
Citation: Oglat, A.A. Performance

Evaluation of an Ultrasonic Imaging

System Using Tissue-Mimicking

Phantoms for Quality Assurance.

Biomimetics 2022, 7, 130. https://

doi.org/10.3390/biomimetics7030130

Academic Editors: Lin Gan, Jin

Huang and Guang Yang

Received: 1 August 2022

Accepted: 9 September 2022

Published: 11 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomimetics

Article

Performance Evaluation of an Ultrasonic Imaging System Using
Tissue-Mimicking Phantoms for Quality Assurance
Ammar A. Oglat

Department of Medical Imaging, Faculty of Applied Medical Sciences, The Hashemite University,
Zarqa 13133, Jordan; ammara@hu.edu.jo; Tel.: +962-796-311-835

Abstract: Diagnostic ultrasound or sonography is an image that can provide valuable information
for diagnosing and treating a variety of diseases and conditions. The aim of this research study is
to examine the performance and accuracy of the ultrasonic imaging system for the guarantee of
diagnosis quality assurance, and to adjust the penetration settings to minimize the time of repeat
scans and maintenance duration during research experiments. Measurements in this experiment
included the resolution (axial and lateral) and focal zones. Moreover, the evaluation was done by
completing all the measurements at different depths on a multipurpose phantom model 539. The
phantom was bought from the market and was not fabricated by the author. The measurements were
achieved by applying two different transducers: curved and linear (flat). The ultrasound images were
obtained and tested by using calipers (electronic), and the estimations and observations were read by
using all the taken measurements and images. As a result, because the phantom depths were different,
the penetration settings were different too, indicating that the depth impacted the penetrations of the
created ultrasound image. Moreover, after the comparison of the recorded measurements and results,
it was found that all measurements were within the accepted (standard) value and that the true value
was specified by the production of the phantom.

Keywords: calibration; axial and lateral resolution; focal zone; transducers; diagnostic ultrasound;
gel tissue-mimicking phantoms; ultrasound quality assurance

1. Introduction

Medical sonography is an imaging technique that employs the great-frequency of
sound energies (more than 20 KHz) to create images of organs (internally) and anatomy
within the human body [1–7]. In general, medical doctors use it to view different parts of the
body, such as the heart, vessels, kidneys, liver, and other internal organs [8–13]. In addition,
they use ultrasound devices to show the fetus during the pregnancy period [14–16]. The
image features can be provided with high quality for both diagnosis and treatment of
diseases [17].

The two types of sonar devices are outside devices and inside devices. Nearly all
ultrasound scans are made via a sonar tool on the external side of the patient’s body parts.
Otherwise, an unspecified number of ultrasound scans involve operating a tool on the
internal side of the patient’s body parts [18].

When an ultrasound measurement is performed, a tool called a transducer or probe
will be applied over part of your body. This tool (transducer) transmits sound energies
which later recirculate off the tissues on the internal side of the patient’s body. Furthermore,
it also receives the energy that recoils back (reflected from the tissue) [19–25].

The ultrasound images are created by ultrasonic sound waves; these waves are longi-
tudinal and produce particles that wiggle front and back, which then gives a compression
group (particles are close to each other) and a rarefaction group (particles are farthest
from each other). The structures of the body can be seen in ultrasound images during the
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movement of internal organs and the flow of blood through vessels. This is due to the
ability of the machine to capture data in real-time [21,26,27].

The most common probes used in medical ultrasound are curved and flat (linear).
However, the frequencies of curved s range from 2 to 5 MHz to reflect a range of humans
from slender to obese. This is an adjustment between flat and sector devices. When the
distance from the probe increases, the density of the scan lines decreases [21,24,28–34].
Linear transducers, on the other hand, are sometimes used at high frequencies of 7 MHz
to produce parallel sound energies; additionally, the resulting image is rectangular. The
image width and the scan line quantities are similar at whole tissue levels. This will thus
lead to the feature of a perfect resolution (near field) [9,10,31,35–37].

Furthermore, this is a straightforward, all-inclusive method of assessing imaging
applications across nearly all clinical frequencies (from 2 to 20 MHz). For the distance
measurements, the fabrication of the phantom is done with a set of single filament line
points while the tissue simulating goal forms diverge in sizes and shapes. Because of
the acoustic identity of the background item and the goal forms, artifacts produced by
deformation and enhancement have been removed. Six gray-scale goals from +15 to −15 dB
were measured to evaluate the tools shown for both energetic range and gray-scale handling
achievement [38–40].

The main objective of this study is to examine the performance and accuracy of the
ultrasonic imaging device by performing some measurements (the resolution (axial and
lateral) and focal zone) on the tissue-simulating phantom.

2. Methods

In the current experiment, tissue-simulating phantom quality assurance was applied
to examine the performance and accuracy of the ultrasound imaging device (Figure 1).
The phantom simulates the acoustic features of real tissue and supports the measure-
ment of structures in an encouraging environment. The imaging system can detect any
alterations in performance that happen during the ordinary lifetime of imaging system
parts. Thus, routine examination control is able to minimize the time of repeat scans and
maintenance duration.

The tissue-mimicking phantom and diagnostic imaging systems are calibrated at
room temperature (23 ◦C). Therefore, measurements need to be made at the normal tem-
perature. The multipurpose phantom (phantom model 539), on the other hand, is used
to hold the test and is designed to provide the operator with an all-inclusive way of
examining the capability of the linear array, annular array, sector, phased array, and di-
agnostic technique. Several significant ultrasound device functions must be understood
while conducting this research study. These properties are essentially global to all medical
ultrasound instruments.

The model 539 multipurpose phantom is an easy, comprehensive means of evaluating
imaging systems over the full range of clinical imaging frequencies (2 MHz to 18 MHz).
This phantom is designed with a combination of monofilament line targets for distance
measurements and tissue mimicking target structures of varying sizes and contrasts. Cystic-
like target structures are positioned in-line vertically, thereby permitting an entire target
group to be displayed in one view. Due to the acoustic similarity of the background material
and the target structures, artifacts caused by distortion, shadowing or enhancement are
eliminated. Six gray scale targets ranging in contrast from +15 to −15 dB are provided to
evaluate the system’s displayed dynamic range and gray-scale processing performance.
All ATS urethane phantoms are guaranteed for the useful life of the phantom, defined as
10 years.
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taken as part of the evaluation process of TMM to diagnose and check the validity of TMM 
for other applications such as obstructions. 

Two different probes (curved and linear) were used in this study. The curved probe 
has frequencies of 2–5 MHz to allow for a range of patients from obese to slender. This is 
a compromise between linear and sector scanners. The density of the scan lines decreases 
with increasing distance from the transducer. Further, the linear probe is often used at 
high frequencies of 7 MHz. This produces sound waves parallel to each other and pro-
duces a rectangular image. The width of the image and the number of scan lines are the 
same at all tissue levels. This has the advantage of good near-field resolution. 

The first experiment was to measure the axial and lateral resolution of the ultrasound 
system. The tools used in this section are ultrasound machines with curve and flat trans-
ducers, coupling viscous gel, phantom 1 and phantom 2 (model 539). The step was started 
by putting the phantom on a washed suit surface with scanning surface 1. A sufficient 
quantity of viscous gel was placed on the scan surface. To set standard values for the 
scanning of a normal liver, tool adjustments such as time gain compensation (TGC), out-
put, and so on were used. The lowest point (bottom) of the phantom was pictured, and 
the gain unit was modified. The screen display was frozen to take measurements. The 
image was determined whether all of the line points were obviously represented as sepa-
rate points or not. Finally, the observations were documented on the quality assurance 
record. However, the above procedures were repeated for the remaining three depths by 
using scanning surfaces 2, 3, and 4 and for both types of transducers. 

Figure 1. Multipurpose phantom model 539.

A clinical ultrasound scanner (HI) was connected with probes to collect the information
and data from the phantom. The probes were mounted on a movable probe stand, and the
phantom was placed on a suitable flat table. The probe was constant at a required angle
(diagonal) and lowered nearly to the surface of the phantom to prevent pressing the probe
into the TMM. In in-vitro studies, the cross-sectional and longitudinal images are taken as
part of the evaluation process of TMM to diagnose and check the validity of TMM for other
applications such as obstructions.

Two different probes (curved and linear) were used in this study. The curved probe
has frequencies of 2–5 MHz to allow for a range of patients from obese to slender. This is a
compromise between linear and sector scanners. The density of the scan lines decreases
with increasing distance from the transducer. Further, the linear probe is often used at high
frequencies of 7 MHz. This produces sound waves parallel to each other and produces a
rectangular image. The width of the image and the number of scan lines are the same at all
tissue levels. This has the advantage of good near-field resolution.

The first experiment was to measure the axial and lateral resolution of the ultrasound
system. The tools used in this section are ultrasound machines with curve and flat transduc-
ers, coupling viscous gel, phantom 1 and phantom 2 (model 539). The step was started by
putting the phantom on a washed suit surface with scanning surface 1. A sufficient quantity
of viscous gel was placed on the scan surface. To set standard values for the scanning of a
normal liver, tool adjustments such as time gain compensation (TGC), output, and so on
were used. The lowest point (bottom) of the phantom was pictured, and the gain unit was
modified. The screen display was frozen to take measurements. The image was determined
whether all of the line points were obviously represented as separate points or not. Finally,
the observations were documented on the quality assurance record. However, the above
procedures were repeated for the remaining three depths by using scanning surfaces 2, 3,
and 4 and for both types of transducers.

The second experiment was to measure the focal zone of the ultrasound imaging
system. Ultrasound techniques with flat and curved transducers, viscous couple gel,
phantom 1 and phantom 2 were applied in this research. The first procedure began by
cleaning the phantom, creating a smooth surface with scanning surface 1, applying an
adequate amount of couple gel to the scan face, adjusting the output of the equipment,
and using TGC to set standard values for liver scanning. The end of the phantom was
scanned and the unit of gain tuning was set. The transducer was placed through the vertical
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collection of line points until an obvious image was acquired. The phantom was scanned
with several different focal zone settings for a variable focused transducer. The line linking
the bottom of the echoes retrieved from the line points (both sides) was drawn on the hard
copy of the image, and the narrowest portion was located. The beam’s width and depth
were measured at this point. Finally, measurements of the focal zone depth and width were
documented on a quality assurance register.

3. Results and Discussions

Standardized image quality test methods are a critical component of product develop-
ment, quality assurance, and regulatory decision-making, all of which often require direct
performance comparison between design configurations or finalized device products.

An axial resolution is the lowest separation between parts that the ultrasound energy
can recognize parallel to the echo track. In addition, it is most influenced by transducer
frequency. It was applied to measure the capacity to check the dots (wires) in the phantom
model separately and for its ability to see cysts and carefully measure them. While lateral
resolution is the minimum separation from one point to another point or clinically different
tissue, the ultrasound energy can differentiate at a level perpendicular to the ultrasound
energy. However, the table below (Table 1) shows the real distance for axial and lateral
resolution for both curves and flat or linear probes.

Table 1. The actual distance for axial and lateral resolution.

Axial Resolution (mm) Lateral Resolution (mm)

D1 = 5.0
D2 = 4.0
D3 = 3.0
D4 = 2.0

D1 = 5.0
D2 = 4.0
D3 = 3.0
D4 = 2.0

Representative ultrasound and photoacoustic images acquired in solid filament array
phantoms are presented for the transducer. The results of lateral and axial resolution
for phantom 1, tested on surface 1, indicated that there was no problem measuring the
distance for axial and lateral resolutions by using a curve probe (Table 2). However, the
measurement can only be made on a 9.0 cm setting by using a flat or linear probe. The axial
and lateral resolutions cannot be measured at 5.0, 6.0, and 7.0 cm depths (Table 3). This is
because it cannot penetrate deep enough to capture the kidney-mimicking image on the
phantom. As we know from the previous test, the kidney-mimicking image was located
approximately 6.0 cm or 60.0 mm deep on the phantom 1 from surface 1.

Table 2. The distance for axial and lateral resolution in mm for depth of 14.0, 16.0, 18.0 and 24.0 cm;
depth for curve probe at surface 1.

Depth (cm)
Distance (mm)

Axial Resolution Lateral Resolution

14.0

D1 = 4.6
D2 = 3.9
D3 = 3.2
D4 = 1.9

D1 = 5.1
D2 = 4.1

16.0
D1 = 5.2
D2 = 3.9
D3 = 2.9

D1 = 5.0
D2 = 4.0

18.0
D1 = 4.9
D2 = 4.0
D3 = 3.1

D1 = 5.0
D2 = 3.8

24.0
D1 = 4.7
D2 = 4.1
D3 = 3.2

D1 = 5.0
D2 = 4.2
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Table 3. The distance for axial and lateral resolution in mm for depth of 5.0, 6.0, 7.0 and 9.0 cm; depth
for flat probe at surface 1.

Depth (cm) Diagram Distance (mm)

5.0 The horizontal distance cannot be measured for the image of this depth -

6.0 The horizontal distance cannot be measured for the image of this depth -

7.0 The horizontal distance cannot be measured for the image of this depth -

9.0

Axial resolution
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Table 5. The distance for axial and lateral resolution in mm for depth of 5.0, 6.0, 7.0 and 9.0 cm; 
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Depth 
(cm) Diagram 

Distance 
(mm) 

5.0  Axial resolution 

D1 = 5.1 
D2 = 4.0 
D3 = 3.1 
D4 = 2.1 

D1 = 5.0
D2 = 4.0
D3 = 3.0
D4 = 2.2

3.1. Phantom 1

For surface 2, all measurements were done by using both a curve and a flat probe.
When the results of the distance that had been recorded for axial and lateral resolutions
were compared with the distances given by the manufacturer on the probe, the difference
is small, with an average of 0.2 mm (Tables 4 and 5).
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Table 4. The distance for axial and lateral resolution in mm for depth of 14.0, 16.0, 18.0 and 24.0 cm;
depth for curve probe at surface 2.

Depth (cm)
Distance (mm)

Axial Resolution Lateral Resolution

14.0
D1 = 5.0
D2 = 4.0
D3 = 2.9

D1 = 5.0
D2 = 4.1

16.0
D1 = 4.8
D2 = 4.0
D3 = 3.0

D1 = 4.8
D2 = 3.9

18.0
D1 = 5.0
D2 = 4.0
D3 = 3.0

D1 = 5.0
D2 = 4.0

24.0
D1 = 5.0
D2 = 4.1
D3 = 2.9

D1 = 4.7
D2 = 3.9

Table 5. The distance for axial and lateral resolution in mm for depth of 5.0, 6.0, 7.0 and 9.0 cm; depth
for flat probe at surface 2.

Depth (cm) Diagram Distance (mm)

5.0

Axial resolution
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Table 5. Cont.

Depth (cm) Diagram Distance (mm)

5.0
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Table 5. Cont.

Depth (cm) Diagram Distance (mm)

6.0

Lateral resolution

Biomimetics 2022, 7, 130 8 of 28 
 

 

 
Lateral resolution 

 

D1 = 5.1 
D2 = 4.1 
D3 = 3.0 
D4 = 2.0 

7.0 Axial resolution 

D1 = 5.0 
D2 = 3.9 
D3 = 2.9 
D4 = 2.2 

 

D1 = 5.1
D2 = 4.1
D3 = 3.0
D4 = 2.0

7.0

Axial resolution

Biomimetics 2022, 7, 130 9 of 28 
 

 

 
Lateral resolution 

 

D1 = 5.1 
D2 = 4.0 
D3 = 3.0 
D4 = 1.9 

9.0  Axial resolution 

D1 = 5.0 
D2 = 3.9 
D3 = 3.0 
D4 = 2.2 

D1 = 5.0
D2 = 3.9
D3 = 2.9
D4 = 2.2



Biomimetics 2022, 7, 130 9 of 28

Table 5. Cont.

Depth (cm) Diagram Distance (mm)

7.0

Lateral resolution
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Table 5. Cont.

Depth (cm) Diagram Distance (mm)

9.0

Lateral resolution

Biomimetics 2022, 7, 130 10 of 28 
 

 

 
Lateral resolution 

 

D1 = 4.9 
D2 = 4.1 
D3 = 2.9 
D4 = 2.0 

For surface 3, the measurements cannot be achieved at 14.0 and 16.0 cm when using 
a curve probe (Appendix A Tables A1 and A2). This is because the kidney-mimicking 
image was found on surface 3 at a depth beyond, and can only be measured at 18.0 and 
24.0 cm. Due to the distance where the image is located from the surface, the measurement 
cannot be achieved using a linear probe. This is because of the low penetration that this 
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could not be obtained using a linear probe because of the deep location of the kidney. 
Mimicking the image, however, can only be done by using a linear probe. All the meas-
urements recorded for both surfaces 3 and 4 were only slightly different from the real 
distance. 

Regarding phantom 2, only linear probes were applied. This is because phantom 2 is 
shorter than phantom 1, and the linear probe had a lower penetration setting compared 
to the curve probe. Therefore, a linear probe is more suitable for the phantom. Based on 
the results recorded on phantom 2, axial and lateral resolution measurements were still 

D1 = 4.9
D2 = 4.1
D3 = 2.9
D4 = 2.0

For surface 3, the measurements cannot be achieved at 14.0 and 16.0 cm when using a
curve probe (Appendix A Tables A1 and A2). This is because the kidney-mimicking image
was found on surface 3 at a depth beyond, and can only be measured at 18.0 and 24.0 cm.
Due to the distance where the image is located from the surface, the measurement cannot
be achieved using a linear probe. This is because of the low penetration that this this probe
is capable of.

This also happened on surface 4, (Appendix A Tables A3 and A4); the measurements
could not be obtained using a linear probe because of the deep location of the kidney. Mim-
icking the image, however, can only be done by using a linear probe. All the measurements
recorded for both surfaces 3 and 4 were only slightly different from the real distance.

Regarding phantom 2, only linear probes were applied. This is because phantom 2 is
shorter than phantom 1, and the linear probe had a lower penetration setting compared to
the curve probe. Therefore, a linear probe is more suitable for the phantom. Based on the
results recorded on phantom 2, axial and lateral resolution measurements were still under
an acceptable value since the percentage difference between the actual distances was less
than 2% (Table 6).
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Table 6. The distance for axial and lateral resolution in mm for depth of 5.0, 6.0, 7.0 and 9.0 cm; depth
for flat probe on phantom 2.

Depth (cm) Diagram Distance (mm)

5.0

Axial resolution
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Table 6. Cont.

Depth (cm) Diagram Distance (mm)
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is caused by the phantom’s nonlinear (with frequency) acoustic attenuation coefficient, 
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similar for ultrasound images. This is because plane-wave transmission was used for ul-
trasound imaging, and the lateral resolution was therefore completely determined by re-
ceive beamforming, which was true for both ultrasound images. 
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Vertical resolution did not depend significantly on target depth in the phantom. How-
ever, the vertical resolution spot size increased with depth in the phantom. This effect
is caused by the phantom’s nonlinear (with frequency) acoustic attenuation coefficient,
which decreases bandwidth with propagation depth [41]. However, lateral resolution was
similar for ultrasound images. This is because plane-wave transmission was used for
ultrasound imaging, and the lateral resolution was therefore completely determined by
receive beamforming, which was true for both ultrasound images.
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3.2. Phantom 2

On the other hand, a focal zone in ultrasonography is defined as the distance along
the beam axis of a focused transducer assembly from the point where the beam area first
becomes equal to four times the focal area. Put simply, the focal zone can also be described
as the area in the ultrasound beam that has the smallest beam diameter and where a user
will get the best side-to-side or lateral resolution. It is the area of the transducer where
the sound beam is most sharply focused and where the area under examination will give
the best image. However, focal zones allow multiple focus points. As the number of focal
zones increases, the frame rate will decrease, and the image will slowly be refreshed. This
offers the best lateral resolution [42].

The results demonstrate why there is a difference at every depth. As depth increases,
the focal zone changes to the lower point of the dots. Hence, penetration increases with
depth, and therefore the focal zone changes to the lower point. In this part of the test,
the focal zone along the vertical line was found. However, this cannot be done for the
5.0 and 6.0 cm settings of depth by linear probes. This is due to penetration by using depth
(Appendix B Tables A5–A7). In addition, as is known, the focal zone has the best lateral or
side-to-side resolution.

4. Conclusions

The phantom was obtained from the market for research studies which consisted of
a robustly evaluated suite of phantom-based test methods for characterizing key aspects
of ultrasound image quality in an objective, quantitative, and reproducible manner. The
results display excellent accuracy of the value specified by the producer for this machine.
Although there was a little difference between the result and the real distance, this variation
is within the range of acceptable values. This variation occurred due to several errors,
such as operator error when taking measurements. Thus, depth adjustment in the medical
ultrasound machine influences penetration and then the image. In other words, depth
increases when penetration is increased too. In general, axial and lateral resolutions are
significant factors to ensure that the precision of distance tests is correct. In conclusion, the
ultrasound technique is in perfect condition and can be applied to a clinical target without
any misdiagnosis. Recurrent calibration tests and quality control should be achieved to
ensure that the ultrasound tool is in valid condition.
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Appendix A

Table A1. The distance for axial and lateral resolution in mm for depth of 14.0, 16.0, 18.0 and 24.0 cm
depth for curve probe at surface 3.

Depth (cm) Diagram Distance (mm)

14.0 The horizontal distance cannot be measured for the image of this depth -

16.0 The horizontal distance cannot be measured for the image of this depth -
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Table A1. Cont.

Depth (cm) Diagram Distance (mm)
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Table A2. The distance for axial and lateral resolution in mm for depth of 5.0, 6.0, 7.0 and 9.0 cm 
depth for flat probe at surface 3. 

Depth (cm) Diagram Distance (mm) 
5.0  
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Table A2. The distance for axial and lateral resolution in mm for depth of 5.0, 6.0, 7.0 and 9.0 cm
depth for flat probe at surface 3.

Depth (cm) Diagram Distance (mm)

5.0

The axial and lateral resolution cannot be
measured for the image of this depth

-

6.0 -

7.0 -

9.0 -
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Table A3. The distance for axial and lateral resolution in mm for depth of 14.0, 16.0, 18.0 and 24.0 cm
depth for curve probe at surface 4.

Depth (cm) Diagram Distance (mm)

14.0

Axial resolution
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Table A3. Cont.
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Table A3. Cont.

Depth (cm) Diagram Distance (mm)
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Table A4. The distance for axial and lateral resolution in mm for depth of 5.0, 6.0, 7.0 and 9.0 cm 
depth for flat probe at surface 4. 
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Table A4. The distance for axial and lateral resolution in mm for depth of 5.0, 6.0, 7.0 and 9.0 cm 
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Appendix B

Table A5. The image taken for focal zone determination in different depth for curve probe.

Depth (cm) Diagram
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Table A5. Cont.
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Table A6. The image taken for focal zone determination in different depth for linear probe.

Depth (cm) Diagram

5.0 The horizontal distance cannot be measured for the image of this depth

6.0 The horizontal distance cannot be measured for the image of this depth

7.0
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Table A7. The image taken for focal zone determination in different depth using linear probe on
phantom 2.

Depth (cm) Diagram
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Table A7. Cont.
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