
                                                                                                                                                  
                                                                              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. INTRODUCTION  

 

 

Osteoporosis is a skeletal disease represented by a signif-

icant decrease in the bone mass with deterioration of the 

cancellous bone microarchitecture; leading to bone weak-

ness and increasing fracture risk (Peña & Perez, 2012; 

Sambrook & Cooper, 2006). It is a worldwide health is-

sue that mainly affects elderly people. After the age of 60, 

one in two women and one in three men will experience 

a fracture because of osteoporosis (Langton, 2011). As a 

result, developing diagnostic techniques are crucial to as-

sess and forecast osteoporotic fracture risk factors and re-

duce the related mortality and disability. 

 

Bone mineral density (BMD) is the gold standard for de-

termining bone status and the severity of osteoporosis 

(Ayub et al., 2021; Johansson et al., 2009; Schuit et al., 

2004; Stone et al., 2003). DXA is based on using X-rays 

with two different energies, usually 40 and 70 keV. The 

intensity of the X-rays and the attenuation coefficients of 

bone and soft tissue are used to calculate the value of 

BMD (Gefen, 2005). This is typically assessed by DXA 

at osteoporosis-prone skeletal locations at the spine, hip, 

and wrist. QCT is another X-ray-based osteoporosis as-

sessment technique that measures volumetric bone min-

eral density (vBMD, in g cm-3), where both the trabecular 

and cortical bone may be evaluated independently (Chiba 

et al., 2022; Yerges et al., 2010). 
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BACKGROUND: Ultrasound transit time spectroscopy (UTTS) has been introduced previ-

ously to characterize the propagation of ultrasound waves through complex structures such as 

cancellous bone to estimate bone quality and quantity. UTTS describes the propagation of ul-

trasonic waves through a medium with two components of differing sound speeds (e.g., bone 

and marrow) as a set of parallel sonic rays. The transit time spectrum (TTS) is derived via the 

digital deconvolution of the input and output signals. 

Aim of the study is to investigate the dependence of TTS upon the type of ultrasound input 

wave, including four different 1 MHz ultrasound waves (pulse, chirp, tone-burst, and continu-

ous).  

METHODS: Ten replica 3D- acrylic step-wedge models with different structure complexity 

were investigated. For each model and using the four types of input waves, TTS was derived 

and compared with calculated TTS based on the parallel sonic ray concept. 

RESULTS: The results showed coefficients of determination (R2) of 0.994, 0.999, 0.90, and 1 

for pulse, chirp, tone-burst and continuous signals respectively. Furthermore, solid volume 

fraction (SVF) was derived via TTS (TTS-SVF) and compared with the geometrically calcu-

lated SVF data of the models, yielding coefficients of determination (R2) of 0.941, 0.968, 0.489, 

and 0.981 for pulse, chirp, tone-burst and continuous waves, respectively. Therefore, the con-

tinuous wave provided a more accurate prediction of TTS and SVF, followed by chirp, then 

pulse waves. 

CONCLUSION: This study adds to the body of research supporting the validity and reliability 

of UTTS, as a potentially promising technique to provide a reliable in vivo estimate of bone 

mineral density. 
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However, both DXA and QCT have some drawbacks 

such as their excessive cost, bulky equipment size and 

limited availability in rural and less developed areas. In 

addition, both modalities expose patients to ionizing ra-

diation, but the absorbed dose from QCT is 10 times 

greater than that from DXA, which limits its use as a rou-

tine assessment for osteoporosis (Njeh et al., 1999). Thus, 

developing an effective, simple, cheap, and non-ionizing 

technique is important.  

 

Quantitative ultrasound (QUS) is an alternative technique 

to X-ray-based methods and is widely used to study the 

dependence of ultrasound parameters upon bone density 

and structure (Fuerst et al., 1995; Trimpou et al., 2010). 

The fundamental principle of QUS is the measurement of 

two main ultrasonic parameters; Broadband Ultrasound 

Attenuation (BUA, dB/MHz) and Speed of Sound (SOS, 

m/s). Other valuable ultrasound metrics have been devel-

oped showing a potential impact on the assessment of os-

teoporotic fractures such as frequency-dependent 

Backscatter Coefficient (BSC), Apparent Integrated 

Backscatter (AIB), Osteoporosis Score (OS), Integrated 

Reflection Coefficient (IRC), Broadband Ultrasound 

Backscatter (BUB) and Fragility Score (F.S.)(Pisani et 

al., 2017). The calcaneus (heel) is the most popular ana-

tomical site for the clinical evaluation of QUS parameters 

due to its high metabolic rate and high proportion of tra-

becular bone (Hauff et al., 2008). Several cross-sectional 

and prospective studies investigate QUS's discriminating 

ability for predicting fracture risk. According to several 

studies, QUS may have a similar discrimination of frac-

ture risk as DXA. Hans et al. found that calcaneal QUS 

decreased with fracture risk (Hans et al., 1996). Moayyeri 

et al. evaluated 21 prospective studies, including 55,164 

women and 13,742 men, and figured out that the ability 

of QUS to predict fracture risk is the same as that of DXA 

(Moayyeri et al., 2012). In a prospective cohort study of 

62 diabetic patients with various comorbidities, QUS cal-

caneus bone density exhibited a high correlation with 

DXA hip bone density (Anna et al., 2021). Moreover, 

QUS parameters were found to be even better at predict-

ing osteoporotic fracture risk than aBMD assessed by 

DXA (Chan et al., 2012; Gonnelli et al., 2005; Viswana-

than et al., 2018). Compared to DXA and QCT, QUS is 

non-ionizing, cost-effective, simple to use, and has the 

potential capability of determining bone microarchitec-

tures as a veritable indicator of bone strength (de 

Oliveira, Mario A and Moraes, Raimes and Castanha, 

Everton B and Prevedello, Alexandra S and Jozue Filho, 

V and Bussolaro, Frederico A and Cava, 2022; Krieg et 

al., 2008; Wang et al., 2006). However, QUS is not fre-

quently used to determine osteoporotic individuals since 

the propagation of ultrasound through complicated struc-

tures such as cancellous bone is not well understood. 

 

Several hypotheses have attempted to explain the rela-

tionship between physical ultrasonic parameters and bone 

density and structure, such as those proposed by Biot 

(Biot, 1956) and Schoenberg (Schoenberg, 1984). In 

2011, Langton proposed that phase interference induced 

by heterogeneity in the transit times of the propagating 

sonic rays is the fundamental ultrasonic attenuation 

mechanism in cancellous bone (Langton, 2011). 

This has led to the development of a novel analytical 

method called Ultrasound Transit Time Spectroscopy 

(UTTS). This method describes ultrasound propagation 

as an array of parallel sonic rays and the transit time of 

each sonic ray is determined by the relative proportion of 

the two constituents of differing propagation velocities; 

for example, bone tissue and marrow, regardless of the 

sample’s structure. Therefore, minimum transit time (tmin) 

and maximum (tmax) correspond to the propagation of a 

sonic ray through the entire bone and marrow, respec-

tively. In addition, UTTS describes the proportion of 

sonic rays (P(ti)) having a particular transit time (ti) be-

tween tmin and tmax (Langton, 2011; Langton & Wille, 

2013). The received ultrasound signal is a superposition 

of all sonic rays, making the determination of the sample 

structure infeasible. The primary cause is phase interfer-

ence between all sonic rays, while reflection and refrac-

tion are considered to have less influence (Alomari, Ali 

and Langton, 2023). Phase interference is considered as 

temporal and spatial. Temporal phase interference (Fig-

ure 1a) exists when the transit time difference (dt) be-

tween two or more sonic rays is less than the pulse width 

(W = n.T, where n is the number of pulses and T is the 

pulse period) of a propagated signal. Spatial phase inter-

ference (Figure 1b) occurs when the lateral dimension of 

the receive transducer aperture (dL) is greater than the 

lateral separation (ds) of the received sonic rays of differ-

ing transit times (Al-Qahtani, Saeed M and Langton, 

2016).  

 

 
Figure 1: (a): Temporal Criterion: difference in transit-time 

of two (or more) sonic rays is less than the pulse length (dt < 

n.T). (b) Spatial Criterion: two (or more) sonic rays of differ-

ing transit-time detected within same aperture (lateral spatial 

inhomogeneity). 
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UTTS is derived by deconvolving two recorded ultra-

sound signals that propagate through two distinct media: 

the reference ultrasound signal amplitude (often through 

water) and the ultrasound output signal (through the sam-

ple) (Langton et al., 2014). The concept of UTTS has 

been validated in transmission (Langton & Wille, 2013) 

and pulse echo (Wille et al., 2016) modes. Validation of 

the TTS deconvolution technique has successfully led to 

estimate the volume fraction of solid: liquid (Alomari et 

al., 2017; Wille & Langton, 2015b) and liquid: liquid (Al-

Qahtani & Langton, 2016) composites as well as im-

provement in image axial resolution (M. Almualimi et al., 

2018; M. A. Almualimi et al., 2019) UTTS could effec-

tively estimate the bone volume to tissue volume ratio 

(BV/TV) and numerous structural characteristics of can-

cellous bone samples (Alomari et al., 2018). Further-

more, UTTS could successfully estimate areal and volu-

metric BMD for 12 human cancellous bone samples 

(Alomari et al., 2021). 

 

The aim of this simulation study is to investigate the de-

pendence of UTTS upon the characteristics of ultrasound 

input waves using varying structures of different com-

plexity. 
 

2. MATERIALS AND METHODS 

 

2.1. Ultrasound signals  

Computer simulation was performed using Matlab soft-

ware (Matlab 2020, MathWorks Inc., Natick, MA, USA) 

replicating the study conducted by Langton and Marie 

(Langton & Wille, 2013). However, four different 1MHz 

ultrasound waves (pulse, chirp, tone-burst and continu-

ous) were generated and utilized as an input signal (i(t)) 

as shown in Figure 2. All input signals are sinusoidal 

waves. A single cycle is known as a pulse signal and mul-

ticycle waves are considered continuous, while tone-

burst signal is generated from multiple pulses with offsets 

for each, creating a Gaussian shape. A chirp signal is a 

pulse signal of increasing or decreasing frequency and 

amplitude ranging from 0.5 to 2 MHz with a central fre-

quency of 1 MHz. 

2.2. Samples  

The simulation implemented ten cylindrical acrylic step-

wedge samples, with a diameter of 25 mm and a total 

thickness of 20 mm, made of acrylic and water (simpli-

fied bone: marrow surrogates). The structures of samples 

exhibit varying complexity, as shown in Figure 3. The 

sample complexity was attained by varying the thickness 

of the acrylic composite of one dimension perpendicular 

to the wave propagation direction, exhibiting inhomoge-

neous transit times. Thus, various step-wedge shape mod-

els of acrylic were designed by increasing the number of 

steps n, from one step (totally acrylic, Figure 3, b) to 

twenty steps (Figure 3, k), while minimizing the step 

height (l). The samples used in this study are in order as 

shown in Figure 3 (b-bone, c-normal, d-parallel, e-75% 

bone, f-75% marrow, g-W3, h-W4, i-W5, j-W10, k-

W20). 

Information for each signal/sample for the various pa-

rameters is summarized in Table 1. 

 

Figure 2: 1MHz pulse, chirp, tone-burst and continuous ul-

trasonic signals in time domain. 

 

Figure 3: A sketch of the acrylic step-wedge samples, where 

the reference model (a), which consisted of just water, is not 

shown. 

 

 

Table 1: Samples and input signal parameters 

Samples parameters Input signals param-

eters 

Sample 
Number 

of steps 
(n) 

Step 

height (l) 
(mm) 

TT 

dela(dt)  

s 
Type 

Pulse 

width 

(s) 

b 1 20 0 pulse 1 

c 1 10 0   

d 2 20 5.71 chirp 12.7 

e 2 10 2.87   

f 2 10 2.81 tone -burst 9.92 

g 3 6.66 1.92   

h 4 5 1.43 continuous 15.93 

i 5 3.33 1.13   

j 10 2 0.57   

k 20 1 0.28   
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2.3. Derivation of ultrasound output signal 

The simulated output ultrasonic signal was simulated us-

ing Matlab software (MathWorks Inc., Natick, MA, 

USA) through applying several propagation factors, in-

cluding signal transit time, relative area and relative ab-

sorption. Firstly, the transit time (ti) of each step-wedge 

was determined as the amount of solid and liquid each 

sonic ray propagates through and can be calculated as: 

𝑡𝑖 = [(𝑑𝑎 𝑣𝑎⁄ )] + [(𝑑𝑤 𝑣𝑤⁄ )]  (1) 

Where da and dw are the thicknesses of acrylic and water 

respectively. va and vw correspond to ultrasound veloci-

ties through acrylic and water, which have been experi-

mentally measured to be (2614.5 ± 9.1 ms−1) and (1485.5 

± 2.1 ms−1), respectively (Al-Qahtani et al., 2018). 

 Secondly, we consider uniform planer wave propagation 

over the entire cross-section of the samples, and hence, 

the proportion of sonic rays corresponding to a specific 

step-wedge is mismatched and governed by the relative 

area as described previously (Al-Qahtani et al., 2018) us-

ing the following equations; 

𝐴 =  
𝑅2 (𝜃 − sin 𝜃)

2
       (2) 

where; 𝜃 = 2. 𝑎𝑟𝑐𝑜𝑠 (
𝑅−ℎ

𝑅
) 

Where R represents the disc's radius, h the segment's 

height, and 𝜃 the angle subtended by the segment. 

 

 Thirdly, a relative attenuation factor was introduced for 

each step depending on the thickness of its solid compo-

nent. This was determined using the conventional equa-

tion [Ax = A0 e-μx], where A0 and Ax are the signal ampli-

tudes at distances of zero and x, respectively, where x is 

the thickness of the disc and μ is the attenuation coeffi-

cient of acrylic material, which equals 25.3 Np/m as re-

ported in (Langton & Wille, 2013). 

Thus, by applying these three correcting factors, the sim-

ulated output signals (o(t)) for the nth (where n = 1 - 20) 

step-wedge sample may be written as follows: 

𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑜(𝑡) = 𝑖(𝑡) ∗ 𝑡𝑛 ∗ 𝐴𝑛 ∗ 𝑒𝑥𝑝−𝜇𝑥𝑛         (3) 

 

2.4. Derivation of UTTS Through Deconvolution 

Active-set deconvolution algorithm developed by Landi 

and Zama in 2006 (Landi & Zama, 2006) was imple-

mented to derive the transit time spectrum (TTS) by de-

convoluting the simulated ultrasound input and output 

signals. This technique has been previously described and 

approved by Langton et al. (Al-Qahtani et al., 2018; 

Langton et al., 2014; Wille & Langton, 2015b), as fol-

lows; 

𝑇𝑇𝑆 = 𝐹−1 [
𝑂(𝜔)

𝐼(𝜔)
]        (4) 

where O(ω), and I(ω) are the Fourier transforms of the 

output and input signals, respectively. 

2.5. Solid Volume Fraction Determination 

The solid volume fraction (SVF) is the portion of solid 

volume (SV) to total volume (TV) of test samples (SVF 

= SV/TV). This can be calculated, as a reference, by 

physical measurement with a digital clipper, based on the 

sample geometrical parameters of sample diameter, step 

width and step height. 

For computer simulation, the solid proportion (SP(ti)) of 

sonic rays at a specific transit time (ti) can be determined 

as; 

𝑆𝑃(𝑡𝑖) = 1 − [
𝑡𝑖 − 𝑡𝑚𝑖𝑛

𝑡𝑚𝑎𝑥 − 𝑡𝑚𝑖𝑛

]    (5) 

Where tmin and tmax are the transit times through the en-

tirety of acrylic and water, respectively, from which the 

SVF can be determined by the integration of the product 

of each solid proportion with its corresponding sonic ray 

proportion P(ti) of transit time (ti) as follows; 

𝑆𝑉𝐹 = ∑ 𝑆𝑃(𝑡𝑖) ⋅ 𝑃(𝑡𝑖)
𝑡𝑚𝑎𝑥
𝑡𝑚𝑖𝑛

   (6) 

However, the proportion of a sonic ray depends on the 

amplitude of the received simulated output signal which 

is subject to material absorption. Therefore, P(ti) is un-

derestimated, and hence, an absorption correction factor 

was applied as follows, based on the published work by 

(Alomari et al., 2021). 

AC (ti) = 1/𝑒−(𝜇𝑎∙[(𝑡𝑖−𝑥𝑠 𝑣𝑊⁄ ) (1 𝑣𝑏⁄ –1 𝑣𝑊⁄ )⁄ ])       (7) 

Where a is the attenuation/ absorption coefficient of the 

acrylic material assumed to be 25.3 Np m–1 at 1 MHz 

(based upon Perspex attenuation of 57 Np m–1 reported at 

2.25 MHz (Laby & Kaye, 2005), being analogous to 

acrylic, assuming a linear dependence with frequency) 

(Bauer et al., 2008; Chaffa, S and Peyrin, F and Nuzzo, S 

and Porcher, R and Berger, G and Laugier, 2002). More-

over, xs [xs = xa + xw] is a sample thickness (where xa, xw 

are acrylic and water thicknesses) for a given transit time 

(ti), from which the corrected sonic ray proportion can be 

determined as:  

𝑃𝑐𝑜𝑟𝑟(𝑡𝑖) = 𝑃(𝑡𝑖) ⋅ 𝐴𝐶(𝑡𝑖)   (8) 

Thus, the corrected SVF can be estimated as: 

𝑆𝑉𝐹 = ∑ 𝑆𝑃(𝑡𝑖) ⋅ 𝑃𝑐𝑜𝑟𝑟(𝑡𝑖)
𝑡𝑚𝑎𝑥
𝑡𝑚𝑖𝑛

    (9) 

The simulated derived SVF was then compared to the cal-

culated SVF for further analysis. 

 

2.6. Data Analysis 

A linear regression model using MATLAB software was 

used to calculate the coefficient of determination (R2) be-

tween; a) the calculated and simulated TTS and b) the 

calculated and simulated SVF values. 
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3. RESULTS   

 

The aim of this paper was to investigate whether the 

transit time spectrum of propagated ultrasound waves 

through complex media, exhibiting different complexi-

ties and levels of phase interference, depends on the input 

ultrasound wave characteristics. 

Four different 1MHz input signals (pulse, chirp, tone-

burst and continuous) were simulated through 10 step-

wedge acrylic samples to derive the output signals. 

Through deconvolution of the “input” and simulated 

“output” ultrasound signals, a transit time spectrum was 

derived. Figure 4 shows qualitative comparisons between 

calculated (dashed red) and derived (solid black) TTS of 

the four different input signals for all samples. 

Figure 4: Qualitative comparisons between calculated (dashed red) and derived (solid black) TTS 

of the four different input signals for all samples. 
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Plots in Figure 4 clearly indicate high similarity between 

calculated and derived TTS formats for pulse, chirp, and 

continuous signals. However, tone-burst plots possess 

less similarity in both (ti) and P(ti) components, particu-

larly in more complex structures, as evidenced by h, I, J 

and k models. 

 

These observations were confirmed by quantitative com-

parisons using correlation analysis tests between calcu-

lated and derived transit times (ti) as presented in Figure 

5. The coefficients of determination (R2) were 0.998, 

0.991, 0.90 and 1 for pulse, chirp, tone-burst and contin-

uous signals, respectively. The highest correlations were 

again for pulse, chirp, continuous signals. Interestingly, 

although a chirp signal is a varying-frequency signal, it 

provided a high R2 value of 0.991. This supports a previ-

ous study concluding that TTS is frequency-independent 

(Wille & Langton, 2015a). Regarding tone-burst signals, 

although the correlation is strong (R2 = 0.90), it is the 

lowest among the four signals, and this needs further in-

vestigation. 

 

 

One method to examine the accuracy of deriving the 

transit time spectrum of propagated ultrasound through 

binary composite structures is through determining SVF, 

which has been studied previously (Alomari et al., 2018, 

2021) In this study, the derived TTS-SVF was estimated 

using Equation 9 for each sample using the four types of 

input signals. Figure 6 shows the correlation analyses be-

tween the geometrically calculated SVF and derived 

TTS-SVF for all input signals, yielding a coefficient of 

determination (R2) of 0.941, 0.968, 0.489 and 0.981 for 

pulse, chirp, tone-burst and continuous signals respec-

tively. The highest correlation was for a continuous signal 

(R2 = 0.981), followed by a chirp signal (R2 = 0.968). This 

might be attributed to the low signal-to-noise ratio in 

these signals, allowing for deriving accurate (ti) and P(ti) 

values. The tone-burst signal provided again the lowest 

correlation (R2 = 0.489), which requires more investiga-

tion.  

    

Although promising results have been obtained, this 

study is limited to the use of replica samples, which do 

not represent natural tissues. Furthermore, only 1 MHz 

simulated input signals have been investigated, and thus 

experimental signals with different frequencies might 

further confirm the findings of this study. Despite the lim-

itations, it is anticipated that UTTS has shown a reliable 

ability to estimate the SVF of 10 step-wedge samples us-

ing input signals with varied characteristics.  
 
 

4. CONCLUSION AND RECOMMENDATION 

This study aimed to investigate the effect of ultrasonic 

input/output signal types upon UTTS. The achieved re-

sults showed that a continuous signal provided more ac-

curate prediction of TTS and SVF, followed by chirp, 

then pulse signals. However, the lower results were ob-

tained by tone-burst signals, and thus further investiga-

tions are required. It is therefore assumed that UTTS is a 

potentially accurate and independent technique for bone 

assessment.  
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