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Abstract

Broadband Ultrasound Attenuation (BUA) is a clinically-proven indicator of osteoporotic fracture 

risk. BUA measurements are typically performed in through-transmission with single-element 

phase sensitive (PS) receivers and therefore can be compromised by phase cancellation artifact. 

Phase-insensitive (PI) receivers suppress phase cancellation artifact. In order to study the effect of 

phase cancellation on BUA measurements, through-transmission measurements were performed 

on 16 human calcaneus samples in vitro using a two-dimensional receiver array that enabled PS 

and PI BUA estimation. The means ± standard deviations for BUA measurements were 22.1 

± 15.8 dB/MHz (PS) and 17.6 ± 7.2 dB/MHz (PI), suggesting that, on the average, approximately 

20% of PS BUA values in vitro can be attributed to phase cancellation artifact. Therefore, although 

cortical plates are often regarded as the primary source of phase cancellation artifact, the 

heterogeneity of cancellous bone in the calcaneal interior may also be a significant source. 

Backscatter coefficient estimates in human calcaneus that are based on PS attenuation 

compensation overestimate 1) average magnitude of backscatter coefficient at 500 kHz by a factor 

of about 1.6 ± 0.3 and 2) average exponent (n) of frequency dependence by about 0.34 ± 0.12 

(where backscatter coefficient is fit to a power law form proportional to frequency to the nth 

power).
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Introduction

Quantitative Ultrasound (QUS) is a clinically-accepted modality for osteoporotic fracture 

risk assessment [1, 2]. Broadband Ultrasound Attenuation (BUA) reflects bone mineral 

density (BMD) [3–15] and mechanical properties [8, 9, 12, 16], both of which are related to 

fracture risk. Calcaneal BUA has been demonstrated to have a strong connection with 

osteoporotic fractures in prospective [17–24] and retrospective [25–32] studies. Anisotropy 

studies suggest that BUA, unlike BMD, is sensitive not only to the quantity of bone 
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intercepting the ultrasound beam but also to the physical arrangement of the bone [33–35]. 

QUS is cheaper, faster, simpler, and more portable than its x-ray counterparts: dual-energy 

x-ray absorptiometry (DEXA) and quantitative computed tomography (QCT). Unlike x-ray 

methods, QUS produces no ionizing radiation. A recently-developed handheld through-

transmission calcaneal QUS device appears to represent a significant advance in portability 

compared with current commercial QUS devices [36]. Despite recent progress in QUS, 

improvements are needed in order to foster greater clinical acceptance [37].

BUA is usually measured in the calcaneus using two single-element phase-sensitive (PS) 

broadband transducers in through-transmission geometry. Most studies listed above report 

that attenuation coefficient exhibits an approximately linear dependence on frequency in the 

diagnostic frequency range (about 300 – 700 kHz). Two studies have confirmed quasi-

linearity up to about 2 MHz [38, 39].

Ultrasonic attenuation measurements can be compromised by phase cancellation [40–45]. 

Phase cancellation reduces the amplitude of the measured attenuated signal and therefore 

leads to overestimation of attenuation. Moreover, phase cancellation usually increases with 

frequency and therefore also tends to lead to overestimation of the slope of attenuation 

coefficient vs. frequency measurements (which is equivalent to “normalized” BUA or 

nBUA). Phase cancellation can be suppressed using so-called phase-insensitive (PI) 

processing [40–43]. PI processing is impossible with single-element PS receivers but 

possible with arrays (see Methods section).

The first goal of this paper was to investigate the effects of phase cancellation on estimates 

BUA and nBUA in human calcaneus. Petley et al. reported an average difference between 

PS BUA and PI BUA of 31.2 dB/MHz (10 human calcanea in vivo) [44]. Strelitzki et al. 
reported an average difference of 4.4 dB/MHz (10 human calcanea in vitro) [45]. Wear 

reported an average difference of 14.2 dB/MHz (73 female calcanea in vivo) [46]. The 

present paper describes another in vitro study on the effect of phase cancellation on BUA 

measurements in cancellous bone, but with some improvements over the previous study by 

Strelitzki et al. [45]: First, the array element size was 2 mm instead of 5 mm, resulting in 

better spatial resolution. Second, the number of receiver elements was 52 instead of 9, 

resulting in finer sampling.

The second goal of this paper was to investigate the effects of phase cancellation on 

estimates of backscatter coefficient in human calcaneus. Many studies report estimates of 

backscatter coefficients that depend on PS estimates of attenuation coefficient for 

compensation of backscatter measurements [47–55]. Overestimation of attenuation (e.g. due 

to phase cancellation artifact) leads to overcompensation for the effects of attenuation 

throughout the scattering volume, and therefore overestimation of backscatter coefficient. 

The magnitude of this effect is explored in the present paper.
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Methods

Bone Samples

16 human calcaneus samples (both genders, ages unknown) were defatted using a trichloro-

ethylene solution. All internal and external soft tissues were removed. The lateral cortical 

layers were sliced off leaving two parallel surfaces with direct access to trabecular bone. The 

thicknesses of the samples averaged 18 mm. 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 relative orientation between the ultrasound beam 

and the calcanea was the same as with in vivo measurements performed with commercial 

bone sonometers, in which ultrasound propagates in the mediolateral direction.

Ultrasonic Data Acquisition and Analysis

An Achilles Insight ® (General Electric Lunar Corporation, Madison, WI) clinical bone 

sonometer was used. This system uses a circular (25.4 mm diameter) broadband piston 

transducer (center frequency = 500 kHz) for transmission of ultrasound. Radiofrequency 

(RF) data were acquired using 52 central elements of the Insight’s 590-element 2D receiver 

array. The central 52 elements were bounded by a 25.4 mm diameter circle that was co-axial 

with the transmitter. The element spacing was 3.175 mm. The element size was about 2 mm. 

The beam propagation distance was approximately 10 cm. Data were digitized at 10 MHz. 

The Achilles Insight displays a real-time attenuation image in order to facilitate accurate 

positioning of the sample prior to data acquisition.

PS power spectra were obtained by 1) summing 52 time domain RF signals from the central 

elements of the 2D receiver array, and 2) taking the squared modulus of the Fast Fourier 

Transform (FFT). PI power spectra were obtained by 1) computing the magnitude of the 

FFT for each of the 52 time domain RF signals, 2) summing the 52 FFT magnitudes, and 3) 

squaring.

A calibration spectrum was obtained by performing a measurement with only a water path 

between the transmitter and receiver. BUA was computed from the slope of a least-squares 

regression to the logarithm of the frequency-dependent signal loss (difference between 

calibration and data spectra). The analysis bandwidth was from 400 kHz to 700 kHz (which 

corresponded to the frequency band of maximum signal-to-noise ratio). Often in biomedical 

ultrasound, this slope is normalized to the thickness of the sample to yield “attenuation 

slope” or nBUA (normalized BUA). This is usually not done in clinical bone sonometry, 

however, since the bone thickness is usually unknown in vivo. (However, recent systems that 

perform two-sided pulse-echo interrogation have the capability to measure calcaneal 

thickness in vivo [56, 57]). Thicker bones tend to have less fracture risk so it can be useful 

for a diagnostic measurement to convey bone thickness information in addition to bone 

material properties. (Similarly, BMD is an areal rather than a volumetric measurement, 

measured in g/cm2 rather than g/cm3.) Therefore, BUA is generally reported in units of 

dB/MHz rather than dB/cmMHz. In the present study, both nBUA and BUA were computed. 

Since the calcaneal thicknesses were fairly constant (18 ± 2 mm), 1) BUA values in dB/MHz 
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were approximately 1.8 times nBUA values in dB/cmMHz, and therefore 2) BUA and nBUA 

exhibited similar trends.

In order to estimate backscatter coefficient, backscatter measurements must be compensated 

for the effects of attenuation throughout the scattering volume. Most previous reports of 

backscatter coefficient measurements in cancellous bone [47–55] use a frequency-dependent 

attenuation compensation factor presented by O’Donnell and Miller [58].

F[α( f ), x0, z] = e
4α( f )x0 4α( f )z

e2α( f )z − e−2α( f )z

where f is frequency, α is the attenuation coefficient, x0 is the distance from the transducer 

to the center of the scattering volume, and z is the length of the scattering volume. (Oelze 

and O’Brien reported a comprehensive comparison of various frequency-dependent 

attenuation-compensation functions [59].) The effect of using a PS estimate of α(f) rather 

than a PI estimate of α(f) to compensate for attenuation has the effect of multiplying the 

backscatter coefficient estimate by a frequency-dependent attenuation compensation factor 

ratio,

R( f , x0, z) =
F[αPS( f ), x0, z]
F[αPI( f ), x0, z] .

Over the usable bandwidth of a typical transducer, backscatter coefficient measurements 

from cancellous bone approximately obey a power law [47–55]. If the PS-attenuation-

compensation-based and PI-attenuation-compensation-based estimates of backscatter 

coefficient obey power laws, i.e. ηPS(f) ≈ Af n and ηPI(f) ≈ Bf m, and if R(f, x0, z) ≈ Cf p 

(over a sufficiently narrow analysis bandwidth), then A = BC and n = m + p. Therefore, the 

effect of using a PS estimate of α(f) rather than a PI estimate of α(f) to compensate for 

attenuation is 1) to multiply the midband backscatter coefficient estimate by Cf0 p (where f0 

is the midband frequency), and 2) to elevate the exponent of frequency dependence by p. In 

order to characterize the effects of using PS attenuation estimates on backscatter coefficient 

estimates, frequency-dependent attenuation compensation factor ratios were computed for 

each pair (PS and PI) of attenuation measurements for each bone assuming typical 

parameters (f0 = 500 or 800 kHz, x0 = 8 mm, z = 1 cm). The frequency-dependent functions 

were averaged (over all 16 bones) and fit to a power law R(f, x0, z) ≈ Cf p.

Results

Figure 1 shows PS and PI measurements of signal loss (including reflection losses and 

attenuation) vs. frequency from the 16 human calcaneus samples. As expected, the PS 

measurements were higher, due to phase cancellation artifacts. The linear extrapolations to 

zero frequency for the two processing methods were comparable: 5.4 dB (PS) and 5.0 dB 

(PI).
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Figure 2 shows nBUAPI vs. nBUAPS for the 16 human calcaneus samples. For low values of 

attenuation, the two were nearly equal. At higher values of attenuation, PS values tended to 

be higher. The same trend was reported previously for measurements in vivo [46]. Table I 

shows means and standard deviations for PS and PI values for nBUA and BUA. The 

correlation coefficient between nBUAPI and nBUAPS was 0.94 (95% confidence interval: 

0.83 – 0.98). The least-squares linear fit was nBUAPI = 0.32 dB/cmMHz + 0.77 * nBUAPS. 

BUA exhibited similar trends (see Methods section).

Figure 3 shows PS and PI attenuation compensation factors, F[α(f), x0, z], for a bone 

sample. The PS attenuation compensation factor is higher over all frequencies and has a 

steeper rate of increase with frequency.

Figure 4 shows the ratio of attenuation compensation factors, R(f, x0, z), averaged over all 

16 bones, which was closely modeled by a power law from 0.4 to 1.2 MHz, a frequency 

band used in many reports of backscatter coefficient measurements from human calcaneus 

[49, 50, 52–55]. A power law fit over this frequency range yielded R(f, x0, z) ≈ (2.1±0.5) f 
0.39±0.15. (It is reasonable to linearly extrapolate measurements of attenuation obtained in the 

range from 400 kHz to 700 kHz to frequencies up to 1.2 MHz because attenuation in 

cancellous bone is quasi-linear up to about 2 MHz [38, 39].) A power law fit from 0.3 – 0.7 

MHz, another commonly used frequency band [47, 48, 51], yielded a similar result, R(f, x0, 
z) ≈ (2.0±0.5) f 0.34±0.12.

Discussion

Strelitzki et al. published a pioneering report comparing PS and PI BUA measurements in 

human calcaneus samples in vitro [45]. In order to build upon that work, the present study 

performed PS and PI BUA measurements on human calcaneus samples in vitro using 

superior measurement hardware. This study suggests that the phase cancellation effects 

account on the average for about 20% of PS BUA in vitro.

Table 2 gives a summary of four experimental studies, including the present one, that 

compare PS and PI measurements of BUA. Differences in results may be explained in terms 

of differences in study populations and measurement methodology:

The two in vivo studies exhibited larger levels of BUA than the two in vitro studies. Primary 

factors responsible for this probably include 1) presence of cortical plates, and 2) generally 

younger study population (and in Petley’s study, the inclusion of males) with thicker 

calcaneus and higher BMD. (In order to help resolve the relative importance of these factors, 

an interesting future study could compare PS and PI BUA for calcaneus samples in vitro 
before and after cortical plate removal.) Other factors may include 1) presence of 

surrounding soft tissue and 2) temperature differences. (For further discussion of possible 

explanations for the differences between these two in vivo studies, see Reference 46).

The values for BUA in the present in vitro study were approximately 50% lower than those 

in the study by Strelitzki et al. [45]. One likely primary explanation is the absence of marrow 

in the present study. Note that Nicholson and Bouxsein found nBUA to be 30% lower in 
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water-filled (compared with marrow-filled) human calcaneus samples (12.8 vs. 18.4 dB/

cmMHz) [60].

Langton et al. argued (based on computer simulation and experiments on Perspex plates) 

that increases in BUA measurements due to the presence of cortical plates are likely 

primarily due to phase cancellation artifacts produced by curved cortical surfaces rather than 

absorption effects [61]. Xia et al. also argued (based on a theoretical model and experiments 

on 18 cadaver calcanea) that cortical plates have a significant effect on BUA [62].

Many investigators summarize the frequency dependence of backscattering from cancellous 

bone by performing power law fits (η(f)=Af n) to frequency-dependent backscatter 

coefficient measurements and reporting the exponent n of the fit. Wear reported an average 

value of n = 3.26 ± 0.20 (standard error) in human calcaneus (300–700 kHz), which is a 

little higher than the value of approximately 3 predicted by the Faran Cylinder model [47]. 

Subsequently, Chaffai et al. measured 3.38 ± 0.31 (standard error) in human calcaneus (0.4–

1.2 MHz), which is close to the value of 3.48 predicted by the Weak Scattering model [49]. 

Padilla et al. measured 3.1 ± 1.09 (standard deviation) in human femur (0.4–1.2 MHz) [54]. 

Since all these backscatter measurements were compensated by PS attenuation functions, it 

is likely phase cancellation artifact inflated estimated exponents (n) by about 0.3 to 0.4, 

suggesting that the experimental exponents should be reduced to the 2.9 – 3.0 range for 

calcaneus and around 2.7 for femur. Even after adjustment for phase cancellation artifacts, 

frequency-dependence measurements are still in rough agreement with theoretical models, 

given the accuracy and precision of backscatter measurements, which are limited by many 

factors including small scattering volumes, sample heterogeneity, multiple scattering, and 

coherent scattering effects.

Conclusion

Phase cancellation artifacts are significant and can account, on the average, for 

approximately 20% of measurements of BUA in human calcaneus in vitro. Previously 

reported measurements of magnitude and frequency dependence of backscatter coefficients 

from cancellous bone in vitro should be adjusted downward in order to correct for phase 

cancellation artifacts.

Acknowledgements

The author is grateful to 1) the FDA Office of Women’s Health for providing funding, 2) Jim Miller, Washington 
University, for providing valuable advice, and 3) Richard Morris, General Electric Corporation, Madison, WI, for 
providing the custom radio frequency interface for the GE Achilles. The mention of commercial products, their 
sources, or their use in connection with material reported herein is not to be construed as either an actual or implied 
endorsement of such products by the Department of Health and Human Services.

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.

Wear Page 6

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 is an adjunct professor of Radiology at Georgetown University. He is a Fellow of the 

American Institute for Medical and Biological Engineering and the American Institute of 

Ultrasound in Medicine (AIUM). He is a senior member of IEEE. He is a member of the 

Acoustical Society of America, IEEE Ultrasonics Society, the National Osteoporosis 

Foundation and the AIUM Technical Standards Committee. He is an associate editor of 

IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control.

References

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

2. Laugier P, “An overview of bone sonometry,” International Congress Series, 1272, pp. 23–32, 2004.

3. Langton CM, Palmer SB, and Porter RW. “The measurement of broadband ultrasonic attenuation in 
cancellous bone.” Eng. in Med 13, pp. 89–91, 1984. [PubMed: 6540216] 

4. 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, 10, pp. 353–360, 1989. [PubMed: 2698780] 

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

6. Zagzebski JA, Rossman PJ, Mesina C, Mazess RB, and Madsen EL, “Ultrasound transmission 
measurements through the os calcis,” Calcif. Tissue Int’l, 49, pp. 107–111, 1991.

7. 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, pp. 
373–381, 1996. [PubMed: 8818135] 

8. Langton CM, Njeh CF, Hodgskinson R, and Carrey JD, “Prediction of Mechanical Properties of the 
Human Calcaneus by Broadband Ultrasonic Attenuation,” Bone, 18, pp. 495–503, 1996. [PubMed: 
8805988] 

9. Bouxsein ML and Radloff SE. “Quantitative ultrasound of the calcaneus reflects the mechanical 
properties of calcaneal trabecular bone,” J. Bone Miner. Res 12, pp. 839–846, 1997. [PubMed: 
9144351] 

10. 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, pp. 157–165, 1997. 
[PubMed: 9028541] 

11. 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, pp. 425–431, 1998. 
[PubMed: 9823448] 

12. 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, pp. 18–23, 1999.

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

Wear Page 7

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



14. Langton CM, and Langton DK, “Comparison of bone mineral density and quantitative ultrasound 
of the calcaneus: site-matched correlation and discrimination of axial BMD status,” Brit. J. Radiol, 
73, pp. 31–35, 2000. [PubMed: 10721317] 

15. Chappard C, Laugier P, Fournier B, Roux C, and Berger G, “Assessment of the relationship 
between broadband ultrasound attenuation and bone mineral density at the calcaneus using BUA 
Imaging and DXA,” Osteo. Int, 7, pp. 316–322, 1997.

16. Hakulinen M, Day JS, Töyräs J, Timonen M, Kröger K, Weinans H, Kiviranta I, and Jurvelin JS, 
“Prediction of density and mechanical properties of human trabecular bone in vitro by using 
ultrasound transmission and backscattering measurements at 0.2–6.7 MHz frequency range,” Phys. 
Med. Biol, 50, pp. 1629–1642, 2005. [PubMed: 15815086] 

17. 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, pp. 511–514, 1996. [PubMed: 
8757153] 

18. Bauer DC, Gluer CC, Cauley JA, Vogt TM, Ensrud KE, Genant HK, and Black DM. “Broadband 
ultrasound attenuation predicts fractures strongly and independently of densitometry in older 
women,” Arch. Intern, Med 157, pp. 629–634 1997. [PubMed: 9080917] 

19. Miller PD, Siris ES, Barrett-Connor E, Faulkner KG, Wehren LE, Abbott TA, Chen Y, Berger ML, 
Santora AC, and Sherwood LM, “Prediction of fracture risk in postmenopausal white women with 
peripheral bone densitometry: evidence from the national osteoporosis risk assessment,” J. Bone & 
Miner. Res, 17, pp. 2222–2230, 2002. [PubMed: 12469916] 

20. Hans D, Schott AM, Duboeuf F, Durosier C, and Meunier PJ, “Does follow-up duration influence 
the ultrasound and DXA prediction of hip fracture? The EPIDOS prospective study,” Bone, 35, 
357–363, 2004. [PubMed: 15268884] 

21. Huopio J, Kroger H, Honkanen R, Jurvelin J, Saarikoski S, and Alhava E, “Calcaneal ultrasound 
predicts early postmenopausal fractures as well as axial BMD. A prospective study of 422 
women,” Osteo. Int, 15, pp. 190–195, 2004.

22. Khaw KT, Reeve J, Luben R, Bingham S, Welch A, Wareham N, Oakes S, and Day N, “Prediction 
of total and hip fracture risk in men and women by quantitative ultrasound of the calcaneus: EPIC-
Norfolk prospective population study,” Lancet, 363, pp. 197–202, 2004. [PubMed: 14738792] 

23. Schott AM, Hans D, Duboeuf F, Dargent-Molina P, Hajri T, Breart G, and Meunier PJ, 
“Quantitative ultrasound parameters as well as bone mineral density are better predictors of 
trochanteric than cervical hip fractures in elderly women. Results from the EPIDOS study,” Bone, 
37, 858–863, 2005. [PubMed: 16226929] 

24. Krieg M, Cornuz J, Ruffieux C, Van Melle G, Buche D, Dambacher MA, Hans D, Hartl F, 
Hauselmann HJ, Kraenzlin M, Lippuner K, Neff M, Pancaldi P, Rizzoli R, Tanzi F, Theiler R, 
Tyndall A, Wimpfheimer C, and Burckhardt P., “Prediction of hip fracture risk by quantitative 
ultrasound in more than 7000 Swiss women ≥ 70 years of age: comparison of three technologically 
different bone ultrasound devices in the SEMOF study,” J. Bone. Miner. Res, 21, 1456–1463, 
2006.

25. Schott M, 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, pp. 243–249 1995.

26. 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, pp. 
130–135 1995.

27. Glüer C, Cummings SR, Bauer DC, Stone K, Pressman A, Mathur A, and Genant HK. 
“Osteoporosis: Association of recent fractures with quantitative US findings”, Radiology, 199, pp. 
725–732, 1996. [PubMed: 8637996] 

28. 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, pp. 211–214, 1998.

29. Welch A, Camus J, Dalzell N, Oakes S, reeve J, and Khaw KT, “Broadband ultrasound attenuation 
(BUA) of the heel bone and its correlates in men and women in the EPIC-Norfolk corhort: a cross-
sectional population-based study,” Osteo. Int’l, 15, pp. 217–225, 2004.

Wear Page 8

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



30. Glüer CC, Eastell R, Reid DM, Felsenberg D, Roux C, Barkmann R, Timm W, Blenk T, Armbrecht 
G, Stewart A, Clowes J, Thomasius FE, and Kolta S, “Association of five quantitative ultrasound 
devices and bone densitometry with osteoporotic vertebral fractures in a population-based sample: 
the OPUS study,” J. Bone & Miner. Res, 19, pp. 782–793, 2004. [PubMed: 15068502] 

31. Krieg MA, Cornuz J, Ruffieux C, Sandini L, Buche D, Dambacher MA, Hartl F, Hauselmann HJ, 
Kraenzlin M, Lippuner K, Neff M, Pancaldi P, Rizzoli R, Tanzi F, Theiler R, Tyndall A, 
Wimpfheimer K, and Burchhardt P, “Comparison of three bone ultrasounds for the discrimination 
of subjects with and without osteoporotic fractures among 7562 elderly women,” J. Bone Miner. 
Res 18, 1261–1266, 2003. [PubMed: 12854836] 

32. Maggi S, Naole M, Giannini S, Adami S, Defeo D, Isaia G, Sinigaglia L, Filipponi P, and Crepaldi 
G, “Quantitative heel ultrasound in a population-based study in Italy and its relationship with 
fracture history: the ESOPO study,” Osteo. Int, 17, 237–244, 2006.

33. Glüer CC, Yu CY, and Genant HK, “Broadband ultrasound attenuation signals depend on 
trabecular orientation: an in vitro study,” Osteo. Int, 3, 185–191, 1993.

34. Hoffmeister BK, Whitten SA, and Rho JY, “Low-megahertz ultrasonic properties of bovine 
cancellous bone,” Bone, 26, 635–642, 2000. [PubMed: 10831936] 

35. Wear KA, “Anisotropy of ultrasonic backscatter and attenuation from human calcaneus: 
implications for relative roles of absorption and scattering in determining attenuation,” J. Acoust. 
Soc. Am, 107, 3474–3479, 2000. [PubMed: 10875391] 

36. Siffert RS and Kaufman JJ, “Ultrasonic bone assessment: ‘The time has come’,” Bone, 40, 5–8, 
2007. [PubMed: 16949900] 

37. Glüer CC, “Quantitative ultrasound—It is time to focus research efforts,” Bone, 40, 9–13, 2007. 
[PubMed: 16949359] 

38. Chaffai S, Padilla F, Berger G, and Laugier P, “In vitro measurement of the frequency-dependent 
attenuation in cancellous bone between 0.2 and 2.0 MHz,” J. Acoust. Soc. Am, 108, 1281–1289, 
2000. [PubMed: 11008828] 

39. Wear KA, “Ultrasonic attenuation in human calcaneus from 0.2 to 1.7 MHz,” IEEE Trans. 
Ultrason. Ferro. Freq. Cont, 48, 602–608, 2001.

40. Klepper JR, Brandenburger GH, Busse LJ, and Miller JG, “Phase Cancellation, Reflection, and 
Refraction Effects in Quantitative Ultrasonic Attenuation Tomography,” IEEE Transactions Sonics 
and Ultrasonics, SU-25, No. 4, 247–255, (1978).

41. Busse LJ and Miller JG, “Detection of spatially nonuniform ultrasonic radiation with phase 
sensitive (piexoelectric) and phase insensitive (acoustoelectric) receivers,” J. Acoust. Soc. Am, 70, 
pp. 1377–1386, 1981.

42. Klepper JR, Brandenburger GH, Mimbs JW, Sobel BE, and Miller JG, “Application of phase-
insensitive detection and frequency-dependent measurements to computed ultrasonic attenuation 
tomography,” IEEE Trans. Biomed. Eng, 28, 186–201, 1981. [PubMed: 7287022] 

43. Pohlhammer JD, Edwards CA, and O’Brien WD Jr., “Phase insensitive ultrasonic attenuation 
coefficient determination of fresh bovine liver over an extended frequency range,” Med. Phys, 8, 
pp. 692–694, 1981.

44. Petley GW, Robins PA, PA, and Aindow JD, “Broadband ultrasonic attenuation: are current 
measurement techniques inherently inaccurate?” British. J. Radiol, 68, 1212–1214, 1995.

45. Strelitizki R, Metcalfe SC, SC, Nicholson PHF, Evans JA, and Paech V, “On the ultrasonic 
attenuation and its frequency dependence in the os calcis assessed with a multielement receiver,” 
Ultrasound. Med. & Biol, 25, 133–141, 1999. [PubMed: 10048810] 

46. Wear KA, “The effect of phase cancellation on estimates on calcaneal broadband ultrasound 
attenuation in vivo,” IEEE Trans. Ultrason. Ferro. Freq. Cont, 54, 1352–1359, 2007.

47. Wear KA. “Frequency dependence of ultrasonic backscatter from human trabecular bone: theory 
and experiment.” J. Acoust. Soc. Am 106, pp. 3659–3664, 1999. [PubMed: 10615704] 

48. Wear KA. “Anisotropy of ultrasonic backscatter and attenuation from human calcaneus: 
Implications for relative roles of absorption and scattering in determining attenuation.” J. Acoust. 
Soc. Am, 107, pp. 3474–3479, 2000. [PubMed: 10875391] 

Wear Page 9

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Chaffai S, Roberjot V, Peyrin F, Berger G, and Laugier P. “Frequency dependence of ultrasonic 
backscattering in cancellous bone: Autocorrelation model and experimental results.” J. Acoust. 
Soc. Am 108, pp. 2403–2411, 2000. [PubMed: 11108380] 

50. Laugier P, Padilla F, and Jenson F, “Ultrasonic scattering models for cancellous bone,” 143rd 

meeting of the Acoustical Society of America, J. Acoust. Soc. Am, 111(5), 5, p. 2412, 2002, 
Pittsburgh, PA.

51. Wear KA and Laib A, “The Relationship Between Ultrasonic Scattering and Micro-architecture in 
Human Calcaneus,” IEEE Trans. Ultrason., Ferro. Freq. Cont, 50, 979–986, 2003.

52. Padilla F, Peyrin F, and Laugier P, “Prediction of backscatter coefficient in trabecular bones using a 
numerical model of three-dimensional microstructure,” J. Acoust. Soc. Am, 113, 1122–1129, 
2003. [PubMed: 12597205] 

53. Jenson F, Padilla F, and Laugier P, “Prediction of frequency-dependent ultrasonic backscatter in 
cancellous bone using statistical weak scattering model,” Ultrasound. Med. & Biol, 29, 455–464, 
2003. [PubMed: 12706197] 

54. Padilla F, Jenson F, and Laugier P, “Estimation of trabecular thickness using ultrasonic 
backscatter,” Ultrasonic Imaging, 28, 3–22, 2006. [PubMed: 16924879] 

55. Padilla F, Jenson F, and Laugier P, “Influence of the precision of spectral backscatter measurements 
on the estimation of scatterers size in cancellous bone,” Ultrasonics, 44, e57–e60, 2006. [PubMed: 
16904147] 

56. Chen P, Chen T, Lu M, and Yao W, “The measurements of ultrasound parameters on calcaneus by 
two-sided interrogation techniques,” Meas. Sci. Technol, 16, 1349–1354, 2005.

57. Xia Y, Lin W, and Qin Y-X, “Bone surface topology mapping and its role in trabecular bone quality 
assessment using scanning confocal ultrasound,” Osteo. Int, 18, 905–913, 2007.

58. O’Donnell M and Miller JG, “Quantitative broadband ultrasonic backscatter: An approach to 
nondestructive evaluation in acoustically inhomogeneous materials,” J. Appl. Phys, 52, 1056–
1065, 1981.

59. Oelze ML and O’Brien WD Jr., “Frequency-dependent attenuation-compensation functions for 
ultrasonic signals backscattered from random media,” J. Acoust. Soc. Am, 111, 2308–2319, 2002. 
[PubMed: 12051451] 

60. Nicholson PHF, Bouxsein ML, “Bone marrow influences quantitative ultrasound meaurementnets 
in human cancellous bone,” Ultrasound in Med. & Biol, 28, 369–375, 2002. [PubMed: 11978417] 

61. Langton CM and Subhan M, “Computer and experimental simulation of a cortical end-plate phase 
cancellation artifact in the measurement of BUA at the calcaneus,” Physiol. Meas, 22, pp. 581–
587, 2001. [PubMed: 11556676] 

62. Xia Y, Lin W, and Qin Yi-Xian, “The influence of cortical end-plate on broadband ultrasound 
attenuation measurements at the human calcaneus using scanning confocal ultrasound,” J. Acoust. 
Soc. Am, 118, 1801–1807, 2005. [PubMed: 16240838] 

Wear Page 10

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. 
Signal loss (including reflection losses and attenuation) versus frequency for the 16 human 

calcaneus samples for both phase sensitive (PS) and phase insensitive (PI) processing. Least 

squares linear regression fits are also shown. Error bars denote standard errors.

Wear Page 11

IEEE Trans Ultrason Ferroelectr Freq Control. Author manuscript; available in PMC 2019 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. 
PI nBUA vs. PS nBUA for the 16 human calcaneus samples. (Two pairs of points coincide, 

giving the appearance of only 14 data points.) A linear fit (solid line) and the 45 degree line 

of equality (dotted line) are shown.
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3. 
PS and PI Attenuation compensation factors for a bone sample.
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4. 
Average ratio of attenuation compensation factors versus frequency (*). Error bars denote 

standard errors. A power law fit is also shown (solid curve).
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Table I.

Means and standard deviations for phase sensitive and phase insensitive values for nBUA and BUA.

nBUA (dB/cmMHz) (attenuation slope) BUA (dB/MHz)

Phase Sensitive (PS) 12.3 ± 8.8 22.1 ± 15.8

Phase Insensitive (PI) 9.8 ± 7.2 17.6 ± 7.2

Difference 2.5 ± 3.3 4.5 ± 5.9
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Table II.

Summary of four experimental studies comparing phase sensitive and phase insensitive measurements of 

BUA.

Study Bone State # subjects Marrow 
present

Receiver array 
elements

Mean BUA (dB/
MHz)

Change

# size (mm) PS PI Difference 
(dB/MHz)

%

Strelitzki45 in vitro 10 cadaver Yes 9 5 47.9 43.5 4.4 9

present 16 cadaver No 52 2 22.1 17.6 4.5 20

Petley44 in vivo 10 men and 
women

Yes 1* 5 ~83 ~52 31.2 39

Wear46 73 women aged 
47 ± 13 yr.

Yes 52 2 81.4 67.2 14.2 17

*
Petley et al. used a single receiver of 5 mm diameter to scan a 25 mm diameter area in steps of 1 mm.
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