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In the context of the ultrasound pulse-echo (PE) technique, extracting distinct fast and 
slow waves presents challenges due to their frequent overlap and interference with 
unwanted scattering waves within cancellous bone. This study aims to explore the 
viability of utilizing cortical bone as an ultrasound reflector for investigating correlations 
between fast and slow waves and porosity. Employing a 2-Dimensional (2D) simulation 
approach, diverse porosity levels within 2D cancellous bone models alongside cortical 
bone are examined. The bandlimited deconvolution method is applied to isolate fast 
and slow waves from the original waves. The correlation coefficient is used to compare 
the result between the original, fast, and slow waves. Results indicate enhanced 
correlations of fast (R2fast = 0.78) and slow (R2slow = 0.76) waves with porosity 
compared to the original waveform (R2original = 0.45). Incorporating fast and slow wave 
analyses could potentially enhance porosity estimation accuracy through the PE 
ultrasound measurements technique.  
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1. Introduction 
 
      Bone quality checks regularly can be one method of disease prevention for Osteoporosis, cancers, 
and osteogenesis imperfecta before it gets worse [1, 2]. In addition to x-ray-based methods like 
quantitative computed tomography (QCT) and dual X-ray absorptiometry (DXA), an ultrasound-based 
alternative called quantitative ultrasound (QUS) is presented, providing a safer, more cost-effective, 
and portable solution. The QUS method predicted bone quality by analysing ultrasound waves based 
on their attenuation and velocity [3]. Previous researchers indicate that the ultrasound fast and slow 
waves can propagate through cancellous bone and its parameters are associated more with various 
cancellous bone attributes [4-6]. Generally, the fast wave refers to the waves which correspond to 
solid trabecular and the slow wave is the waves that correspond to the pore part of cancellous bone 
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[7]. Analysing these waves via ultrasound technology could enhance bone quality assessment 
accuracy.  
 

Earlier finite difference time domain (FDTD) simulations have demonstrated the emergence of 
fast and slow waves in the reflected wave using the PE technique. These findings suggest the 
potential to enhance the accuracy of bone quality estimation through these techniques by utilizing 
fast and slow waves [4, 8-11]. Despite that, the method proposed required perfect reproducibility 
which only can be achieved using a simulation approach [4, 11]. Presently, a definitive technique for 
extracting fast and slow ultrasound waves via the PE method is lacking. This challenge arises due to 
the frequent overlap of fast and slow waves, combined with interference from undesired scattering 
waves within cancellous bone. Additionally, given that a significant portion of the cancellous bone 
structure is encased by cortical bone, the interface between the cortical and cancellous bone surfaces 
can be effectively utilized as an ultrasound reflector. Thus, this investigation aims to assess the 
feasibility of employing cortical bone as an ultrasound reflector to study correlations between fast 
and slow waves and different porosity levels. Using a 2D simulation approach, diverse porosity 
variations are examined within 2D cancellous bone models in conjunction with cortical bone. The 
bandlimited deconvolution method proposed by Wear [12, 13] is utilized to disentangle fast and slow 
waves from the original wave. The correlation coefficient facilitates a comparative analysis of 
outcomes among the original, fast, and slow waves. Subsequently, a comparison and discussion of 
the correlation behaviour with findings from prior research will be presented. This work introduces 
novel aspects which suggest an alternate method to enhance precision in current PE measurements 
by incorporating cortical bone as a reflector to the fast and slow waves for bone quality assessment. 
 
2. Materials and Method  
2.1 2-Dimensional (2D) Cancellous Models 

 
The 2-D cancellous model is a model of cancellous bone from previous works by Gilbert et al., [5]. 

There are 9 cancellous models with porosity levels ranging from 30% to 75% used in the simulation. 
Table 1 shows the acoustic and material properties of bone and water based on the acoustic 
properties database from the signal-processing website [14]. 

 
Table 1 
Materials properties for the simulation 
No. Material Colour label No. Label ρ (g/cm3) ϕ v (m/s) 
1. Water White 1 1000 - Cl: 1497 

Cs: 0 
2. Bone Black 2 2000 30% -75% Cl: 3500 

Cs: 2400 
ϕ: Porosity, ρ: Density, v: Velocity, Cl: Longitudinal Velocity, Cs: Shear Velocity 

 
2.2 2-Dimensional (2D) Simulation Setup for Pulse-Echo Measurement Technique 
 

SimNDT version 0.52 by Molero et al., [15] is the software used for this investigation. The 
simulation setup was based on the PE measurement technique with a 1 MHz single Gaussian sine 
wave as the output pulse for the transducer. Referring to Figure 1, the transducer was a planar type 
with a size of 9 mm. The distance between the transducer and bone models is 7 mm. An absorbing 
layer with a thickness of 5 mm surrounded the simulation area. The black rectangular structure with 
a thickness of 1 mm at the top and bottom of the bone models is assumed as a cortical bone. The 
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blue arrow represents the location of the wave that will be analysed, which is on the front surface of 
the bottom cortical bone.  
 

 
Fig. 1. Simulation setup 

 
The water-only wave, essential for bandlimited deconvolution and ultrasound parameter 

calculations in this simulation, is generated using the identical setup depicted in Figure 1. However, 
the cancellous bone region is omitted and replaced solely with water. To precisely determine the 
arrival time of the targeted reflected wave, a reference simulation is conducted involving the removal 
of the upper cortical and cancellous bone regions, while retaining the lower cortical bone. The 
simulation time was set to 30 µs and the pulse of the input voltage was set to 500 volts peak-to-peak 
(Vpp).  
 
2.3 Bandlimited Deconvolution Method and Ultrasound Parameters 
 

The bandlimited deconvolution method separates the original or mixed (single mode) wave into 
distinct fast and slow waves [12, 13]. The bandlimited deconvolution method's basis rests on Eq. (1), 
developed by Marutyan et al., [16] which serves as a mathematical model for ultrasound wave 
propagation through porous structures. 
 
𝑌(𝑓) = 𝑋(𝑓)[𝐻𝑓𝑎𝑠𝑡(𝑓) + 𝐻𝑠𝑙𝑜𝑤(𝑓)]           (1) 
 

X(f) represents the spectrum of the wave traversing water alone, and Y(f) denotes the spectrum 
of the wave traversing a sample (original wave). Here, f stands for ultrasound frequency. The term 
enclosed within the brackets in Eq. (1) signifies a transmission coefficient. The porous structure's 
transfer functions, Hfast(f) and Hslow(f), correspond to two co-propagating waves within a linear 
frequency-dependent attenuating medium [17]. The bandlimited deconvolution method estimates 
the transfer function of the fast wave, hfast(t), using the reference wave's velocity exceeding 1479 
m/s. As the term suggests, the fast wave is expected to outpace the reference wave. Applying Eq. (1), 
hfast(t) is calculated through fast fourier transform (FFT) into hfast(f), then multiplied by X(f) to yield 
Yfast(f). Subsequently, employing inverse FFT (IFFT) on Yfast(f) obtains the fast wave in the time 
domain, yfast(t). To derive the slow wave in the time domain, yslow(t), the mix wave in the time 
domain, y(t), is subtracted from yfast(t). Additional details on this methodology are available in 
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previous studies [12, 18, 19]. The ultrasound parameter involved in this investigation is frequency 
dependent attenuation (β). The calculation formula for the attenuation parameters is referenced 
from previous research [12], 
 
𝛽(𝑓) = !

"
	[20	𝑙𝑜𝑔	𝑆𝐵(𝑓) 	− 	20	𝑙𝑜𝑔	𝑆𝑅(𝑓)]           (2) 

 
where D is the sample thickness in cm, SR(f) is the amplitude spectrum of a water-only wave 
and SB(f) is the amplitude spectrum of the bone sample wave. The β(f) slope frequency range would 
be from 0.2 to 0.6 MHz with the unit of dB/cm/MHz. 
       
3. Results and Discussions  
 

Figure 2(a) illustrates the reflected waveform from three distinct simulation setups. In Figure 
2(a)(i), a reference simulation (water only, no top cortical or cancellous bone) indicates an arrival 
time of 23.1 µs for the reflected waveform F2. This value guides the estimation of F2's arrival times 
in the water-only and sample cases. Figure 2(a)(ii) displays the estimated waveform received from 
the water-only simulation, and Figure 2(a)(iii) shows the estimated waveform from a bone sample 
with 73.52% porosity. The study focuses on the reflected waveform F2.  
 

 

 

 

(a)             (b) 
Fig. 2. (a) Example of the reflected waveform received at the receiver and (b) simulation setup diagram 
for water-only measurement with corresponding reflected waveform from (a) 

 
Figure 2(a) (iv) and (v) magnify Figure 2(a) (ii) and (iii), respectively. F1 and B1 in Figure 2(a) and 

(b) depict reflected waves at the front and back of the top cortical bone surface. These waves result 
from back-and-forth reflection between the ultrasound transducer and the top cortical bone surface. 
Briefly, upon propagating through the top cortical bone, some of the waves are reflected (F1 and B1), 
refracted and the rest passing through (T1) the cortical bone. As T1 reaches the front of the bottom 
cortical bone surface, it generates scatter wave C1, which disperses in various directions (reflected, 
refracted, through); this phenomenon is exclusive to bone samples. Subsequently, weakened wave 
T1 encounters the front of the bottom cortical bone surface, generating reflected waveform F2, 
which reflected and returns to the receiver. However, some of the incident waveform (T2) continues 
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passing through the bottom cortical bone. As the simulation setup is enclosed by an absorbing layer, 
T2's waveform is absorbed and remains unrecorded by the receiver.  

Figure 3(a) depicts an example of fast and slow waves extracted from the reflected waveform F2 
(original wave) via the bandlimited deconvolution method. Further details regarding the band-limited 
deconvolution method can be found in previous research [12]. The fast wave exhibits a slightly lower 
amplitude in comparison to the slow wave, and notably, it arrives ahead or at an earlier time than 
the slow wave. The findings align well with prior research, indicating that fast waves typically exhibit 
lower amplitudes and frequently arrive earlier than slow waves [4, 6, 20-23]. The lower amplitude is 
indication of experiencing higher attenuation effect. The lower amplitude signifies an increase in 
attenuation effect. As illustrated in Figure 3(b), the average frequency is 0.94 MHz for fast waves and 
1.1 MHz for slow waves. Earlier studies have noted the swifter attenuation of high-frequency 
ultrasound waves compared to low-frequency signals [22, 24]. The fast wave undergoes a more 
obvious attenuation effect in comparison to the slow wave, resulting in the attenuation of its high-
frequency component and the predominance of its lower frequency component upon reaching the 
receiver. 
 

 

 

(a) (b) 
Fig. 3. (a) Example of original, fast, and slow wave for the cancellous bone sample with porosity of 
66.5 %. (b) The average frequency content for fast and slow wave 

 
In Figure 4(a) and (b), the original and fast wave attenuation trends exhibit parabolic behaviour 

with polynomial R2 values of 0.45 and 0.77, respectively. Meanwhile, the slow wave's attenuation 
demonstrates a decreasing trend with an R2 value of 0.76. The attenuation effect for the slow wave 
diminishes as porosity increases. Higher porosity reduces solid structure compactness, increasing 
distances between pore spaces. This alteration enhances fluid flow [25], thereby boosting the 
effectiveness of slow wave propagation and reducing attenuation. This alignment with prior research 
links the slow wave to cancellous bone pore characteristics [9, 21, 26-28].  
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(a) (b) 

Fig. 4. Ultrasound attenuation parameters versus porosity. (a) Original wave and (b) slow (blue) and 
fast (red) wave  

 
At high porosity levels, the attenuation of fast and slow waves approaches the same convergence 

region. This phenomenon is consistent with prior findings, where the attenuation of the fast wave 
converges with the slow wave's value at 90% porosity (high porosity). Slow wave attenuation 
predominantly dominates various frequency ranges, particularly in high-porosity cancellous bone 
[22]. In this study, since the behaviour of the original and fast wave is almost identical, the original 
wave seems to be dominated by the fast wave. Furthermore, marginally higher fast wave attenuation 
in low porosity samples might stem from heightened structural compactness-associated attenuation. 
At mid porosity values, the ample space within the solid structure enables efficient wave 
propagation; the compatibility between the fast wave and solid structure contributes to the low 
attenuation. Nonetheless, in high porosity samples, the scarcity of solid structures for fast wave 
propagation elevates attenuation. Additionally, scattering effects due to trabecular structure 
inhomogeneity [29, 30] in high porosity bone models could contribute to overall fast wave 
attenuation, thus explaining its increasing trend. However, the behaviour of fast and slow waves 
requires more clarity through extensive data and accurate 3D simulations. Also, real bone structures 
might yield varied results due to non-flat boundaries between cortical and cancellous bone. While 
the paper showcases the feasibility of using flat cortical bone surfaces as ultrasound reflectors for PE 
measurements, these limitations suggest areas for future research. 
 
4. Conclusions 
 

The bandlimited deconvolution approach effectively separates and estimates the reflected fast 
and slow waves from the mixed wave obtained via the PE measurement technique. By analyzing 
center frequency and attenuation, these waves are discerned and predicted, characterizing their 
passage through solid and pore regions. Fast waves traverse solid structures, while slow waves 
navigate the porous regions. The comprehensive simulation results indicate substantial correlation 
coefficients between the reflected fast and slow wave parameters and porosity, surpassing those of 
the original wave. These collective findings suggest that incorporating fast and slow waves for bone 
quality estimation presents a viable alternative, potentially enhancing the accuracy of PE 
measurements. 
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