 4. Scattering 

is most prominent in the backward direction.

This theory applies to a single cylindrical scatterer. It can also describe the frequency 

dependence of scattering from a superposition of scattered signals from many cylindrical 

sources provided two conditions are satisfied. The first condition is that echoes from 

different sources add incoherently. This will occur if the cylindrical scatterers are positioned 

sufficiently randomly that the phases of their scattered waves may be taken to be uniformly 

distributed on the interval from 0 to 2π.26,27 The second condition is that the effects of 

multiple scattering are negligible.
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Experimental Methods

Biological Methods

Sixteen human (gender and age unknown) calcaneus samples were obtained. They were 

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

affect measurements since attenuation11,28 and speed of sound28,29 of defatted trabecular 

bone have been measured to be only slightly different from their counterparts with marrow 

left intact. The cortical lateral sides were sliced off leaving two parallel surfaces with direct 

access to trabecular bone. The thicknesses of the samples varied from 14 to 21 mm. 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 was measured for each experiment and ranged between 19.1 

°C and 21.2 °C. The relative orientation between the ultrasound beam and the calcanei was 

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

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

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

volume,11 was measured for each sample. Mass was measured using a balance. Volume was 

assessed from separate measurements of thickness and cross-sectional area. Thickness 

between the two parallel planar surfaces (cut by machine) was measured using calipers. 

Cross-sectional areas were measured by computer processing of scanned images of the 

samples.

Ultrasonic Methods

In addition to the bone samples, a wire oriented perpendicular to the ultrasound propagation 

direction was interrogated. These measurements were used to validate the measurement 

methodology and the numerical computation for the frequency-dependent backscatter from a 

cylinder (Equation 2 with ϕ=180°). Repeated measurements were performed in order to 

generate means and standard deviations.

A Panametrics (Waltham, MA) 5800 pulser/receiver was used. Samples were interrogated in 

a water tank using Panametrics circular, focussed, broadband transducers with center 

frequencies of 500 kHz, 1 MHz, and 2.25 MHz. 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.

Backscatter coefficients were measured using a reference phantom method.30 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 minimized. A reference phantom with known frequency-dependent 

backscatter coefficient, ηR(f), and attenuation coefficient, αR(f), placed in the water tank at 

the same distance as for the bone samples was used. The phantom consisted of glass spheres 

in agar with αR(f)=0.124f1.63 dB/cm, c = 1556 m/s, ηR(f)=1.15×10−4, 1.46×10−3, and 

9.35×10−3 cm−1Sr−1 at 500 kHz, 1 MHz, and 2.25 MHz respectively. Power spectra from the 
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bone samples, IB(f), and the phantom IR(f) were acquired. The backscatter coefficient, ηB(f), 

is then obtained from

ηB(f) = 1
T 4

G[αB(f), l]
G[αR(f), l]

IB(f)
IR(f)ηR(f) (10)

where T is the amplitude transmission coefficient at the water/bone interface. Due to the 

high degree of porosity of the samples, T was assumed to be one.31 The function G[α(f), l] 

compensates for attenuation effects and is given by26

G[α(f), l] = 4α(f)l
1 − e−4α(f)l (11)

where l is the gate length. Good agreement between experimental measurements using this 

method and theoretical predictions based on Faran’s theory of scattering from spheres21 for 

ultrasonic backscatter coefficients from phantoms has been previously reported by this 

laboratory.32 (Note that Equation 11 differs from a previously used attenuation 

compensation function19 since in the present experiment there was water rather than tissue 

or phantom between the transducer and the gated volume).

Attenuation measurements were required in order to compensate signals prior to backscatter 

coefficient estimation. Attenuation was measured using a standard through-transmission 

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. The bone samples were larger in cross-sectional area than the receiving 

transducer apertures. Attenuation coefficient was then estimated using a log spectral 

difference technique.33 In principle, this substitution technique can exhibit appreciable error 

if the speed of sound differs substantially between the sample and the reference.34 However, 

one study indicates that this diffraction-related error is negligible in the calcaneus.31 

Evidently the speed of sound in the calcaneus, approximately 1475 – 1650 m/s31, is 

sufficiently close to that of distilled water at room temperature, 1487 m/s,35 that diffraction-

related errors may be ignored.

Results

The means and standard deviations for the measured properties of the calcaneus samples 

were 0.33 ± 0.11 g/ml (apparent density), 9.94 ± 5.74 dB/cmMHz (attenuation slope), and 

0.062 ± 0.066 cm−1Sr−1 (backscatter coefficient at 500 kHz).

Figure 5 shows experimental measurements of backscatter coefficient for the wire target. 

Also shown are the general frequency dependent inelastic backscatter (Equation 1 with 

ϕ=180°) and the low frequency cubic approximation (Equation 9 with ϕ=180°) based on the 

actual radius of the wire (a = 191 μm). The magnitudes of the theoretical curves were 

arbitrarily adjusted to fit the data. Good agreement in frequency dependence between theory 

and experiment may be seen.
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Figure 6 shows experimental measurements of average backscatter coefficient for the 16 

calcaneus samples. Also shown are the general frequency dependent backscatter (Equation 1 

with ϕ=180°) for both the inelastic model (solid line) and the elastic model (dashed line) as 

well as the low frequency cubic approximation (Equation 9 with ϕ=180°) assuming the 

material properties for hydroxyapatite given above and a = 60 μm.20 Again, the magnitudes 

of the theoretical curves were arbitrarily adjusted to fit the data. There is little difference in 

the frequency dependences for the inelastic and elastic models in the low frequency range 

examined here. Good agreement in frequency dependence between both theoretical models 

and experiment may be seen. The low frequency data (300 – 700 kHz) were least squares fit 

to power law functions, Afn, where A is an arbitrary multiplicative constant and n is the 

exponent. For the 16 samples, n was found to be 3.26 ± 0.20 (mean ± standard error), very 

close to the expected cubic dependence.

Figure 7 shows frequency dependent experimental measurements for backscatter coefficients 

for the bone samples, now divided into two subgroups: the 8 lowest density and the 8 highest 

density. Both subgroups exhibit essentially the same frequency dependence. The high-

density group backscatters more strongly in a uniform fashion throughout the set of 

frequencies employed. The means and standard errors of ratios of high-to-low backscatter 

coefficients were comparable for all three transducer center frequencies: 2.4 ± 0.6 (500 kHz 

data), 2.5 ± 0.3 (1 MHz data), and 2.3 ± 0.3 (2.25 MHz data).

Discussion

A model describing the frequency dependence of backscatter coefficient from trabecular 

bone has been presented. Scattering was assumed to originate from the surfaces of 

trabeculae, which were modeled as long thin cylinders with radii small compared with the 

ultrasonic wavelength. Experimental ultrasonic measurements at 500 kHz, 1 MHz, and 2.25 

MHz from a wire target and from trabecular bone samples from human calcaneus in vitro 
have been presented. In both cases, measurements were in good agreement with theoretical 

predictions. For insonification in the mediolateral direction at low frequencies (ka << 1), 

including the typical diagnostic range (near 500 kHz), backscatter coefficient is proportional 

to frequency cubed. At higher frequencies, the frequency response flattens out.

The data presented here have implications with regard to the relative roles of scattering and 

absorption in determining attenuation in trabecular bone at diagnostic frequencies. 

Attenuation in the range between 300 kHz and 700 kHz has been found in numerous studies 

to be approximately proportional to frequency to the first power.8–11 The theoretical model 

presented here predicts that, at low frequencies, scattering in all directions is approximately 

proportional to frequency cubed. These two different frequency dependences could be 

consistent if absorption is a larger component of attenuation than scattering.

The data presented here suggest that, at typical diagnostic frequencies (near 500 kHz), the 

effects of multiple scattering on the average are relatively small for the samples investigated. 

This is evidenced in Figure 6 as, in the low frequency regime, the theoretically expected 

frequency cubed dependence of backscatter coefficient was observed. Multiple scattering, if 

present, would have had the effect of applying additional high pass (frequency cubed) 
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filtering to the echoes (via multiple scatters), resulting in a measured backscatter coefficient 

with a more rapid than cubic frequency dependence. Even if multiple scattering were 

present, the relatively high attenuation coefficient of trabecular bone would tend to suppress 

it as multiply scattered waves tend to traverse longer path lengths than singly scattered 

waves.

Measurements of the frequency dependence of scattering might in principle be used to infer 

scatterer size (here trabecular width), similar to methodology successfully employed by 

Insana and co-workers to evaluate sizes of different scattering components in kidney.36–38 

However, several factors would make accurate, diagnostically-useful determination of 

trabecular width extremely challenging. First, the size of the calcaneus is rather small, 

limiting the quantity of data that can be averaged for backscatter coefficient estimation. 

Second, the high attenuation coefficient of calcaneus limits the bandwidth of frequencies 

available for analysis.

Figure 7 illustrates the potential diagnostic utility of the backscatter coefficient 

measurement. That is, higher backscatter coefficients are associated with denser bones. This 

result reinforces a previously published finding in normal individuals in vivo in which a 

measure of the magnitude of ultrasonic backscatter was found to correlate highly with bone 

density assessed using QCT.19
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Figure 1. 
Calcaneus sample with lateral cortical layers removed. Long thin trabeculae are apparent.
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Figure 2. 
Theoretical backscatter from a hydroxyapatite cylinder immersed in water as a function of 

ka where k = 2π/λ and a is the radius. The solid curve corresponds to the inelastic model 

and the dashed curve corresponds to the elastic model.
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Figure 3. 
The logarithm of the intensity of an elastically scattered wave from a hydroxyapatite 

cylinder vs. frequency for various angles (ϕ). Also shown are cubic fits to the data. The 

apparent juxtaposition of the 0° and 30° data is due to minima in the angular distribution at 

±25°.
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Figure 4. 
Angular distribution of scattering for the inelastic case (solid line) and elastic case (dashed 

line). Scattering is most prominent in the backward direction.
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Figure 5. 
Backscatter from a wire test object. The solid curve is the theoretical frequency-dependent 

backscatter from a rigid cylinder (Equation 1 with ϕ=180°) based on the actual radius of the 

wire (a = 191 μm). The chain-dashed curve is the low frequency cubic approximation 

(Equation 9 with ϕ=180°). The magnitudes of the theoretical curves were arbitrarily selected 

to fit the data. Good agreement in frequency dependence between theory and experiment 

may be seen. Error bars denote standard errors of measurements. The three symbols 

correspond the center frequencies of the three transducers used: 500 kHz (circle), 1 MHz 

(+), and 2.25 MHz (x).
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Figure 6. 
Experimental measurements of average backscatter coefficient for the 16 calcaneus samples. 

Also shown are the inelastic (solid line) and elastic (dashed line) frequency dependent 

backscatter coefficients (Equation 1 with ϕ=180°) based on a published value for the average 

radius of calcaneal trabeculae. The dotted line is the low frequency cubic approximation 

(Equation 9 with ϕ=180°). Again, the magnitudes of the theoretical curves were arbitrarily 

selected to fit the data. Good agreement in frequency dependence between theory and 

experiment may be seen. Error bars denote standard errors of measurements. The three 

symbols correspond the center frequencies of the three transducers used: 500 kHz (circle), 1 

MHz (+), and 2.25 MHz (x).
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Figure 7. 
Frequency dependent experimental measurements for backscatter coefficients for two 

subgroups of the bone samples: the 8 lowest density (circle) and the 8 highest density (+). 

Both subgroups exhibit essentially the same frequency dependence. The high-density group 

backscatters more strongly in a uniform fashion throughout the set of frequencies employed. 

Error bars denote standard errors of measurements.
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