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Abstract
Nakagami images based on backscattered statistics have been demonstrated to complement the ultrasonic B-scan
technique for evaluating the arrangements and concentrations of scatterers in the scattering medium. This study explores
the relationship between Nakagami images and the mechanical properties of the scattering medium. Experiments were
performed on phantoms with various stiffnesses and scatterer concentrations. A commercial supersonic shear imaging
system was used to measure the shear modulus of each phantom. The ultrasonic backscattered signals from the phantoms
were acquired using a single-element ultrasound scanner for Nakagami imaging. The Nakagami images were compared
with the supersonic shear images to explore the dependency of the Nakagami parameter on the medium stiffness. The
brightness of the shading in the Nakagami image increased with increasing stiffness of the phantom. For the scattering
medium with a low scatterer concentration (8 scatterers·mm-3), the average Nakagami parameter increased from 0.35 to
0.46 when the average shear modulus increased from 11.7 to 167.6 kPa. The average Nakagami parameter measured in
the medium with a high scatterer concentration (32 scatterers·mm-3) increased from 0.8 to 0.89 when the shear modulus
increased from 12.3 to 174.5 kPa. This study demonstrates that the features of Nakagami images depend on the stiffness
of the scattering medium.
Keywords: Nakagami image, Tissue stiffness, Supersonic shear imaging

1. Introduction
Ultrasound grayscale (B-mode) imaging is an important
clinical tool for examining the internal structures of tissues [1].
The B-scan intensity is affected by many factors, such as image
processing, system settings, and user operations [2,3].
Consequently, B-scan images provide only a primarily
qualitative description of morphology, without quantifying
tissue properties. The raw ultrasonic radio-frequency (RF)
signals backscattered from tissues may contain valuable
information that complements the B-scan images for tissue
characterization. The statistical properties of backscattered
signals depend on the scatterer properties [4-6]. When the
resolution cell of the transducer contains a large number of
randomly distributed scatterers, the probability density function
(pdf) of the backscattered envelope conforms to the Rayleigh
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distribution [7,8]. If the resolution cell contains scatterers with
randomly varying scattering cross-sections, with a
comparatively high degree of variance, the envelope statistics
conform to a pre- Rayleigh distribution. When the resolution
cell contains periodically located scatterers in addition to
randomly distributed scatterers, the envelope follows a
post-Rayleigh distribution [9]. Non-Rayleigh statistical models,
such as Rician [8], K [10], homodyned K [11], and generalized
K [12] models, have been developed to encompass the various
backscattering conditions.
The Nakagami distribution, initially proposed to describe
the statistics of radar echoes [13], has been applied to the
statistical analysis of backscattered signals [14-17]. The
Nakagami distribution provides a general model for all the
backscattering conditions encountered in medical ultrasound. It
was found to be strongly related to the statistics of the
backscattered signal, with the corresponding Nakagami
parameter varying according to the statistics of the backscattered
signal [16]. Research has shown that the Nakagami parameter
can be used to distinguish various scatterer properties [9,18-20].
Some Nakagami compound distributions, including the
Nakagami-Gamma
[21,22],
Nakagami-lognormal
and
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Nakagami-inverse Gaussian [23], Nakagami-generalized inverse
Gaussian [24], and Nakagami Markov random field [25] models,
have been developed to provide better fits to the statistical
distributions of backscattered-signal envelopes.
The concept of Nakagami imaging based on the Nakagami
parameter map originated from the suggestion of Shankar [26]
and some other preliminary studies [27,28]. The suggestion
arose in response to the need of physicians and radiologists for
imaging tools to visually identify scatterer properties in clinical
applications. Based on these pilot studies, the present authors
previously proposed a standard criterion for constructing the
Nakagami image [29], and confirmed its usefulness for tissue
characterization in applications such as cataract detection [30],
tissue ablation monitoring [31], flow estimation [32,33], breast
tumor classification [34,35], cell concentration measurement
[36], vocal fold characterization [37], and liver fibrosis
assessment [38]. Previous studies have demonstrated that
Nakagami images provide information associated with the
scatterer arrangement and concentration by reflecting the pdf of
the ultrasonic backscattered signals from tissues. This
information complements B-scan imaging to improve the
diagnosis obtained by conventional ultrasound imaging.
Numerous studies have confirmed that scatterer properties
are the key factors in determining the Nakagami parameter and
the corresponding imaging features. However, two of our
previous studies indicated that features of Nakagami images
may also depend on the mechanical properties of tissues to some
degree. In one study [30], we explored the feasibility of using
Nakagami parametric images to quantify lens stiffness. The
experimental results indicated that Nakagami imaging can be
used to distinguish both global and local variations in lens
stiffness. At that time, it was concluded that the scatterer
concentration of the fiber coemption, which is mainly
responsible for the increase in lens stiffness during cataract
formation, could be quantified using Nakagami images to
analyze the statistical distribution of ultrasonic backscattered
echoes. In another study [37], we proposed using the Nakagami
parameter for the parametric imaging of the biomechanical
properties of vocal folds. It was found that the Nakagami images
better reflected the anatomical differences of lamina propria and
vocal muscle than did B-mode images. We suggested that
Nakagami imaging may be used for visualizing the relative
concentration of collagen and elastic fibers, which are key
factors in determining the biomechanical properties of vocal
folds.
These two previous works revealed that the features of
Nakagami images may depend on the stiffness of the scattering
medium. However, no direct evidence was presented to confirm
this. In addition, the underlying mechanism needs to be
determined to explain why the features of Nakagami image vary
with medium stiffness. This is still an open question in the
ultrasound field.
In order to better understand the effects of physical
properties on the Nakagami parameter in tissue characterization,
the present study explores the relationship between the features
of Nakagami images and the mechanical properties of the
scattering medium.

2. Materials and methods
2.1 Phantom preparation
Phantoms were made by adding glass beads (59200U,
Supelco, Bellefonte, PA, USA) into agar that had been
produced by dissolving agar powder in 70 ml of water. The
glass beads were used as acoustic scatterers that would produce
echoes. The specifications provided by the manufacturers
stated that the average diameter of the glass beads was 75 μm.
For constructing the phantoms, the agar solution was boiled
before the addition of the glass beads. During the cooling
period, a stirrer was used to suspend the glass beads in the agar
solution to avoid sedimentation. The stirrer was taken out using
a magnetic stick before the agar solution solidified. This step
ensured that the scatterers were distributed in the phantom as
randomly as possible. In order to simulate ultrasound images
without and with fully developed speckle patterns, phantoms
with scatterer concentrations of 8 and 32 scatterers·mm-3 were
constructed, respectively. The concentration of scatterers
(quantified as the number of scatterers per cubic millimeter) in
the phantom was determined using.
SC = 3M/(4πrg3ρV)

(1)

where M, rg, and ρ correspond to the mass, radius, and density
of the glass beads, respectively, and V denotes the volume of
the agar phantom. For each scatterer concentration, various
percentages by weight of agar powders, namely 0.007%, 0.01%,
and 0.02%, were used to produce phantoms with various levels
of stiffness. Ten phantoms were made for each stiffness.
2.2 Measurement of phantom stiffness
Prior to the experiments, the mechanical properties of the
phantoms with various stiffnesses and scatterer concentrations
were estimated using supersonic shear imaging (SSI). The SSI
method was described in detail in previous studies [39-41].
Briefly, the SSI method entails generating a remote radiation
force by focused ultrasonic beams (i.e., pushing beams). Each
pushing beam generates a remote vibration that results in the
propagation of a transient shear wave. Several pushing beams
at increasing depths are transmitted to generate a quasi-plane
shear wave front that propagates throughout the whole imaging
area. After the generation of the shear wave, an ultrafast
echographic imaging sequence is performed to acquire
successive raw data at a very high frame rate to estimate the
shear wave velocity and the shear modulus. The stiffer the
phantom, the higher the shear modulus is. This study used a
commercial shear imaging scanner (Aixplorer, Supersonic,
France) with a linear transducer (Model SL15-4, Supersonic,
France) that has a bandwidth of 4 to 15 MHz to measure the
shear moduli of the phantoms.
2.3 Data acquisition for Nakagami imaging
A single-element ultrasound imaging system, shown in
Fig. 1, was constructed to conduct the scanning. It comprised a
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mechanical scan assembly, a single-element ultrasound
transducer, a pulser/receiver, and a data acquisition card.
Mechanical scanning of the ultrasound transducer was
implemented using a high-resolution motion stage driven by
piezoelectric motors (Model HR8, Nanomotion, Israel). The
transducer was driven by a pulser/receiver (Model 5072PR,
Panametrics-NDT, Waltham, MA, USA). The received echoes
were amplified and filtered with a built-in amplifier and filter in
the pulser/receiver. The echoes were then digitized at a sampling
rate of 50 MHz by an analog-to-digital converter (Model
PXI-5152, National Instruments, Austin, TX, USA) for data
storage on a personal computer. The phantom was scanned using
a focused transducer with an element diameter of 6 mm (Model
V310, Panametrics-NDT). A pulse-echo test of the transducer
was carried out. Results showed that the central frequency and
the pulse length were 6.5 MHz and 0.3 mm, respectively. The
focal length was designed to be 1.1 cm; therefore, the theoretical
-6 dB beam width calculated using the f-number was
approximately 0.4 mm, as shown in Table 1.
For each phantom, a total of 500 A-lines of backscattered
signals were acquired to construct an image. The interval
between each scan line was 20 µm, and each scan line was 3
mm. The envelope signal of each scan line was obtained by the
Hilbert transform for Nakagami imaging. The algorithm for
constructing the ultrasonic Nakagami images was based on our
previous study [29]. The Nakagami images of the phantoms
were then compared with the results obtained from the
supersonic shear images. To explore the relationship between
the Nakagami images and the mechanical properties of the
scattering medium, a region of interest (ROI) with a size of 1×1
mm2 was used to acquire local data from the focal zones of
images for calculating the average pixel values. The ROIs in
both the Nakagami image and the shear wave image were
located in the same region in the phantom.
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3. Results
Figure 2 shows the supersonic shear images of the
phantoms with various scatterer concentrations and stiffnesses
acquired from the shear imaging scanner. The shear wave
image display was ranged in a square area with a size of
1 × 1 cm2. For each scatterer and agar concentration, ten
independent phantoms were made; the means and standard
deviations of the shear modulus for phantoms with various
stiffnesses and scatterer concentrations are summarized in
Table 2. The results show that the stiffnesses of the phantoms
made from agar powder with a concentration of 0.5 g were
11.7 kPa and 12.3 kPa for scatterer concentrations of 8 and
32 scatterers·mm-3, respectively. When the agar concentrations
were 1 g and 1.5 g, the stiffnesses of the phantoms with
scatterer concentrations of 8 and 32 scatterers·mm-3 were

(a)

(d)

(b)

(e)

(c)

(f)

Figure 2. Supersonic shear images of phantoms with different scatterer
concentrations and hardnesses. (a)-(c) phantoms with agar
concentrations of 0.5 g, 1 g, and 1.5 g respectively, with a
scatterer concentration of 8 scatterers·mm-3. (d)-(f) phantoms
with agar concentrations of 0.5 g, 1 g, and 1.5 g respectively,
with a scatterer concentration of 32 scatterers·mm-3.
Table 2. Shear moduli of phantoms with various scatterer and agar
concentrations measured by supersonic shear imaging. Data
are expressed as mean ± standard deviation calculated from ten
independent phantoms.
Agar
concentration
Scatterer
concentration
8·mm-3
32·mm-3

Figure 1. Experimental setup used to acquire raw image data for
Nakagami imaging.
Table 1. Characteristics of transducer used in experiments.
Model
Central frequency
Focal length
Element diameter
Pulse length
Beam width

V310, Panametrics-NDT, Waltham, MA, USA
6.5 MHz
1.1 cm
6 mm
0.3 mm
0.4 mm

0.5 g
11.7 ± 0.3 kPa
12.3 ± 0.7 kPa

1.0 g

1.5 g

69.8 ± 1.4 kPa 167.6 ± 4.1 kPa
74.3 ± 2.6 kPa 174.5 ± 2.7 kPa

roughly 70 kPa and 170 kPa, respectively. The results indicate
that the scatterer concentration did not significantly affect the
phantom stiffness for a given concentration of agar powder.
The phantom stiffness increased with the concentration of agar
powder.
Phantoms with stiffnesses ranging from approximately
12 kPa to 170 kPa were thus constructed, as validated by the
supersonic shear imaging. The next step was to study the
dependence of the Nakagami image features on the medium
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stiffness. Figure 3 shows typical Nakagami images and
Nakagami parameter values for phantoms with various
stiffnesses. In this example, the phantoms had scatterer
concentrations of 8 scatterers·mm-3. Prior research has shown
that a scattering medium with a low scatterer concentration
displays relatively few scatterers in the resolution cell of the
focused transducer [29]. This finding explains why phantoms
with different stiffnesses had different levels of blue shading in
their Nakagami images, indicating that globally backscattered
statistics form a pre-Rayleigh distribution (average mw < 1). In
principle, a given scatterer concentration results in similar
features and shadings in the Nakagami image. However, it was
observed that the brightness of the blue shading in the
Nakagami image gradually increased as the stiffness of the
phantom increased. To verify this, the values of all pixels in the
Nakagami image were used to calculate the average Nakagami
parameter. The average Nakagami parameter increased from
0.35 to 0.46 when the average shear modulus increased from
11.7 kPa to 167.6 kPa. The probability value (i.e., p-value)
obtained from Student's t-test indicates that the Nakagami
parameter corresponding to each shear modulus was
significantly different (p < 0.05). Based on the experimental
observations, a linear fitting was used to describe the
relationship between the Nakagami parameter and the shear
modulus. The correlation coefficient obtained from the linear
fitting was 0.83, demonstrating that the Nakagami parameter
measured in a medium with a low scatterer concentration
correlated strongly with the stiffness of the medium.

the medium stiffness was also investigated. For a scatterer
concentration of 32 scatterers·mm-3, typical Nakagami images
and Nakagami parameter values for phantoms with varying
stiffnesses are shown in Fig. 4. Previous research found that a
high concentration of scatterers may easily result in a large
number of scatterers within the resolution cell of even a highly
focused ultrasound transducer, which means that the global
backscattered-signal statistics tend to approach a Rayleigh
distribution, corresponding to red and blue shading (average
mw ≈ 1) [29,31]. Here, the shading in the Nakagami images
changed slightly with increasing phantom stiffness.
Quantitative analysis of the Nakagami images revealed that the
average Nakagami parameter increased from 0.8 to 0.89 when
the shear modulus increased from 12.3 kPa to 174.5 kPa. To
compare these results with those in Fig. 3, a linear equation was
used to fit the curve of the Nakagami parameter as a function of
shear modulus. The correlation coefficient was 0.53, implying
that the Nakagami parameter measured in a medium with a
high scatterer concentration did not highly depend on medium
stiffness. The p-value analysis also showed that the average
Nakagami parameter values of mediums with shear moduli
smaller than 74.3 KPa were statistically indistinguishable
(p > 0.05).

Figure 4. The Nakagami images and the Nakagami parameters under
different medium hardnesses (scatterer concentration of
32 scatterers·mm-3).

4. Discussion
Figure 3. The Nakagami images and the Nakagami parameters under
different medium hardnesses (scatterer concentration of
8 scatterers·mm-3).

The dependence of the features of Nakagami images
measured in a medium with a high scatterer concentration on

The present study is the first to document the effect of
medium stiffness on the Nakagami image and parameter
estimated from ultrasonic backscattered signals. This study
clarified the relationship between the Nakagami parametric
image and the mechanical properties of the scattering medium.
The estimation of the Nakagami parameter depends on the
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medium stiffness, as evidenced by phantom experiments.
According to the experimental results, the Nakagami
parameter appears to increase with increasing stiffness of the
medium; therefore, the shadings and features in the Nakagami
image vary with the medium stiffness. Explaining why the
medium stiffness influences the Nakagami parameter is
necessary for understanding the physical meanings of
Nakagami images in ultrasonic tissue characterization.
Research has shown that the estimations of the ultrasound
statistical parameters are determined by the number of
scatterers in the resolution cell of the transducer [19,42,43].
The size of the resolution cell is defined by the beam crosssectional area and the transducer pulse length [43]. The degree
of transducer focusing directly influences the size of the
resolution cell, which in turn affects the first-order statistical
properties of ultrasonic echoes relative to the effective number
of scatterers in the resolution cell [19,42-44]. In other words,
the Nakagami parameter depends on the medium stiffness
possibly due to variations in the medium stiffness affecting the
size of the transducer resolution cell.
The velocity of sound is known to depend on both the
stiffness and the density of the medium. Greater medium
stiffness corresponds to a higher sound velocity. In each
phantom measurement, the same experimental settings were
used to acquire the backscattered signals from the focal zone of
the transducer. This meant that the effect of acoustic attenuation
due to beam diffraction could be ignored; therefore, the
downshift of the ultrasound frequency caused by the
attenuation effect [45] did not occur. To verify this, the Fourier
transform was applied to obtain the frequency spectra of the
backscattered signals returned from the phantoms with various
scatterer concentrations and stiffnesses. The results, shown in
Fig. 5, indicate that the center frequencies of echo signals from
different phantoms were almost the same, indicating that no
frequency downshift occurred. When the sound velocity
increases but the frequency does not change, the wavelength
increases accordingly. The increase in wavelength implies an
increase in the transducer pulse length, which can be calculated
by multiplying the wavelength by the number of cycles in one
transmitting pulse. In this condition, the transducer tends to
have a larger resolution cell to contain more scatterers,
resulting in an increase in the Nakagami parameter.
Although the Nakagami parameter increases with
increasing the shear modulus, the effect of the medium stiffness
on the estimation of the Nakagami parameter seems to be weak
when the scattering medium has a high scatterer concentration.
This is supported by a comparison between Figs. 4 and 5,
which indicates that the correlation coefficient between the
Nakagami parameter and the shear modulus of the medium
largely decreased from 0.83 to 0.53 when the scatterer
concentration changed from low to high. This may be due to
the increment in the number of scatterers in the resolution cell
caused by increased medium stiffness having different degrees
of impact on the Nakagami parameter with different scatterer
concentrations. When the medium has a high scatterer
concentration, the resolution cell already contains a lot of
scatterers (this is why the Nakagami parameter was close to 1
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in Fig. 4). Thus, the effect of the increment in the number of
scatterers in the resolution cell on estimating the Nakagami
parameter may be limited. In contrast, the resolution cell has a
small number of scatterers for a medium with a low scatterer
concentration. The change in the Nakagami parameter may be
more sensitive to an increase in the number of scatterers due to
the expansion of the resolution cell.

(a)

(d)

(b)

(e)

(c)

(f)

Figure 5. Fourier spectrums of the ultrasonic backscattered signals from
phantoms with different scatterer concentrations and
hardnesses. (a)-(c) spectrums of the phantoms with agar
concentrations of 0.5 g, 1 g, and 1.5 g respectively, with a
scatterer concentration of 8 scatterers·mm-3. (d)-(f) spectrums
of the phantoms with agar concentrations of 0.5 g, 1 g, and
1.5 g with a scatterer concentration of 32 scatterers·mm-3.

It is interesting to discuss which factor (scatterer
concentration or stiffness) dominates the estimation of the
Nakagami parameter. In Fig. 3, the slope of the fitting curve
indicates that the Nakagami parameter increases only 0.0007
when the shear modulus increases 1 kPa. Such a low sensitivity
of the Nakagami parameter to the variation of the medium
stiffness can also be found in Fig. 4. The results of the linear
fitting imply that only a strong increase in the stiffness of the
medium can produce a significant change in the Nakagami
parameter and thus influence the shading of the Nakagami
image. Tissues with different pathologies have different ranges
of shear modulus. For instance, the range of the shear modulus
for human liver tissues, including fibrosis cases, is
approximately between 5 and 50 kPa [41]. Normal breast tissue
has a shear modulus of below 10 kPa, whereas malignant
tumors have quite a high shear modulus of between 150 and
175 kPa [39]. In other words, the Nakagami parameter and
Nakagami images do not necessarily reflect the variations of
the stiffness for different tissues. The average Nakagami
parameter values for benign and malignant breast tumors are
0.7 and 0.58, respectively [35]. According to the above
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discussion and the comparison of references [35] and [39], it
can be stated that the scatterer concentration (or arrangement)
dominates the Nakagami parameter estimation and the
Nakagami image formation.

5. Conclusion
This study explored the relationship between Nakagami
images and the mechanical properties of the scattering medium.
Nakagami images were compared with supersonic shear images
of phantoms with various scatterer concentrations and
stiffnesses. For a given scatterer concentration, the Nakagami
parameter increased with increasing shear modulus of the
medium, making the shading of the Nakagami image brighter.
The Nakagami parameter varies with the medium stiffness
possible due to the change in the size of the transducer
resolution cell caused by the change in the sound speed. This
paper demonstrated that the features of Nakagami images
depend on the medium stiffness. The above findings may be
helpful to physicians and researchers for explaining clinical
results and the mechanism of tissue characterization using
Nakagami images.
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