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Abstract—The study described here was aimed at investigating the feasibility of using the ultrasonic through-
transmission technique to estimate human musculoskeletal and fat properties. Five hundred eighty-two volun-
teers were assessed by dual-energy X-ray absorptiometry (DXA) and ultrasonic transmission techniques. Bone
mineral density (BMD), muscle and fat mass were measured for both legs and the whole body. Hip BMD and
spine BMD were also measured. Ultrasonic transmission measurements were performed on the heel, and the
measured parameters were broadband ultrasound attenuation (BUA), speed of sound (SOS), ultrasonic stiffness
index (SI), T-score and Z-score, which were significantly correlated with all measured BMDs. The optimal corre-
lation was observed between SI and left-leg BMD (p < 0.001) before and after adjustment for age, sex and body
mass index (BMI). The linear and partial correlation analyses revealed that BUA and SOS were closely associ-
ated with muscle and fat mass, respectively. Multiple regressions revealed that muscle and fat mass significantly
contributed to the prediction of transmission parameters, explaining up to 17.83% (p < 0.001) variance indepen-
dently of BMD. The results suggest that the ultrasonic through-transmission technique could help in the clinical
diagnosis of skeletal and muscular system diseases. (E-mail: tda@fudan.edu.cn) © 2022 World Federation for
Ultrasound in Medicine & Biology. All rights reserved.
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INTRODUCTION

Musculoskeletal disorders (MSDs) are symptoms in mul-

tiple body areas and systems, such as osteoporosis and

fractures occurring in bones, sarcopenia occurring in

muscles, osteoarthritis occurring in joints and low-back-

pain symptoms according to World Health Organization.

MSDs severely threaten the health of human beings,

causing high morbidity and mortality to the aging popu-

lation (Walsh et al. 2006; Edwards et al. 2015) and the

working population (Valachi and Valachi 2003; Chias-

son et al. 2012). Work-related MSDs lead to severe

threats to the labor force, economics and workers’ life

(Bhattacharya 2014; Bevan 2015). Getting older is also

one of the predominant factors increasing the risk of
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developing serious MSDs, accompanied by the deterio-

ration of the musculoskeletal system. MSDs have

already been a worldwide major health care concern,

suggesting the urgent need for the early diagnosis and

prevention of MSDs.

Decreasing bone mineral density (BMD) and

decreasing muscle mass are closely related and are

known indicators of osteoporosis and sarcopenia (i.e.,

two typical MSDs) (Edwards et al. 2015; Qi et al. 2019;

Sutter et al. 2019). Osteoporosis characterized by bone

loss is closely associated with sarcopenia characterized

by muscle loss (Walsh et al. 2006; Lima et al. 2019).

Moreover, the screening for sarcopenia simultaneously

with osteoporosis has been suggested because of the

close association between muscle loss and bone loss

(Walsh et al. 2006). Almost 50% of osteoporotic post-

menopausal women were diagnosed with sarcopenia

(Walsh et al. 2006), emphasizing the importance of

assessing bone and muscle properties simultaneously.
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Current modalities assessing bone and skeletal muscle

properties include magnetic resonance imaging (MRI),

computed tomography (CT), dual-energy X-ray absorpti-

ometry (DXA) and ultrasound (Guerri et al. 2018). MRI

has high resolution but at a high cost. Both MRI and CT

possess the disadvantages of time-consuming imaging

analysis and technical difficulty in performing measure-

ments (Pahor et al. 2009). CT exposes patients to greater

amounts of radiation during consecutive scans compared

with the DXA technique. DXA has the ability to assess

BMD and muscle properties and is regarded as the clinical

gold standard for osteoporosis screening and the most com-

monly used technique for sarcopenia assessment. However,

the X-ray ionizing radiation of DXA is harmful to human

health, limiting the real-time measurements of musculo-

skeletal properties. In addition, DXA measurements

require patients to keep still during the scan lasting around

10 min. It also takes time for professional technologists to

analyze BMD and body composition. Recently, based on

the imaging modality, musculoskeletal ultrasound has been

used to assess skeletal muscle size (Rahmani et al. 2015),

Achilles tendon (Lalumiere et al. 2020) and diagnose

shoulder lesions such as tendinitis (Chen et al. 2011; Chang

et al. 2016), low back pain (Cheung et al. 2020) and spinal

cord injury (Dudley-Javoroski et al. 2010).

As a non�ionizing-radiation and more convenient

quantitative ultrasound (QUS) technique, the ultrasonic

through-transmission technique has been adopted in char-

acterization of heel BMD since 1984, shedding light on

the ultrasonic diagnosis of osteoporosis (Langton et al.

1984). Ultrasonic parameters can be obtained by placing

the heel between two fixed unfocused transducers respon-

sible for transmitting and receiving ultrasonic signals

(Wear 2020). It takes less than 1 min to perform one trans-

mission measurement and obtain ultrasonic parameters (e.

g., broadband ultrasound attenuation [BUA] and speed of

sound [SOS]). BUA and SOS can characterize the attenu-

ation and velocity properties of the measured biological

tissues, respectively (Langton and Njeh 2008; Daugschies

et al. 2015). The ultrasonic transmission technique has

been applied in measurement of BMD (Chaffaı́ et al.

2002; Nicholson and Bouxsein 2002; Wear et al. 2000)

and mechanical properties (Langton et al. 1996; Wear et

al. 2017), monitoring of bone loss during bed rest (Lau-

gier et al. 2000; Qin et al. 2019) and discrimination of

fracture and osteoporosis (Schott et al. 1995; Turner et al.

1995; Hans et al. 1996; Bauer et al. 1997; Thompson et

al. 1998; Roux et al. 2001). The interaction between ultra-

sound and musculoskeletal tissues suggested the potential

feasibility of ultrasonic assessment of musculoskeletal

properties. However, whether the ultrasonic transmission

technique can assess BMD and muscle and fat properties

remains speculative and requires investigation.
The study described here investigated the feasibility

of ultrasonic through-transmission measurements of human

musculoskeletal and fat properties with 582 recruited vol-

unteers. Linear and partial correlation analyses were con-

ducted among ultrasonic transmission and musculoskeletal

parameters. The study also investigated the contribution of

muscle and fat mass to ultrasonic parameters indepen-

dently of BMD by multiple regression analysis.
METHODS

Study volunteers

The present study recruited 582 volunteers without

musculoskeletal diseases, and was approved by the

ethics committee of the School of Life Sciences of Fudan

University. Written informed consent was obtained from

all volunteers. The volunteers ranged from 20 to 60 y

with a mean age of 33 § 11 y. There were 252 male vol-

unteers with a mean age of 34 § 10 y (range: 20�60)

and 330 female volunteers with a mean age of 32 § 11 y

(range: 21�60). Body mass index (BMI) ranged from

15.9 to 35.5 kg/m2 with a mean of 22.8§3.2. The volun-

teers were all measured by DXA and ultrasonic through-

transmission techniques. Figure 1 is a schematic of (a)

musculoskeletal and fat property measurements and (b)

ultrasonic transmission measurements, with green indi-

cating the bone and red indicating the muscle.
Measurements of musculoskeletal and fat properties

The Lunar iDXA (GE Healthcare, General Electric

Co., Boston, MA, USA) was adopted to measure BMD

and muscle and fat mass. Quality assurance was per-

formed by a technician with the equipped quality assur-

ance block and aluminum spine phantom. Then the

standard test program was implemented to measure mus-

culoskeletal properties. For BMD measurements, the

spine, femur and legs were tested because they are sig-

nificant weight-bearing bones. We measured the BMD

of the L1�L4 lumbar vertebrae (spine BMD), dual

femur (hip BMD), whole body (BMD-W), left leg

(BMD-leg-L) and right leg (BMD-leg-R). Body compo-

sition was analyzed to measure muscle and fat mass

from the whole body (Muscle-W and Fat-W) and left

and right legs (Muscle-leg-L, Muscle-leg-R, Fat-leg-L,

Fat-leg-R), which were rich in skeletal muscle. The mea-

surement of musculoskeletal properties is illustrated in

Figure 1a. Table 1 lists the statistics of the aforemen-

tioned musculoskeletal and fat parameters.
Ultrasonic through-transmission measurements

As illustrated in Figure 1b, ultrasonic through-trans-

mission measurements of the left heel were performed

with a GE Achilles EXPII (GE Healthcare). A daily



Fig. 1. Schematic of (a) musculoskeletal and fat property measurements and (b) ultrasonic transmission measurements.
The green represents bone and the red represents muscle. BMD = bone mineral density; BUA =broadband ultrasound

attenuation; DXA = dual-energy X-ray absorptiometry.
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quality assurance test, taking around 30 s, was performed

with a standard test cylinder. Then the scan of the heel

takes 10 s with water inside the inflated membranes sur-

rounding the calcaneus. Five measurements were per-

formed on each volunteer, and the statistics of ultrasonic

transmission parameters are summarized in Table 1. The

measured transmission parameters are broadband ultra-

sound attenuation (BUA), speed of sound (SOS),
Table 1. Statistics of anthropometric characteristics, bone minera
paramete

Parameter (582 volunteers) Units Mean

Anthropometric characteristics
Age y 33
Body mass index kg/m2 22.8
Body weight kg 62.5
Height m 1.66

Bone mineral density
Whole body g/cm2 1.17
Left leg g/cm2 1.17
Right leg g/cm2 1.18
Hip g/cm2 1.00
Spine g/cm2 1.17

Muscle mass
Whole body kg 41.84
Left leg kg 7.08
Right leg kg 7.18

Fat mass
Whole body kg 18.71
Left leg kg 2.96
Right leg kg 2.98

Ultrasonic transmission parameters
Stiffness index 1 98
T-score 1 �0.1
Z-score 1 0.2
Speed of sound m/s 1587
Broadband ultrasound attenuation dB/MHz 111
ultrasonic stiffness index (SI), T-score and Z-score. BUA

and SOS are commonly measured parameters, and SI is

a linear combination of BUA and SOS derived from the

equation SI = (0.67 * BUA + 0.28 * SOS) � 420 (Green-

span et al. 1997; Wear and Armstrong 2001; Economos

et al. 2014). Therefore, SI reflects the comprehensive

information of ultrasonic attenuation and velocity prop-

erties of the calcaneal system. SI also has better
l density, muscle mass, fat mass and ultrasonic transmission
rs

Standard deviation Minimum Maximum

11 20 60
3.2 15.9 35.5
11.6 41.9 103.0
8.38 1.47 1.93

0.10 0.92 1.46
0.13 0.85 1.63
0.13 0.88 1.61
0.12 0.64 1.39
0.13 0.84 1.54

8.33 25.46 64.98
1.63 3.90 11.36
1.66 4.08 11.78

6.05 5.51 44.53
0.94 0.94 8.10
0.94 0.87 8.09

16 55 159
1.1 �3.4 3.7
1.1 �2.6 4.6
39 1401 1714
12 75 149
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repeatability compared with SOS or BUA alone (Econo-

mos et al. 2014). T- and Z-scores were derived for the

ultrasonic diagnosis of osteoporosis.

Statistical analysis

The Kolmogorov�Smirnov test revealed that all

measured BMDs and ultrasonic parameters followed

the normal distribution, while an abnormal distribution

was observed for muscle and fat properties. Pearson’s

linear correlation analysis was performed for two

parameters obeying a normal distribution. Spearman’s

correlation coefficient was calculated if there was one

parameter with an abnormal distribution. The correla-

tions were regarded as significant at a p value <0.05.

We analyzed the partial correlations among ultrasonic

transmission and musculoskeletal parameters after

adjustment for potential confounders including age, sex

and BMI. Multiple regressions were implemented to

investigate the contribution of muscle and fat to trans-

mission parameters beyond that provided in BMD. The

dependent variables were transmission parameters, and

the two independent variables were BMD and another

musculoskeletal feature (muscle or fat mass). The cal-

culated increase in the adjusted squared correlation

coefficient (DR2) represented the additional variance

explained by muscle or fat mass independently of

BMD. All statistical analysis was implemented in

MATLAB 2020b (The MathWorks, Natick, MA, USA).

RESULTS

Associations among ultrasonic transmission and

musculoskeletal parameters

Table 2 lists correlations among ultrasonic transmis-

sion, musculoskeletal and fat parameters. Ultrasonic trans-

mission parameters were positively correlated with all

bone densities at the significance level of 0.001 (0.35 < R

< 0.46 for BMD-W, 0.27 < R < 0.47 for leg BMD, 0.35

< R < 0.47 for hip BMD, and 0.24 < R < 0.36 for spine

BMD). Figure 2 illustrates the associations between SI,

T-score and left-leg BMD, respectively. SI was
Table 2. Correlations among ultrasonic transmi

Bone mineral density

Whole body Left leg Right leg Hip Spine Wh

Stiffness index 0.46* 0.47* 0.46* 0.47* 0.34* 0.1
T-Score 0.35* 0.28* 0.27* 0.42* 0.36* �0
Z-Score 0.43* 0.40* 0.39* 0.43* 0.34* n.s
Speed of sound 0.41* 0.40* 0.40* 0.44* 0.33* n.s
BUA 0.37* 0.41* 0.39* 0.35* 0.24* 0.2

BUA = broadband ultrasound attenuation; n.s. = not significant.
* p < 0.001.
y p < 0.01.
z p < 0.05.
significantly correlated with all musculoskeletal parame-

ters (0.11 < |R| < 0.47, p < 0.05). For the assessment of

muscle and fat mass, only BUA was positively correlated

with muscle mass (0.29 < |R| < 0.31, p < 0.001), while

SOS only negatively correlated with fat mass (0.14 < |R|

< 0.25, p < 0.001). Table 3 lists the correlations among

musculoskeletal and fat parameters. Close associations

were observed between BMD and muscle mass (0.71

< R < 0.72, p < 0.001, for legs, and R =0 .50, p < 0.001,

for the whole body). BMD and fat mass also had signifi-

cant correlations (0.14 < R < 0.15, p < 0.001, for legs,

R = 0.20, p< 0.001, for the whole body).
Partial correlation analysis

By partial correlation analysis, Table 4 lists the par-

tial correlations among ultrasonic transmission and mus-

culoskeletal and fat parameters after adjustment for age,

sex and BMI. The optimal correlation was still observed

between SI and left-leg BMD (R = 0.51, p < 0.001). All

ultrasonic transmission parameters remained positively

associated with BMD at all measured sites (0.31

< R < 0.51, p < 0.001), which was consistent with previ-

ous results, and turned out to be significantly correlated

with muscle and fat mass of the whole body (0.10

< |R|< 0.28, p< 0.05). After adjustment, the correlations

among transmission parameters and fat mass were more

pronounced, with the significance level changing from p

< 0.05 and p < 0.01 to p < 0.001. Similar to the results

of linear correlations, BUA and SOS were still closely

associated with muscle and fat mass, respectively.
Multiple regression analysis predicting ultrasonic

properties

Figure 2 also illustrates the multiple regressions for

predicting ultrasonic SI and T-score, respectively, and

the additional variance (DR2) explained by left-leg mus-

cle mass independently of left-leg BMD. By adjusting

left-leg BMD as a covariate, left-leg muscle mass

explained an additional 6.56% (p < 0.001) of the vari-

ance of SI (Fig. 2b) and up to 17.83% (p < 0.001) of the
ssion, musculoskeletal and fat parameters

Muscle Fat

ole body Left leg Right leg Whole body Left leg Right leg

2y 0.15* 0.13y �0.17* �0.11y �0.11z

.13y �0.10z �0.12y �0.18* n.s. n.s.
. n.s. n.s. �0.13y �0.10z �0.10z

. n.s. n.s. �0.25* �0.14* �0.15*
9* 0.31* 0.29* n.s. n.s. n.s.



Fig. 2. Associations between (a) SI, (c) T-score and left-leg BMD and the multiple regressions for predicting (b) SI and
(d) T-score with the additional variance explained by left-leg muscle mass independently of left-leg BMD. BMD = bone

mineral density; leg-L = left leg; leg-R = right leg; SI = ultrasonic stiffness index.
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variance of the ultrasonic T-score (Fig. 2d). Similarly,

independently of left-leg BMD, left-leg fat mass also sig-

nificantly contributed to predicting transmission parame-

ters with an additional small 1.01% variance for SI (p <

0.01) and 1.55% variance for SOS (p < 0.001).
DISCUSSION

Foot MSDs and the feasibility of using the ultrasonic

technique to estimate muscle and fat tissues

Foot musculoskeletal disorders were accompa-

nied by reduced heel muscle function, and smaller vol-

ume and strength of foot muscles were observed in

individuals with foot MSDs (i.e., plantar heel pain)

(Osborne et al. 2019). The thickness and stiffness of

the heel fat pad in obese individuals were observed to

be significantly higher than those in normal individu-

als, suggesting a higher incidence of foot MSDs in

overweight and obese individuals (Taş et al. 2017).

The assessment of heel muscle and fat mass is of great

importance to the early diagnosis of foot MSDs. A
significant indicator of foot MSDs, BMI, was reported

to be positively correlated with the thickness of the

heel fat pad (Taş et al. 2017). Similarly, our study

observed the close and positive correlation between

BMI and fat mass (0.40 < R < 0.60, p < 0.001), as

well as the correlation between BMI and muscle mass

(0.40 < R < 0.59, p < 0.001).

After exclusion of BMI (Table 4), the differences

in ultrasonic attenuation and velocity properties in mus-

cle and fat tissues may still account for the significant

associations between BUA and muscle mass (p <

0.001) and between SOS and fat mass (p < 0.001). The

independent contributions of muscle and fat mass to

ultrasonic properties indicate that the ultrasonic

through-transmission technique might provide insights

into the assessment of musculoskeletal disorders. The

aforementioned results and ultrasonic interrogation of

biological tissues including calcaneal muscle and fat

provide evidence of the feasibility of using the ultra-

sonic through-transmission technique to estimate skele-

tal muscle and fat mass.



Table 3. Correlations among bone mineral density, muscle and fat parameters

Bone mineral density Muscle Fat

Whole body Left leg Right leg Hip Spine Whole body Left leg Right leg Whole body Left leg Right leg

Bone mineral density
Whole body

1 — — — — — — — — — —

Left leg 0.87* 1 — — — — — — — — —
Right leg 0.87* 0.98* 1 — — — — — — — —
Hip 0.78* 0.70* 0.70* 1 — — — — — — —
Spine 0.70* 0.47* 0.47* 0.65* 1 — — — — — —

Muscle
Whole body

0.50* 0.71* 0.72* 0.34* 0.13y 1 — — — — —

Left leg 0.50* 0.72* 0.72* 0.33* 0.13y 0.97* 1 — — — —
Right leg 0.49* 0.71* 0.72* 0.33* 0.13y 0.97* 0.98* 1 — — —

Fat
Whole body

0.20* 0.14* 0.15* 0.15* 0.18* 0.23* 0.28* 0.28* 1 — —

Left leg n.s. n.s. n.s. n.s. 0.18* �0.12y n.s. n.s. 0.79* 1 —
Right leg n.s. n.s. n.s. n.s. 0.18* �0.11y n.s. n.s. 0.79* 0.98* 1

n.s. = not significant.
* p < 0.001.
y p < 0.01.
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BUA and SOS in assessment of musculoskeletal and fat

properties

Ultrasonic attenuation and velocity properties were

verified as effective in estimating muscle and fat mass.

For linear and partial correlations, the present study

revealed both the positive associations between BUA and

muscle mass (p < 0.001) and the negative associations

between SOS and fat mass (p < 0.001). After adjustment

for potential confounders, the observed persistent associa-

tions indicated that the close relationship was independent

of age, sex and BMI. The results suggested that the ultra-

sonic properties of attenuation (BUA) and velocity (SOS)

were significant predictors of muscle and fat properties.

BUA and SOS were closely associated with bone

characteristics such as bone density (Qin et al. 2019; Lee

et al. 2022), mechanical parameters (Hakulinen et al.

2005; Wear et al. 2017) and microstructure parameters

(Chaffaı́ et al. 2002; Wear 2020). BUA had a strong cor-

relation (R2 = 0.69) with DXA heel BMD, and was

adopted to evaluate disuse-induced bone loss during 90-
Table 4. Correlations among ultrasonic transmission, musculoskeleta
index

Bone mineral density

Whole body Left leg Right leg Hip Spine Wh

Stiffness index 0.47* 0.51* 0.49* 0.45* 0.35* 0.1
T-score 0.47* 0.50* 0.49* 0.45* 0.35* 0.1
Z-score 0.46* 0.50* 0.48* 0.44* 0.34* 0.1
Speed of sound 0.48* 0.51* 0.51* 0.46* 0.36* 0.1
BUA 0.34* 0.38* 0.35* 0.31* 0.26* 0.2

BUA = broadband ultrasound attenuation; n.s. = not significant.
* p < 0.001.
y p < 0.01.
z p < 0.05.
d bed rest (Qin et al. 2019). Significantly higher values

of BUA (23.6%) and SOS (1.8%) were reported in a

high-BMD group than in a low-BMD group (Lee et al.

2022), providing evidence of the positive correlations of

BMD with SOS and BUA observed in Tables 2 and 4.

Ultrasonic property differences in bone, muscle and

fat tissues may account for the aforementioned associa-

tions. The SOS of fat tissue (1450 m/s) is smaller than

that of muscle tissue (1600 m/s) and also smaller than

that of bone tissue (»4000 m/s) (Amin 1989; Bushberg

et al. 2011). Therefore, the greater fat mass indicates the

smaller SOS averaged in these biological tissues,

explaining the negative correlation between SOS and fat

mass (Tables 2 and 4). The attenuation coefficient of fat

(0.61 dB/cm) is smaller than that of muscle (0.7�1.4

dB/cm) at the frequency of 1 MHz (Amin 1989). Muscle

also has a larger density (1.07 mg/cm3) and acoustic

impedance (1.71 � 106 kg/m2s) compared with the den-

sity (0.92 mg/cm3) and acoustic impedance (1.34 � 106

kg/m2¢s) of fat (Bushberg et al. 2011), accompanied by
l and fat parameters after adjustment for age, sex and body mass

Muscle Fat

ole body Left leg Right leg Whole body Left leg Right leg

6* 0.15* 0.11y �0.25* �0.16* �0.16*
5* 0.14* 0.11z �0.25* �0.17* �0.16*
5* 0.14* 0.10z �0.23* �0.17* �0.17*
0z n.s. n.s. �0.28* �0.21* �0.22*
3* 0.24* 0.20* �0.14y n.s. n.s.
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more attenuation in muscle tissues when ultrasound

reflects and scatters in muscle tissue fibers. Therefore,

more muscle mass will cause more attenuation, leading

to a positive correlation between BUA and muscle mass.

Stronger ultrasound attenuation in bone tissues also

results in a positive correlation between BUA and BMD

at multiple sites (Tables 2 and 4).

Contribution of muscle and fat mass in predicting

ultrasonic properties

Ultrasonic transmission measurements provided

muscle and fat information beyond that contained in

BMD. Considering the close associations between BMD

and muscle, the contribution of muscle to ultrasonic

parameters should be investigated independently of

BMD. Because the left calcaneus was not measured by

DXA and was physically adjacent to the left leg, the left-

leg BMD was taken as the covariate to investigate the

contributions of left-leg muscle and fat in predicting

ultrasonic properties. The maximum additional 17.83%

of the variance explained by muscle revealed that ultra-

sonic transmission measurements may provide addi-

tional muscular properties independently of BMD

measurements. A small variance of ultrasonic properties

was attributable to fat mass. Another variance may be

induced by the mismatch between the ultrasonically

interrogated heel tissues and the tissues measured by

DXA.

The remaining variability in predicting ultrasonic

transmission properties may lie in other properties such

as structural (Nicholson et al. 1998; Chaffaı́ et al. 2002;

Wear et al. 2012), mechanical (Hans et al. 1999; Wear et

al. 2017) and composition (Hoffmeister et al. 2002)

properties. Some in vitro studies have reported the addi-

tional variance provided by microstructure parameters

independently of BMD (Wear et al. 2012), bone volume

fraction (Chaffaı́ et al. 2002) and bone apparent density

(Nicholson et al. 1998). Together with BMD, elasticity

and anisotropy information introduced 96%�98% vari-

ance in SOS (Hans et al. 1999). SOS and BUA yielded

significant changes during the demineralization and

decollagenization of bone specimens, indicating the

potential contribution of collagen and mineral content in

explaining ultrasonic transmission properties (Hoffmeis-

ter et al. 2002).

The influencing factors of ultrasonic properties

The present study adopted the GE Achilles instru-

ment to measure ultrasonic properties because of its sta-

bility (Economos et al. 2014) and ability to measure

bone properties (i.e., discriminating osteoporosis [Green-

span et al. 1997; Jin et al. 2010] and hip fracture [Schott

et al. 1995]). The precision errors of four calcaneal

instruments based on the QUS technique were compared,
and the ultrasonic SI of the GE Achilles possessed the

smallest inter-observer, positioning and short-term preci-

sion errors, which were statistically similar to those of

calcaneal DXA (Greenspan et al. 1997). A previous

study also validated the internal stability of GE Achilles

machines and the good repeatability of ultrasonic SI

based on consistent measurements (Economos et al.

2014). The measured ultrasonic properties may slightly

change with different ultrasonic devices.

Body weight was positively correlated with BUA

(R = 0.17, p < 0.001) and negatively correlated with

SOS (R = �0.11, p < 0.05), which was consistent with

previous studies (Correa-Rodr�ıguez et al. 2016; Forero-

Bogot�a et al. 2017). Significantly higher BUA values

were reported in overweight and obese adolescents as

compared with normal adolescents (Rodr�ıguez et al.

2014), also indicating the effect of body weight on ultra-

sonic properties.

Ultrasonic measurements along different directions

will determine ultrasonic interrogated bone tissue with

different shapes, which may produce different values of

SOS and BUA and further influence the correlations

between ultrasonic parameters and bone properties. The

curved shape of cortical bone, acting as an acoustic lens,

may distort the wavefronts and induce phase cancellation

effects (Hoffmeister et al. 2011). The curved calcaneal

surfaces have induced the artifacts of normalized BUA

caused by phase cancellation (Langton and Subhan

2001). To investigate the effects of measurement direc-

tions on ultrasonic parameters, in vitro ultrasonic meas-

urements were performed along the proximal�distal

(PD), medial�lateral (ML) and anterior�posterior (AP)

orientations (Liu et al. 2018). Ultrasonic parameters

averaged over these anatomical orientations exhibited

higher correlations with bone features than those

obtained with only one orientation (Liu et al. 2018).

However, only medial�lateral orientation is accessible

for in vivo ultrasonic measurements of the calcaneal sys-

tem. The effects of bone shape on ultrasonic parameters

are worthy of further investigation.

Limitations

One limitation of the study lies in the tissue mis-

match between ultrasound and DXA measurements.

Ultrasonic measurements were performed on the heel,

whereas heel musculoskeletal properties were not

derived by DXA measurements. Ultrasonic measure-

ments could be performed on more body sites (e.g., legs)

for the assessment of site-matched musculoskeletal prop-

erties. The present study analyzed mainly 2-D BMD

data, and 3-D structural information of the bone should

be analyzed to investigate ultrasonic anisotropic scatter-

ing in cancellous bone in the future. Another limitation

of the study is that the recruited volunteers were all from
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China, and a study with volunteers from different coun-

tries and races is needed.
CONCLUSIONS

Ultrasonic through-transmission measurements

could estimate not only skeletal characteristics but also

muscle and fat content. Ultrasonic properties of attenua-

tion (BUA) and velocity (SOS) were verified as signifi-

cant predictors for characterizing muscle and fat mass.

Independently of BMD, muscle properties contributed

significantly in predicting ultrasonic properties, with an

additional explained 17.83% of the variance at best. The

results suggested that the ultrasonic transmission tech-

nique has potential in the assessment of musculoskeletal

diseases.
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