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Accepted 6 December 2017 Cardiac tissue phantom is a synthetic physical model to mimic the characteristics of actual cardiac
tissues. Tissue Mimicking Materials have been widely used as materials for medical imaging
phantom. In cardiac ultrasound imaging, phantoms have been used for system verification,
simulation and training for cardiovascular radiography. In this study, we aimed to characterize the
structure of cardiac tissue phantom by performing ultrasound imaging and texture analysis. The
phantom samples were developed by mixing Silicone Rubber with Calcium Carbonate in different
percentages. Ultrasound imaging with various Dynamic Range settings (30, 60, and 90 dB) was
used to scan the phantom samples. First-, Second-, and Higher order Statistical Texture Analyses
were used to quantify structural features of the phantom samples. As comparison, one ultrasound
image of adult heart was also characterized. The results show that the addition of Calcium Carbonate
affected the imaging structure of the phantom samples. Textural comparison with the ultrasound
image of adult heart also confirmed that phantom with Silicon Rubber and 8% of Calcium carbonate
had closest texture features.
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INTRODUCTION

Cardiac imaging phantoms, both physical and digital, have been
widely used to model the heart organ in medical imaging procedures
for in-vitro and in-vivo settings (Rostylav et al. 2009). Although the
generic models have been commercially available, customization and
optimization are still needed to obtain the best imaging technique to
be implemented in the clinical settings. Specifically, problems in
image quality variation in different machines and patient variabilities
have been found to complicate the learning process for imaging
operators (Guppy-Coles et al. 2015; Soslow et al. 2000). For this
reason, customized phantom design and fabrication are needed to gain
better precision with a known structure. In this regard, physical
phantom may provide a more realistic experience to the ultrasound
operators, as they have actual physical and haptic representation.

Ultrasound (US) imaging, as one of medical imaging modalities
to capture and analyze the heart, is capable of visualizing any cardiac
abnormalities from its structural, morphological, and motion features.
This modality is clinically preferred to support diagnosis and guide
surgeries because of its non-invasive, real-time, and cost effective
advantages (Louise et al 2010). Additionally, with quantitative
features in the US machine, any cardiac measurement and analysis can
be quantified more precisely. However, due to dependency to
operator’s skill, the effectiveness of the US imaging can only be
guaranteed if it is conducted by trained person.

In imaging perspectives, cardiac tissue structures may indicate
certain pathological status of the heart by quantitatively characterizing
their textural patterns. One of the techniques in this field is using

texture analysis. Since this is quite a classical method, a large number
of texture analysis techniques have been studied for many
applications. Studies of (Molinari et al. 2015; Gao et al. 2014) have
utilized texture analysis techniques for characterizing tissue images.
For its simplicity of implementation, ease of interpretation, and
suitability for natural patterns, statistical texture analysis techniques
are the most commonly used techniques in biomedical fields
(Depeursinge et al. 2014). It can be represented by the way that the
graylevels are distributed over the pixels and interconnected among
pixels in the region (Haralick 1979).

Tissue Mimicking Materials (TMMs) are important materials that
can be modelled in anatomical, mechanical and internal structures for
characterization, calibration, and learning tools of medical imaging
system (Culjat et al. 2010; Lamouche et al. 2012). TMMs are usually
made from the materials of chemically synthesized polymer (CSP)
(e.g. silicone and urethane) or biopolymer materials (e.g. agar and
gelatine). However, CSPs have most popular materials, as they have
large varieties of mechanical properties and can preserve in much
longer time. On the other hand, biopolymers may provide a good
likely properties of soft tissue (Culjat et al. 2010; Chen & Shih 2013).

In this research, a new improved cardiac tissue phantom for US
imaging using Silicon Rubber (SR) material has been developed. Use
of Calcium Carbonate (CaCOs) has been also investigated as additive
to obtain improved attenuation in the US image. The objective of this
study is to characterize the structure of cardiac tissue phantom by
performing US imaging and texture analysis, as well as to define the
best composition and texture feature for cardiac tissue phantom.
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METHODOLOGY

The experimental design of this study was comprised of four main
steps; material selection, fabrication, US imaging, and texture analysis.
Fig. 1 illustrates the flow of the experimental design in this study.

Material selection

Among the TMMs, CSP materials were preferred for the cardiac
tissue phantom development. One of the CSPs, SR, with its durability,
stability, could sustain much longer for at least 10 years and give
satisfying stiffness variations from kPa to MPa (Lamouche et al. 2012).
Furthermore, the mechanical properties of SR-based materials were
representative for cardiac tissue physical models (Culjat et al. 2010;
Zell et al. 2007; Maitz 2015). Therefore, we had chosen SR as the basis
material for the cardiac tissue phantom in this work.

However, as one of the main imaging issues in SR is attenuation
weakness that might affect image quality and interpretation of the
cardiac tissue (Culjat et al. 2010), additive materials could be added to
improve the performance. In this way, these materials might act as
modifiers to the SR, so that the TMMs imaging characteristics could be
actually matched to the biological cardiac tissue, even to many other
soft tissues. Thus, these modifiers were ideal for tissue simulators. The
modifier could be sodium chloride to manipulate the electrical
properties, propylene glycol (PPG) to manipulate the thermal
properties, or deoinized water to hydrate the materials (Chen & Shih
2013). Not only imaging properties, the addition of ion had also been
known to affect the elasticity properties of the main materials (Chen &
Shih 2013). However, different modifier materials had different
purpose of applications, depending on the needs of testing.

START

MATERIAL SELECTION
SILICONE CALCIUM
RUBBER CARBONATE
A 4
FABRICATION
MIXING MOULDING CURING
A 4
ULTRASOUND IMAGING
PROBE SETTING SCANNING &
SELECTION VARIATION RECORDING
A 4
TEXTURE ANALYSIS (TA)
FIRST ORDER SECOND HIGHER
TA ORDER TA ORDER TA
END

Fig. 1 Experimantal design of cardiac tissue phantom fabrication and
characterization.

In compensating the imaging attenuation drawback of SR, the use
of additive modifiers had been suggested to improve the attenuation
properties under imaging observation, thus increasing the image
quality, especially contrast. CaCOs was the most common additive that
had been used to increase the material density and create specific
internal structures of the material. Addition of additive modifiers to the
some base materials had also shown to alter their mechanical properties.
The polymer-additive interaction led to the formation at the internal
structure and deformation characteristics (Shirotani 1988; Meyers et al.
2011).

In this study, we used SR (Multifilla™, Malaysia) as basis material
and its catalyst that built the cardiac tissue phantom, and CaCOzs (Qrec,
New Zealand) as the additive material. Both materials were combined
through the fabrication process.

Fabrication

The fabrication process determined the composition between the
basis material (SR) and additive material (CaCOQg). In this study, we
prepared 4 types of TMM samples (SR1, SR2, SR3 and SR4) with
different percentages of CaCOs. Each different percentages were
weighed and added up into the SR material. Table 1 describes the
composition variation in the cardiac tissue phantom. The mixture of
samples were stirred in few seconds, then its catalyst for about 4% by
total weight was added after SR and CaCOs were well-mixed before
poured into the molds. The moulds of samples were shaped in
cylindrical sized-container with the dimension of 5cm in diameter and
9cm in height. Then, the samples were cured for solidification in room
temperature for 24 hours.

Table 1 Compositions of cardiac tissue phantom samples.

Samples Composition
SR1 SR + 0% CaCOg3
SR2 SR + 4% CaCOg3
SR3 SR + 8% CaCOg3
SR4 SR + 12% CaCOs

Ultrasound Procedures and Equipment

US imaging was performed to capture the tissue structure images in
the samples, as shown in Fig. 2. We conducted the experiment using
US Toshiba Aplio MX (Toshiba Medical System, Tokyo, Japan) with
linear probe of 8MHz, Adult Heart mode, Tissue Harmonic (TH) ON,
and various modes of Dynamic Range (DR) on 30dB, 60dB, and 90dB.
All system setting parameters were kept constant throughout the study
of each sample. The pictures in TIFF format were transferred to a
computer. The US image results were randomly trimmed into 3 Region
of Interests (Rols) with size of 70 x 30 pixels, as shown in Fig. 3, for
texture analysis purposes.

Setting of phantom sample
US imaging with linear
probe of 8MHz

Sample phantom of
SR + X % CaCO3

Fig. 2 Experimantal setup of US imaging of cardiac tissue phantom
sample.
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As comparison with the cardiac tissue phantom samples, one adult
heart US image sample was obtained from the image library of an open
source  echocardiography  teaching and training  website
(http://www.echocardiographer.org/TTE.html). From the information,
the image was acquired using Transthoracic echocardiography (TTE)
technique with Parasternal Long Axis View (Dynamic Range of 65dB)
in JPEG format. The adult US image in Fig. 4 was localized in certain
tissue region. Similar to those of cardiac tissue phantom, the localized
tissue region was trimmed into 3 Region of Interests (Rols) with 70 x
30 pixels size for texture analysis, as shown in Fig. 5.

Fig. 3 Three random Rols cropped from US images of the cardiac tissue
phantom.
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Fig. 4 Adult heart US image with localized region for texture analysis.
(taken from http://www.echocardiographer.org/TTE.html)
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Fig. 5 The localized region with three Rols cropped in the adult heart US
image.

Texture analysis

Texture analyses (First-order, Second-order and Higher-order
Statistics) were used to extract textural features. All texture analysis
techniques were computed using Matlab R2013a.

First-order texture analysis is based on histogram statistical
characteristics calculated from every image value (Selvarajah &
Kodituwakku 2011; Nailon 2012). For any image, grey-levels are in the
range of 0 <'i <Ng —1, where Ng is the total number of distinct grey-
levels. If N(i) is the number of pixels with intensity I, M is the total
number of pixels in an image, it follows that the histogram is given by,

P() = (1)

Table 2 presents mathematical description of First-order features
(Selvarajah & Kodituwakku 2011; Nailon 2012). In this study, 4
features of the first-order texture analysis; mean, variance, skewness,
and kurtosis, were used.

The second-order texture analysis uses Gray Level Co-occurrence
Matrix (GLCM), and is computed using 2 important parameters:
relative distance measured in pixel numbers (d) and their angle (0). It
considers neighborhood relationships among pixels or groups of pixels
(Gebejes et al. 2013)(Bharati et al. 2004). This feature selection is
useful to terminate information that present in the surface texture.

Table 2 Mathematical description of first-order statistical features.

Features Description
m= Z0®
Mean if
. 2 _ T(x—p)?
Variance =N
Skewness S, =M
k 3/2
mp
Kurtosis KoM
t = m,2

Each pixel has 8 nearest-neighbours connected to it, horizontal
0°, vertical 90°, right 45° and left-diagonal 135° directions, and their 4
contrary directions, as illustrated in Fig. 6. In this study, 4 second-order
texture analysis features; contrast, correlation, energy and entropy,
were implemented. Table 3 gives mathematical description of these
features.

90°
135° 45°
N 1 7
4 3 2
0°«— 5 X 1 —0°
6 7 8
"4 i N
45° °
90° 135
(@
Orrientation angle (0) Offset
0° [ 0 d]
45° [d d ]
90° [d 0]
135° [d -d]

(b)

Fig. 6 Second-order texture analysis with (a) 8 nearest-neighbourhood
scheme for obtaining co-occurrence matrix, and (b) list of orientation
angle and offset.
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Table 3 Mathematical description of second-order statistical features.

Features Description
Contrast L= (2N (6LEMy) - uxny)
cont — (0_ pu )
xTy
P 2
Correlation oo = (ZeZjn(6LeMyy) ~ mxiy)
(ox0y)
2
Energy lengy = X 2,(GLCM;)
Entropy lentp = ¥; X; GLCM;;(log, GLCM;;)

Table 4 Mathematical description of higher-order statistical features.

Features Description
GLN GLN = - (5, By (i)))?
RLN RLN =% (3, P (0)))?
LGRE L @h
LGRE = N—rzizj Py
HGRE

HGRE = -3, %, P.(i.)) .i?

Higher order texture analysis is based on the information extracted
on the run of a particular grey-level, or grey-level range, in a particular
direction, usually horizontal and vertical directions of the pixels. Pixel
R(i,j) contains the number of pixels with run length j and intensity i in
a given direction (Selvarajah & Kodituwakku 2011; Nailon 2012). The
run length matrix (RLM) has a number of rows equal to the number of
graylevels in the image and a number of columns equal to the maximum
length of the run length. The studies of (Molinari et al. 2015; Mary
1975) confirmed that long graylevel runs might exist more frequently
compared to the fine texture, which generally contained short runs.
Table 4 shows mathematical description of these features. The texture
features that we used were GLN, (Gray Level Nonuniformity), RLN,
(Run Length Nonuniformity), LGRE, (Low Gray Level Run
Emphasis), and HGRE, (High Gray Level Run emphasis) (Chappard et
al. 2005). N, is the total number of runs, £, is the maximum number
of grey-levels and B. is the number of different run length in the matrix.

RESULTS AND DISCUSSION

The US imaging experiments resulted in US images of the cardiac
tissur phantom samples of SR + x % CaCQs, where x was 0%, 4%, 8%
and 12%. A set of Rols from each US image were taken. As
comparison, Rols from the adult heart US image were also produced.
The examples of the US Rol images are given in Fig. 7. From these US
Rol images, we can depict 4 analyses, the effect of DR value to the
structure and shades, the use of SR as TMM in cardiac tissue phantom,
the role of additive material (CaCQOs) in enhancing the structural
visibility of the SR, as well as the comparison of the US Rol images of
TMM with those of adult heart US Rol images in texture analysis point
of view.

As DR determines the displayed intensity range, its effect in the US
image quality is prominent in textures generated by small reflections.
In the context of understanding the effect of DR value to the structure
and shades, it can be visually seen that the texture image varies with
different setting of DR. This is due to the fact that adjustments in DR
value affect the contrast, causing alteration in structural visibility and
shading effect of the image. As a result, the structures in all Rols of DR
30 dB setting visually have highest contrast, followed by those of DR

60dB, adult heart, and DR 90dB. Conversely, the shades increase with
the increase of DR. Based on these results, we can infer that similar
tissue may have different structural visibility and shading effect when
scanned in different DR setting. Variation in DR settings seems to give
a straight forward analysis, as the low DR setting may result in better
image than in higher DR setting. Therefore, as US imaging has high
operator depencency, determining the optimum US imaging setting
play an essential role in obtaining the best image result that represents
the actual characteristics.

In analyzing the use of SR as the base material in TMM for cardiac
tissue phantom in US imaging, we can refer to the results of the SR +
0% CaCOs as in Fig. 7. It can be infered that the Rols of SR + 0%
CaCOs US image have been affected by DR. Furthermore, from the
structural patterns of reflected signals in the Rol images, it can also be
seen that US signal has capability to penetrate properly through the
cardiac tissue phantom made from the SR material in certain degree of
thickness. This may indicate that the SR material is visually prospective
to be a good TMM for cardiac tissue phantom in US imaging. However,
its performance in certifying the biological tissue mimicking properties
needs to be further investigated.

Materials Composition

Dynamic

Range (dB) SR+ SR+ SR+ SR+ Adult
0% CaCO; 4% CaC0; 8% CaC0; 12% CaCOs Heart
) a - .
S0 ~
) - - - -
90 - - - -
) -

Fig. 7 Rols of US images samples of SR + x% CaCOj; with various
settings of DR in 30, 60 and 90 dB as well as Rol of US image of adult
heart at DR 65dB.

As CaCOs may play role as attenuation additive in the US image,
combination in SR + x % CaCOs has been expected to increase the
acoustic attenuation under US imaging. The Rol US images with the
proportion of CaCOs in 0%, 4%, 8% and 12% in Fig. 7 show that the
structural patterns of reflected signals in the Rol images increase with
the increasing procentage of CaCOs in SR. This can be visually
revealed from increasing internal density and reflection structure in the
Rol US images. Additionally, besides density, CaCQOz also tends to
result in higher texture strength. Yet, acoustic attenuation measurement
needs to be done to exactly confirm the role of CaCO:s.

In structural characterization perspective, texture analysis is one of
powerful techniques in computer vision to quantify and extract the
textural features based on the given image in certain Rol. These textural
features may provide textural patterns based on its graylevel frequency
distribution (first-order statistical analysis), point-to-point pixel
connectivity (second-order statistical analysis), and run length
composition (higher-order statistical analysis), that reveal important
characteristics of the image. These features may also become
comparison parameters in the TTM development.

For the first-order statistical analysis, Fig. 8 presents the
histogram representation of Rol US image of the cardiac tissue
phantom with various composition of CaCOs in DR 60dB (Fig. 8 a-d)
and that of the adult heart (Fig. 8 €). From these histogram plots, we
can infer that the contrast slightly decreases with the increase of CaCQsa.
Although the contrast has the tendency to decrease, the addition of
CaCOs seems to provide more graylevel details in the image. This can
be clearly observed from the stretched graylevel frequency patterns in
the histogram that cause slight decreased contrast in the image.
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Fig. 8 Histogram representation for Za) SR + 0% CaCOs3, DR 60dB, (b)
SR + 4% CaCOs3, 60 dB, (c) SR +8% CaC0O3,60 dB, (d) SR + 12% CaCOs,
60dB, and (e) Adult heart at DR of 65 dB.

From the histogram plots in Fig. 8, textural features in the first-
order statistical analysis, such as mean, variance, skewness, and
kurtosis, can be generated. In this regard, investigation of textural
changes in alteration of DR can also performed more thoroughly. From
the first-order texture quantification, it can be seen that all textural
features of the cardiac tissue phantom samples has generally similar
trends along with the increment of DR. Fig. 9 shows the first-order
texture features for mean (a) and kurtosis (b). For the mean feature, all
phantom samples in DR 60dB and DR 90dB has almost similar values
for around 60. Mean and kurtosis features seem to give better results in
comparison to the other features. Compared to the adult heart features
from the mean and kurtosis features, the features are approximately
almost similar to the composition of SR + 8% CaCOs values at DR 60
dB. The other useful features that affect the surface texture can also be
worked out from different DR settings. Thus, other than mean and
kurtosis, variance and skewness features also provide textural
information, but it does not seem to show good performance as good
texture descriptor.

For the relationship between the first-order texture features with
DR settings, DR 30dB in SR + 8% CaCOs has the highest mean values
asin Fig. 9(a). On the other hand, SR + 4% CaCOz has the lowest mean
values. Conversely, for variance feature in DR 30dB, SR + 8% CaCOs
has the lowest variance values and SR + 4% CaCOz has the highest
variance values. Also, all phantom samples has decreasing trend with
the increasing percentage of CaCOs in skewness feature. For SR + 0%
CaCOs, the highest skewness value is obtained along with the
increment of DR, while SR + 12% CaCOs has the lowest value along
with the increment of DR. Kurtosis has similar trend with the skewness
feature. As in Fig. 9(b), kurtosis feature decreases with the increasing
of CaCOs percentage. SR + 0% CaCOs has the highest kurtosis value
along with the increment of DR, while SR + 8% CaCOz and SR + 12%
CaCOs have the highest values for all DR settings. These results show
that addition of CaCOs in SR affect textural properties. As the materials
were from CSP categories, the texture feature results have shown slight
inconsistences.

The second-order statistical analysis results that represent contrast
and energy features with distance d = 1 are displayed in Fig. 10. It
reveals that the full set of second-order texture features, contrast,
correlation, energy, and entropy generally have similar characteristics.
They decrease along with the increment of DR. Decreasing values from
30dB to 90dB occurr in contrast, correlation, and entropy features,
while energy feature has increasing values. In contrast feature, SR +
0% CaCOs has highest value along with the increment of DR. While
SR + 4% CaCOs and SR + 12% CaCOs have the lowest contrast
features for all DR. In correlation feature, DR 30 dB has the highest
value with increment of CaCOs. In energy feature, SR + 4% CaCOs in
DR 90dB has the highest value with the increment of CaCOs. DR 30dB
has the lowest value of energy feature with the increment of CaCOs.
Entropy feature shows slightly similar characteristics with 4 to 6
entropy features for all CaCOs composition and DR settings. In the
second-order texture features, only contrast and energy features have
given the best results. Contrast feature values in SR + 8% CaCOs tend
to have similar structures to the adult heart features with soft texture
based on the low contrast. While energy feature, it was measured based
on the local homogeneity of the texture in the range energy of [0,1].
Therefore, the lower the energy value, the lower the homogeneity
feature of the texture. The GLCM actually indicates the selection of the
best composition from a group of pixels at the same distance and
direction as the texture features. This is applicable in the adult heart US
image.

For the second-order statistical analysis as displayed in Fig. 11, it
shows that what visually seems to be a texture element strongly
corresponds to the contrast and energy features according to the
distance values that represent periodicity in the texture. The distance
behaviour of texture features in the TMMs has close similarities to that
of the adult heart texture features. This suggests that it is possible to
pick any distance in any sample of composition, because all seems to
be closely comparable to the adult heart features. In this regard, we
chose distance of 1.

Similarly, we characterized the materials using the other approach
of statistical textural features, higher-order statistical analysis. The
higher-order statistical analysis, as shown in Fig. 12, confirm that GLN,
RLN, LGRE, and HGRE in general have similar characteristics with
the increment of DR. As shown in Fig. 11, GLN and LGRE features are
the representatives of higher order features that have influence in
suggesting good texture descriptors. However, the other two features,
RLN and HGRE do not exhibit significance compared to the GLN and
LGRE features. In the GLN feature, the values have similar
characteristics in the range of 400 to 600 in all DR. While, RLN feature
has the value range of 2000 to 3000 in all DR. Also, HGRE has the
value range of 400 to 600. However, in LGRE feature, image in 60dB
and 90dB has similar value range of 40 to 60, while in 30dB, the lowest
value range is 30 to 50. As we compare to the adult heart image, it
seems that GLN feature of SR + 8% CaCOs in 60dB has approximately
equal feature values. On the other hand, it seems that larger difference
in LGRE between the adult heart US image and cardiac tissue phantom
result in dissimilarity.
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Fig. 10 Second-order statistical feature plots of phantom US image for (a) Contrast and (b) Energy
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Fig. 12 Higher-order statistical features plots of phantom US image for (a) GLN and (b) LGRE features

Besides confirming promising results, our study on cardiac tissue
phantoms also has some limitations. Further study with more adult
heart US images with various clinical cases is required to perform better
experimental design and compare with the best estimation. In this work,
we have focused on texture features of the TMMs at the same thickness
only. In reality, real heart may exhibit different thickness by different
persons and different abnormalities. In the present study, we also found
that various texture descriptors are helpful to analyze these correlations.
In spite of these results, the textural features still have limitations in its
clinial use because of setting dependecies to the US imaging, where
each type of US imaging has its own specific settings. In this paper, we
have demonstrated the importance of using CaCQOs in the cardiac tissue
phantom construction. Certain experiments have led to a good
classification score that enables for correctly characterizing the

OPEN a ACCESS Freely available online

features. However, because of the complexity and limitation of silicone
polymers-based tissue substitutes, it is necessary to test with many
parameters and equipment. In this way, characterization of the
composition and structure can be made more precisely to mimic the
human cardiac tissues. Besides, the results show that texture
characteristics strongly depend on the surface of the samples materials
from the US imaging. Thus, accurate result is highly dependent on the
preparation, composition interaction that form the end results of the
samples, and the operator. Additionally, the design of the phantoms can
be affected by other factors, such as tissue thickness, composition of
soft and other tissues, and temperature. In the present study, these
factors are only limited by using cylindrical samples prepared with
various composition of CaCOs without temperature changes.
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CONCLUSION

The study has verified that cardiac tissue phantom for US imaging
can be developed using SR. Variations in CaCOs percentage as additive
material also provide various attenuation patterns. US imaging
settings, especially DR, also play role in defining specific textural
features of phantom samples. From the experiment, we found that
mean, kurtosis, contrast, energy and GLN are the most influencing
features in mimicking the adult heart tissue under US imaging. To
conclude, there exist three important issues about the parameters in
texture features in the present study: those describing the material
composition, those related to the DR settings, and comparison of adult
heart feature values.
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