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Abstract— The acoustic impedance and attenuation of 

chicken liver and gizzard muscle were measured over a 

frequency range of 1-10MHz. The results validated their 

use as ultrasound phantoms for brain and brain tumour 

respectively. These tissues were then used as an initial test 

of whether quantitative ultrasound (QUS) could 

differentiate between brain and brain tumour tissue-like 

materials. QUS is a technique which infers information 

about tissue microstructure, such as effective scatterer 

diameter (ESD) and acoustic concentration, through the 

backscattered power spectrum of insonated tissues. The 

ESD of the brain tumour phantom was significantly 

higher than that of the healthy brain phantom, (87.3 ± 

8.6 μm vs 61.2 ± 5.8 μm). The distinction in scattering 

properties shows potential to use QUS in soft tissue 

cancer detection. 
Keywords— Quantitative Ultrasound, Tissue Phantoms, 

Tissue Characterisation, Finite Element Analysis 

I. INTRODUCTION  

 Conventional intraoperative ultrasound (iUS) has proven 
to be a useful adjunct in neuro-oncology, where real-time 
images can guide the surgeon to the correct location after 
craniotomy [1].  However, in glioma surgery, image quality 
decreases dramatically due to the limited acoustic contrast 
between brain and both low and high grade glioma [2]. 
Quantitative ultrasound (QUS) infers properties about tissue 
microstructure from the backscattered radio-frequency (RF) 
data and has been shown to enhance the diagnostic capabilities 

of conventional ultrasound [3]. Small inhomogeneities (< in 
tissues cause ultrasound waves to scatter, with the extent of 
scattering dependent tissue microstructure. It is hypothesised 
than cancerous brain tissue will scatter ultrasound differently 
to healthy brain tissue due to key differences in tissue 
microstructure e.g. number and spatial correlation of cells.  

Scattering from single spheres and cylinders was first 
described mathematically by Faran in 1953 [4]. Isana et al. 
extended this to show that tissue modelled with acoustic 
impedance Z with small fluctuations from its mean value, Z0,  
following a Gaussian spatial auto-correlation function will 
generate a power spectrum which is dependent on the fourth 
power of the frequency of the ultrasound source [5].  

Techniques measuring the backscattered ultrasound have 
shown potential in characterising various aspects of 
microstructure of tissues [6]. Mamou et al. successfully 
characterised cancerous lymph nodes using this technique and 
found that metastatic nodes had an ESD larger than that in 
cancer-free nodes [7]. Similar results can be seen through 
various other studies, notably by Oelze  et al., who illustrated 
that overall estimates of scatterer size inside rat mammary 
tumours were 44% larger than outside in an in vivo study [8].  

In the present study, two acoustic phantoms were used to 
test the feasibility of quantitative ultrasound to differentiate 
between brain and brain tumour intraoperatively. Acoustic 
phantoms are materials which exhibit similar acoustic and 
mechanical properties to human tissue. They are widely 
used both for training sonographers and in quality assurance 
monitoring for new ultrasound systems. For a phantom to be 
valid, it should have similar acoustic properties to the tissue it 
is designed to mimic, over the frequency range of interest. 
These include mechanical properties, acoustic velocity, 
attenuation coefficient and acoustic impedance.  

II. METHODS 

A. Acoustic Impedance 

Fresh chicken liver and gizzard muscle were purchased 
from a local Halal butcher.  This tissue was chosen as Stewart 
et al. found them to have similar mechanical properties 
to brain and brain tumour [9]; however, they did not measure 
the acoustic characteristics. The samples were cut into small 
slices of varying sizes with a scalpel, taking care that the 
thickness of the slices was as uniform as possible (Fig. 1a).  
The density of the tissue was calculated by measuring the 
mass, then estimating the volume via the Archimedes 
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Principle. To calculate the speed of sound, the tissue was 
placed on a single element 10 MHz transducer (unfocused 
immersion transducer, Olympus, aperture 10 mm).  

The transducer was connected to an ultrasonic pulser-
receiver (DPR300, JSR – Imaginant, NY, USA) operating in 
pulse-echo mode and the receiver output was connected to an 
oscilloscope. The time, Δt, between successive echoes was 
measured using the oscilloscope measuring function. The 
speed of sound, c, in the tissue can then be calculated by:  

                           𝑐 =
2𝑑

∆𝑡
                   (1) 

where d is the thickness of the sample. This procedure was 
repeated for twelve samples of both liver and gizzard and the 
average values were taken. 

B. Acoustic Attenuation 

The attenuation coefficient is the acoustic energy lost via 
scattering, absorption and other mechanisms when an 
ultrasound pulse propagates through a medium. The method 
used to calculate the attenuation was based on the 
transmission loss method published by the National Physical 
Laboratory [10]. In summary, output readings are recorded 
before and after a tissue sample is placed in the acoustic path 
between two transducers, to calculate the energy lost.  

   
Figure 1: Acoustic characterisation measurements 
(a) Samples of chicken liver. (b) Sample placed into 

custom made 3D printed holder, encased in agar. 
 

A needle hydrophone (0.5 mm diameter, with 8 dB 
preamplifier, Precision Acoustics Ltd, UK) was positioned at 
the focal point of the transducer in a tank of degassed water. 
The empty sample holder was placed in the water tank and 
measurements were taken for the reference voltage, VW. Next, 
a tissue sample enclosed in agar was placed in the sample 
holder (Fig. 1b) and a reduced voltage reading was recorded 
on the hydrophone, VSAMPLE. This procedure was carried out 
three times for each sample.  

The estimated thickness of the tissue was calculated by 
completing a pulse echo-test on the sample with the speed of 
sound now known from the previous experiment. The 
attenuation coefficient for the specific frequency could then 
be calculated by: 

𝑎𝑇𝐼𝑆 =  
1

𝑑
[20 log10

𝑉𝑊

𝑉𝑆𝐴𝑀𝑃𝐿𝐸
− 𝑎̃𝐴𝐺𝐴𝑅] +  𝑎𝑊             (2) 

where: 
aTIS = Attenuation in tissue (dB/cm) 
d = Thickness of tissue (cm) 
VW = Signal through water without tissue (V) 
VSAMPLE = Signal with tissue + agar present (V) 
ãAGAR = Attenuation due to agar (dB)  

C. QUS Parameters 

 Six tissue samples of uniform thickness were prepared and 
placed in degassed water at the natural focal distance of a 
transducer (Fig. 2). Again, a 10 MHz transducer connected to 
the JSR pulser-receiver was used for this study. A reference 
measurement was also made, with the tissue replaced with a 
quartz plate, as this is required for calibration. 

 

Figure 2: Experimental set-up to obtain 

 backscattered power spectrum from tissue 
 

The backscattered power spectrum is estimated 
experimentally from the following formula [8]: 

                𝑊𝑚𝑒𝑎𝑠(𝑓) =
1

𝑁

ℜ2

4
∑

|𝐹𝑇{𝜌𝑛(𝑡)}|2

𝑊𝑟𝑒𝑓(𝑓)
𝑁
𝑛=1                     (3) 

where: 
ℜ = reflection coefficient of the quartz flat 
N = number of scans 
𝜌𝑛 = RF data from scattering from the nth A-scan, gated 
by a Hanning window. 
𝑊𝑟𝑒𝑓  = power spectrum from a quartz flat 

 
A gate length of 7 mm was used in this study and the tissue 

samples had a thickness of 1cm on average. Eight scans were 
taken per sample. In order to obtain an accurate power 
spectrum resulting from only scattering effects, attenuation 
must be taken into account by multiplying by a compensation 
term [8]: 

𝑊𝑐𝑜𝑚𝑝(𝑓) = 𝑊𝑚𝑒𝑎𝑠(𝑓)𝑒4𝛼0(𝑓)𝑥0 [
2𝛼(𝑓)𝐿

1−𝑒−2𝛼(𝑓)𝐿]
2

              (4) 

where: 
𝛼0 = attenuation coefficient of water (dB/cm) 
𝑥0 = propagation distance in water (cm) 
𝛼 = attenuation coefficient in the gated region (assumed 
constant dB/cm) 
 
The measured compensated power spectrum was 

compared to the power spectrum expected from extending 
Faran’s theory of scattering to a distribution of scatters [11], 
[12]  

𝑊(𝑓) =  
185𝐿𝑞2𝑎6𝜌𝑧𝑣𝑎𝑟

2 𝑓4

[1+2.66(𝑓𝑞𝑎)2]
𝑒−12.159𝑓2𝑎2

                  (5)    

 
where: 

𝑎𝑒𝑓𝑓  = Effective Scatter Diameter (mm) 

L = gate length (mm) (the size of ROI) 
q = ratio of transducer aperture radius to distance to ROI 
f = frequency (MHz) 

1 cm 
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 The term 𝜌𝑧𝑣𝑎𝑟
2  is termed ‘acoustic concentration’ i.e. a 

product of the number of scatterers per mm3 and 𝑧𝑣𝑎𝑟=(Z-
Z0)/Z0, a measure of the relative acoustic impedance of the 
scatterers (Z) and the surrounding medium (Z0). The 
parameters of interest (𝑎𝑒𝑓𝑓  , 𝜌𝑧𝑣𝑎𝑟

2 ) are found by a 

technique first described in detail by Oelze et al. to minimise 
the average squared difference between the theoretical 
normalised power spectrum and 𝑊𝑐𝑜𝑚𝑝(𝑓) [8]. This involves 

several expansions and assumptions (such as q < 1) which 
are fulfilled in this experimental set-up. Ultimately, a straight 
line is estimated using the terms on the left hand side of Eq. 
6. 
10log (𝑊𝑐𝑜𝑚𝑝(𝑓)) − 10𝑙𝑜𝑔𝑓4 ≈ 

                             𝑀(𝑎𝑒𝑓𝑓
2 )𝑓2 + 𝐼(𝑎𝑒𝑓𝑓

6 , 𝜌𝑧𝑣𝑎𝑟
2 )                   (6) 

Once the gradient and intercept of the straight line are 

estimated, the ESD, 𝑎𝑒𝑓𝑓
2 , and acoustic concentration, 𝜌𝑧𝑣𝑎𝑟

2 , 

can be calculated from: 

       𝑀 =  −4.34[12.159 + 2.66𝑞2]𝑎𝑒𝑓𝑓
2                      (7)                   

          𝐼 = 10log [185𝐿𝑞2𝑎𝑒𝑓𝑓
2 𝜌𝑧𝑣𝑎𝑟

2 ]                            (8)                       

Finite element analysis simulations were carried out using 
PZFlex (Oscale, CA, USA) to test the accuracy of the 
estimation scheme. The set up for the 2D in silico model was 
made to emulate a pulse-echo test, as in the experimental 
measurements. It simulates a 10 MHz single cycle sinusoid 
travelling through 2 mm of water then 2 mm of tissue with 
embedded scatterers (Fig. 3a).  

 

Figure 3 (a) Typical model, scatterer size 50 m 
and 50 scatterers/ mm2 (b) Screenshot of 
simulation showing acoustic pressure wave 
interaction with scatterers 

 The acoustic impedance of the scatterers was 10% higher 
than the surrounding medium. The scatterer size was 
increased from 10 - 100 µm in 10 µm intervals. Ten models 
were created for each scatterer size to study the effect of 
random spatial distributions.  

III. RESULTS 

A. Acoustic Impedance 

The average results for the density, acoustic velocity and 
acoustic impedance are shown in Table 1. When compared 
with results in the literature [13], most tumours and healthy 
brain tissue fall in the density range 1040 – 1050 kg m-3. 

 

 

 

TABLE I. ACOUSTIC IMPEDANCE OF LIVER AND GIZZARD 

Tissue 
Density  

(kg m-3) 

Acoustic 

velocity 

(m s-1) 

Acoustic 

Impedance 

(MRayl) 

Chicken 

Liver 
1067 ± 23 1539 ± 85 1.64 ± 0.06 

Chicken 

Gizzard 
1051 ± 8 1510 ± 44 1.59  ± 0.03 

  

 Chicken liver was found to have a slightly higher density 
than one would expect for healthy brain tissue; however, the 
results for chicken gizzard appear accurate. The velocity 
values for both tissues agree well with the literature for 
healthy brain and glioblastoma [17,18] 

B. Acoustic Attenuation 

The attenuation for both tissues over the range 

1 – 10 MHz are displayed in Fig. 4. 

 
Figure 4: Attenuation in chicken liver and gizzard 

    The attenuation coefficient (measured in dB cm-1 MHz-1) 
was found to be 0.66 ± 0.16 and 0.81 ± 0.18 for chicken liver 
and gizzard respectively. When compared to healthy brain in 
vivo, the results for liver agree well at 5 MHz and we would 
expect to see further agreement if the data were extrapolated 
to 10 MHz [14]. Chicken gizzard agrees well with the ex vivo 
results for glioblastoma, further evidencing  

its suitability as a malignant tumour phantom [15]. The results 
emphasise the similarity between the two tissue types in terms 
of acoustic concentration and the error analysis highlights the 
heterogeneity of the tissue samples. It should be noted that the 
main source of error in these analyses arose from the accuracy 
with which tissue samples could be prepared to achieve the 
desired thickness.  

C. QUS Parameters 

Initial estimates of the ESD and acoustic concentration  
 (𝑎𝑒𝑓𝑓  , 𝜌𝑧𝑣𝑎𝑟

2 ) show a distinct difference between the brain 

and brain tumour phantoms. The average scatterer sizes were 
found to be 87.3 ± 8.6 μm vs 61.2 ± 5.8 μm in chicken gizzard 
and liver respectively (Fig. 5). The increase in scatterer size in 
cancerous tissue phantom is an interesting result; the same 
trend was reported in the literature when this technique was 
used in ex-vivo healthy and cancerous tissue samples 
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Figure 5: Spectral slope and intercept for liver 
(healthy brain phantom, blue squares) and gizzard 
(cancerous brain phantom, red triangles) 

The acoustic concentration was found to be similar in both 
tissues, implying a similar number of scatterers per unit 
volume in each tissue. The variance of the results could be 
minimised by taking a larger number of scans to contribute to 
the average power spectrum.  

The accuracy of the scatterer diameter estimation was 
tested using an in silico study. The ESD was found for each of 
the 10 geometries using the technique described above, 
corresponding to scatterer sizes varying from 10 - 100 µm. It 

can be seen from the results (Fig. 6) that this technique 
provided good accuracy at estimating the ESD in the 
simulation when ESD > 40 μm. This gives confidence in the 
reliability of the results derived from experimental data. 
However, it can also be seen that it is hard to distinguish 
scatterers with ESD 10 - 30 µm, which may be due to the 
effects of the limited mesh size of the model.   

IV. DISCUSSION AND CONCLUSION 

 The acoustic properties of chicken liver and gizzard have 
been evaluated and the results correspond with those reported 
in the literature for acoustic velocity and attenuation for 
healthy brain tissue and malignant brain tumour respectively. 
However, it is known that the acoustic properties of brain 
tumours differ depending on malignancy, so this phantom 
would not be valid for all tumour types. It is also important to 
note that a good macroscopic acoustic phantom does not 
necessarily indicate a good microscopic acoustic phantom. 
These tissues are hard to differentiate using conventional iUS; 
however their microstructure is so different that it causes 
ultrasound to scatter very differently within the tissue. This 
study indicates that spectrum based parameters are essential 
for differentiation of tissues indistinguishable by US. Display 

of parametric images simultaneously with B-mode images 
will be necessary for intraoperative use; we plan to use 
spectral parameters from a large number of ex vivo tissue 
samples and in silico models to train a binary classifier to 
demonstrate this approach. 
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Figure 6: Spectral gradient vs diameter, average of 
10 simulations. Error bars show standard deviation. 
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