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Preface 
 
 
 
The medical ultrasonography is a noninvasive and real-time diagnostic technique for the human 
body structures and tissue in medicine. Furthermore, it is an easy, safe, and repetitive system. The 
medical ultrasonography is used in the study of many different fields including gastroenterology, 
cardiology, neonatology, gynecology, and so on. Ultrasonography is an ultrasound-mediated 
diagnostic imaging technique for visualizing subcutaneous body structures. In real medicine, the 
medical expert doctors diagnose the tissue using the ultrasonic devices by visual observation. It is 
so important to automatically and correctly diagnose the tissue for early detection. For example, 
X-ray computed tomography (CT) and magnetic resonance imaging (MRI) to obtain the detailed 
image of the brain are widely used. However, they have some serious problems, which they have 
X-ray exposure in a case of CT and are not real time device. In comparison to them, the ultrasonic 
diagnosis has some advantages such as low cost and compactness. 

Though the frequency up to 50-100 MHz has been experimentally used in a technique known 
as bio-microscopy in special regions, typical ultrasound diagnostic device operates in the frequency 
range of 0.4 to 25 MHz. The choice of ultrasonic frequency is a trade-off between spatial resolution 
of the image and imaging depth. Lower frequencies produce less resolution but image deeper into 
the body. Higher frequency sound waves have a smaller wavelength and thus are capable of 
reflecting or scattering from the small structures. On the other hand, higher frequency sound waves 
have a larger attenuation and thus are more readily absorbed in tissue, limiting the depth of 
penetration of the sound wave into the body.  

This dissertation describes three ultrasonic intelligent computing systems, which are measured 
ranging from cell level to femur and skull: cell quantity in the bone tissue, surgical replacement of 
the hip joint for Total Hip Arthroplasty, and human brain diagnosis. These systems are mainly 
proposed with intelligent computing, which are frequency analysis, and Fuzzy Logic that is 
pioneered the development by prof. Lotfi A. Zadeh. First, the cell quantity estimation method is 
introduced. Without destroying cell, it is suggested the ability of intervention in order to produce 
the desired beneficial effect. Second, the stem determination method is introduced and indicates the 
indexes in order to judge how degree the stem fits in the clinical treatment for the surgeons. Third, 
the human brain diagnosis method is introduced. Generally, the general ultrasonic devices are not 
available for transmitting bone tissue. The ultrasound is rarely used to the bone, because the 
ultrasound through bone causes large absorption and scattering and the bone tissue has higher 
attenuation than the other tissue. In order to solve the problems and obtain the clearer ultrasonic 
images, some data synthesis and analysis are proposed. Moreover, the mobile health care 
management are suggested with implementation of iPhone/iPad. 

It is represented the usability of ultrasound and intelligent computing for secure and accurate 
medical diagnosis, which are noninvasive, and enable dynamic imaging. It needs the development 
and technical improvement for new ultrasonic medical diagnosis system. This dissertation presents 
and discusses the scientific significance and contribution contents as the advanced study. 
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Chapter 1 
 
Introduction 
 
Ultrasound has been used to image the human body and has become one of the most widely used 
diagnostic tools in modern medicine. The technology is relatively inexpensive and portable, 
especially when compared with other modalities, such as magnetic resonance imaging (MRI) and 
computed tomography (CT), which are time-consuming, and require radioactive tracers. 
Ultrasound is also used to visualize tissue during routine and emergency prenatal care. As currently 
applied in the medical field, properly performed ultrasound poses no known risks to the patient. 
Moreover, it has been shown that it is possible to visualize and measure changes in ultrasound 
intensities with the use of harmonic gray-scale ultrasound imaging [1], [2]. 

In regenerative medicine, large bone defects caused by bone tumors and bone fractures are 
treated by using filling materials because natural healing is untreatable to these bone defects. The 
human body has an innate response to defend and heal when injured or invaded by various diseases.	 
However, in the case of untreatable injuries and diseases, it is essential to depend on the promising 
field of regenerative medicine, which is working to restore the structure and function of damaged 
tissues and organs. Recently, the composites of bone marrow stromal cells (BMSCs)/ β-tricalcium 
phosphate (β-TCP) have been increasingly used as bone substitutes in bone tissue engineering. In 
clinical setting, it is important to identify appropriate number of cells in the composites before 
implanting. Some studies evaluated number of cells by scanning with microscope [3], [4]. However, 
when evaluating it with these techniques, the composites must be destroyed and are not used for 
any future study or clinical practice. In order to detect objects and measure distances, X-rays and 
microwave of high frequency are used, but they destroy some tissue of the products or the cells.	 
Therefore, the novel nondestructive testing method is desired on a field of medical treatment. 

In orthopedic surgery, when a damaged joint is replaced with an artificial joint, called 
prosthesis, a joint replacement surgery, is needed, and the arthritic or dysfunctional joint surface is 
replaced with an orthopedic prosthesis. For joint replacement surgery, the artificial surfaces of the 
joint replacement are shaped in such a way as to allow joint movement similar to that of a healthy 
natural joint. In such a severe case, one may consider a joint replacement as a possible solution. 
The examinations and tests will be performed to assess the severity of the joint damage. If less 
invasive alternatives do not alleviate pain and damage, the total joint replacement will be 
considered. The prosthetic implant used in hip replacement consists of different parts, the 
acetabular cup, the femoral component and the particular interface. The femoral component is the 
component that fits in the femur. Bone is removed and the femur is shaped to accept the femoral 
stem with attached prosthetic femoral head or ball. Options exist for different patients and 
indications. Correct selection of the prosthesis is important. Regardless of implant design, primary 
stability of the cement less femoral implants in the femoral canal must be achieved at the time of 
operation and is really important for osseointegration, long-term fixation and clinical success [5]. 
The surgeon’s experience in choosing the stem to be implanted is fundamental to achieve good 
fixation. It is difficult to predict the precise size of the implant during the preoperative plan 
especially when the stem implantation is planned. Moreover, it depends on the surgeon skill, and 
do not have objective decision measuring. Thus, it is needed to perform more quantitative 
measurement and more reasonable assessment. 

In human brain diagnostic, the imaging of the brain is needed. Stroke remains an important and 
time-sensitive health concern. CT is the imaging modality most commonly used to assess the 
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underlying nature of a potential stroke. As a diagnostic tool to aid in decision-making, transcranial 
ultrasound might constitute a safer, less expensive, more portable alternative to CT for emergency 
medicine and home health care. In Reference [6], The system acquired fusing 3-D transcranial 
ultrasound volumes from temporal window. However, it is not portable system and is difficult to 
transmit ultrasound from the random position. In Reference [7], the transcranial sonography has 
been proposed using two linear array probes. These array probes consist of 128 elements. However, 
it is difficult to transmit ultrasound from the random position because the two array probes are set 
up on both sides of human head. In Reference [8], they employ the spherical array probe that 
consists of the 448 elements. However, they only described a signal processing. Therefore, a simple 
and unrestrained system without the large mechanical scanner is strongly needed. 

In smart medical system, the more widely used electronic medical record (EHR) operated by 
the clinicians or the health care providers. It contrasts well with a personal health record (PHR). 
This is a health record which the patient maintains health data and information for the care [9]. The 
intention of a PHR is to provide a summary of an individual medical history which is accessible 
online. The health data on a PHR include patient-reported outcome data from devices collected 
passively from a smartphone such as wireless electronic weighing scales. The patients may enter 
PHR directly, either by typing into fields or uploading/transmitting data from a file or another 
website. In recent years, several formal definitions of the term have been proposed by various 
organizations [10]. It is desired for physicians and patients to use compact and mobile technology 
in order to assist with clinical decision-making. 

This dissertation proposes three ultrasonic intelligent computing systems by focusing the 
advantages of ultrasound: Cellular Quantity Measurement System in Bone Marrow Stromal Cells, 
Stem Determination System for Total Hip Arthroplasty, and Diagnosis System for Human Brain 
Imaging. 

Chapter 2 presents “Cellular Quantity Measurement System in Bone Marrow Stromal Cells”. In 
order to measure cell quantity, the composite must be crushed and the cell count with an electro 
microscope. However, the measured composite is not used for a future study and clinic. Therefore, 
this study proposes the cellular quantity measurement system without destroying some tissue and 
cells of the products. This system estimates the cell quantity with correlation between cell quantity 
and two features, which are extracted from the ultrasonic waves: amplitude and frequency. It is 
attempted to identify cellular quantity with an ultrasonic system and approaches of neural network 
and fuzzy inference. Amplitude is obtained from the raw ultrasonic wave, and frequency is 
calculated from frequency spectrum obtained by applying cross-spectrum method. A comparison is 
done with the multi regression method. Moreover, it is suggested that the superiority of frequency 
to analyze Bone Marrow Stromal Cells. In order to calculate the frequency value, it is proposed two 
approaches, which is Fast Fourier Transform and Cross-Spectrum. This study focuses on the 
attenuation due to viscosity, which is proportional to the squares of the frequency. This chapter has 
a discussion about the attenuation of frequency. It is employed the ultrasonic waves with the center 
frequency of 1.0 MHz. The attenuation is proportional to the squares of the frequency. The 
frequency range of approximate 1.0 MHz value attenuates. This study shows the ability of 
intervention in order to produce the desired beneficial effect. 

Chapter 3 presents “Stem Determination System for Total Hip Arthroplasty”. Total Hip 
Arthroplasty is surgical replacement of the hip joint with an artificial prosthesis. The selection of 
the optimum size and type of implant to fit the anatomical characteristics of the individual patient is 
important in order to avoid postoperative complications such as dislocation or loosening. The 
surgeon experience in choosing the implanted stem size is fundamental to achieve good fixation. 
However, especially in the complicated cases, it still has the risk that the stem size chosen might be 
unsuitable. To solve the problems, this system proposes the level of stability by analyzing 
ultrasonic wave measurements, and indicates the indexes in order to judge how degree the stem fits 
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in the clinical treatment. This chapter suggests the ultrasonic system with a single ultrasonic probe. 
This experiment makes a knock to the upper point of the stem inserted with a hammer, which has 
the trigger signals. It is detected the acoustic signals with the knocking signals. An ultrasonic probe 
is fixed in the upper side of the stem with a built-in magnet. A personal computer got the acoustic 
data. In the surgery, the surgeon tries to adapt for the patient from the small size stem to the larger 
size stem in turn. There is a correlation between the degree of tightening and the attenuation time of 
acoustic signal for the knocked sound by a hammer when inserting the stem. The higher tightened 
degree implies shorter attenuation period. At the present time, the surgeon’s experience chooses the 
suitable stem. Therefore, this chapter suggests the stem determination system, which selects the 
suitable stem by fuzzy inference, which dynamically corresponds for each patient. Moreover, in 
order to do more quantitative evaluation and analysis, it is proposed how to select the most suitable 
stem for the patients by using the ultrasonic system in this study. The result successfully determines 
the suitable stem in comparison to the results obtained from the practical surgery.  

Chapter 4 presents “Diagnosis System for Human Brain Imaging”. The transcranial sonography 
imaging device visualizes blood flow and tissue, and substantially shortens diagnosis time. The 
research goal is the portable and real time brain diagnosis under the thick-skull. The choice of 
ultrasonic frequency is a trade-off between spatial image resolution and imaging depth. This study 
shows the diagnosis systems, which penetrate the skull, and consists two parts: the trans-skull brain 
imaging system and the trans-skull ultrasonic doppler system. First, data synthesis methods and 
data analysis methods of two ultrasonic waves for visualizing brain image under skull. The choice 
of frequency is a trade-off between spatial resolution of the image and imaging depth. Lower 
frequency produces less resolution but image deeper into the body. Higher frequency sound waves 
have a smaller wavelength and thus are capable of reflecting or scattering from smaller structures. 
In the bone, the ultrasound causes large absorption and scattering, so the ultrasonic device is rarely 
used to the bone. The bone tissue has higher attenuation than the other tissue. Therefore, the 
general ultrasonic devices are not available for transmitting bone tissue. However, it can transmit 
the low frequency under 1.0 MHz to bone tissue. In clinical practice, the ultrasonic device with the 
center frequency of 0.5 MHz is performed to diagnose osteoporosis. Therefore, it is employed 0.5 
MHz and 1.0 MHz ultrasonic array probes. This study synthesizes and analyzes in frequency 
domain, and visualizes the sulcus and skull. It is performed the experiment with a cow scapula as a 
skull and a steel sulcus as a cerebral sulcus, and calculated the thickness of the bone from the 
synthesized waves. The thickness is determined from the surface and bottom points determined 
from the wave. The surface point is easily determined from the wave. The bottom point is 
determined by fuzzy inference. The sulcus surface was extracted from a B-mode image made from 
the synthesized waves. This study successfully determines the skull depth and visualizes the sulcus 
from the synthesized waves, and showed the usability to synthesize the respective ultrasonic wave 
of the different frequency. Lastly, this ultrasonic technology is applied mobile health care 
managements in smart medical system with implementation of iPhone/iPad. This study develops 
the total system with mobile phone application for medical ultrasonic system. It is meaningful for 
ultrasound-mediated diagnosis in emergency medicine and health care in the near future. 

Chapter 5 concludes with discussing the usability of ultrasound and intelligent computing for 
secure and accurate medical diagnosis. The ultrasonic devices are noninvasive, and enable dynamic 
imaging. It is needed the development and technical improvement for new ultrasonic medical 
diagnosis system in the future. Lastly, this dissertation represents the scientific significance and 
contribution contents as the advanced study. 
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Chapter 2 
 
Cellular Quantity Measurement System in Bone 
Marrow Stromal Cells 
 
This chapter describes an ultrasonic system that estimates the cell quantity of an artificial culture 
bone, which is effective for appropriate treat with a composite of this material and Bone Marrow 
Stromal Cells. For this system, three approaches are examined for analyzing the ultrasound waves 
transmitted through the cultured bone, including stem cells to estimate cell quantity: multiple 
regression, fuzzy inference, and neural network. It is employed two characteristics from the 
obtained wave for applying each method. These features are the amplitude and the frequency; the 
amplitude is measured from the obtained wave, and the frequency is calculated by the 
cross-spectrum method. The results confirmed that fuzzy inference yields the accurate estimates of 
cell quantity, and neural network yields the accurate estimates of cell rank. Using this ultrasonic 
estimation system, the orthopaedic surgeons can choose the composites that contain favorable 
number of cells before the implantation. 
 
 
2.1 Introduction 
 
The large bone defects caused by bone tumor and fracture are treated by using conventional filling 
materials of autogeneous bone, allograft bone, and artificial bone, for example, autogeneous bone 
has problems of quantitative limitation [11]-[13] and imposes significant surgical damage on the 
patients. The compensation with allograft bone has to find a compatible donor and is highly 
susceptible to infection. 

The artificial bone does not have an affinity for human bone. Thus, it is required to find a novel 
material without these problems. Recently, the composite of artificial culture bone and Bone 
Marrow Stromal Cells (BMSCs) has become an anticipated solution to these defects [14]-[22]. The 
artificial culture bone is commercially available, and its filling material is highly compatible with 
human bone [23]-[25]. The BMSCs are mesenchymal stem cells, which can differentiate into a 
variety of cell types, osteoblast myogenic, adipogenic cells and more [26]-[28]. In addition, this 
cell has no ethical problem [29]. However, this composite has seldom been studied for clinical 
application. In order to measure the cell quantity, the composite must be crushed and the cells 
count with an electro microscope [30]. However, the measured composite is not used for a future 
study and clinic. Additionally, the only approximate quantity to treat large bone defects is needed. 

In order to detect objects and measure distances, X-rays and microwave of high frequency are 
used, but they destroy some tissue of the products or the cells. Therefore, it is proposed an 
ultrasonic system that estimates the cell quantity of artificial culture bone. The ultrasound device 
has many advantages, including real time scanning, smart and compact, low cost, and producing no 
tissue damage [31]. This system employs the ultrasound wave transmitted into these composites. It 
is known that the low frequency ultrasonic wave of approximately 1.0 MHz can be transmitted 
through bone tissue [32]-[35]. This study employs two features: amplitude and frequency in order 
to construct the system and calculate the predictive value. The amplitude is measured from the 
obtained wave, and the frequency is calculated from the frequency spectrum of transfer function 
using cross-spectrum [36]-[38]. The conventional method shows that the ultrasound amplitude 



  Chapter 2  Cellular Quantity Measurement System in Bone Marrow Stromal Cells    5 

effectively responded to the quantity composites and was well correlated to the actual cell value 
[39]. This study estimates cell quantity by two approaches: multiple-regression as a linear analysis 
method, fuzzy inference, and neural network. Moreover, on the frequency domain, it was 
confirmed the attenuation in the immediate vicinity of 1.0 MHz, which is the center frequency of 
the probe. In order to demonstrate this attenuation, this study proposes two approaches using 
ultrasonic cell quantity determination on the frequency domain: the peak and the center of gravity 
(COG). As the results, COG frequencies were absolutely found less than peak frequencies on all 
composites. This study showed the ability of intervention to produce the desired effect. This study 
certified the superiority of the frequency data analysis.  

These approaches are constructed based on the relation between cell quantity and two features; 
amplitude and frequency, which are high correlation coefficient with cell quantity. The results 
showed that fuzzy inference and neural network estimated cell rank with the highest accuracy. 
 
 
2.2 Experimental Environments 
 
2.2.1 Artificial Culture Bone 
 
It is employed BMSCs, which are an Embryonic Stem (ES) cell, as an artificial culture bone. 
BMSCs change into some type of cell and are obtained from marrow of patients. In contrast to ES 
cell, BMSCs cause no rejection and have no problem of ethical issues [40]. This experiment 
employs animal-derived BMSCs. The artificial culture bone used in this study is Osferion 
(Olympus Terumo Biomaterials Corp.) as shown in Fig. 2-1 [41]. The dimension of the culture 
bone is a 10mm cube. Osferion is a macroporous ceramic with 75% porosities based on β-TCP 
(beta-tricalcium phosphate). Fig. 2-2 shows the porosity of Osferion. Average pore size is 100-400	 
µm in diameter. These culture bones are sterilized in a dry heater at 180 degree for 4 hours. This 
study uses the BMSCs in accordance with Japanese Government guidelines for the care and use of 
laboratory animals, and obtains the cells by the bone marrow of 15-week-old Sprague-Dawley rats. 
The average diameter of BMSCs is about 40µm. 
 

  

Fig. 2 - 1  Artificial Culture Bone. Fig. 2 - 2  Porosity of Osferion. 
 

BMSCs are not able to grow in the atmosphere, and the raw artificial culture bone contains air 
because of macroporosity. Therefore, it is performed a preprocessing for raw artificial culture bone. 
Preprocessing includes degassing process for the artificial culture bone, and soaked the artificial 
culture bone in culture medium as shown in Fig. 2-3, and decrease pressure to remove air from this 
culture bone as shown in Fig. 2-4. Degassed culture bone is filled by medium and facilitates the 
penetration of BMSCs into this bone. Additionally, this process increases the intensity of the 
transparent wave because the acoustic wave transmits into liquid like medium faster than gas. 
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It is seeded BMSCs in the degassed bone, where the seeded BMSCs have 4 kinds of cell 
quantity: 1.0×106, 1.5×106, 2.0×106, 1.0×107 [cells/ml]. This study employs 24 artificial culture 
bones, and takes four of each kind. Ref. [42] and [43] describe that mesenchymal stem cells 
cultured in vitro can differentiate into osteoblast cells immediately. Thus, it is cultivated all seeded 
culture bone for 24 hours. 
 

  

Fig. 2 - 3 Soak Artificial Culture Bone Fig. 2 - 4 Decrease Pressure 
 
In the case of including BMSCs or not in soaked artificial culture bone, it is measured the velocity 
of sound for culture medium. The velocity of sound for artificial culture bone with BMSCs is 
2324.61 [m/s], and the one without BMSCs is 2094.34 [m/s]. As this result, the velocity of sound 
for artificial culture bone with BMSCs is lower than the one without BMSCs. Therefore, it is said 
that the ultrasonic wave transmits into artificial culture bone. 

The Sound travels through materials under the influence of sound pressure. The acoustic 
impedance is important in the determination of acoustic transmission at the materials having 
different acoustic impedances. The higher the product of its density is, the higher the transmitted 
signal intensity appears. Therefore, this study focused on the transmitted signal. From the obtained 
ultrasonic data, it is extracted the feature: frequency. 
 
 
2.2.2 Ultrasonic Device 
 
This estimation system consists of an ultrasound caliper probe, a pulsar receiver, an oscilloscope 
and a personal computer as shown in Fig. 2-5. This experiment uses the ultrasound caliper probe 
(NSI Corp.) as an ultrasound device as shown in Fig. 2-6.  
 

  

Fig. 2 - 5 Ultrasound Estimation System Fig. 2 - 6 Ultrasound Caliper Probe 
 
The transmitting probe and receiving probe are attached to the portions of outside jaws of the 
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electronic caliper, respectively. This caliper probe transmits the ultrasound wave while holding a 
target object. At this time, the caliper probe holds the object with constant pressure by using a 
manometer, which is a component of the caliper probe. The center frequency of the probes is 1.0 
MHz. Figure 2-7 shows a frequency spectrum of the ultrasound acquired by connecting the probes 
directly. Sampling interval of oscilloscope is 5 ns. The ultrasound wave is transmitted into the 
culture bone from three directions for three times each (nine in total) as shown in Fig. 2-8. From 
the obtained wave, it is extracted two characteristics; the amplitude and the frequency, which are 
the average characteristics acquired from nine waves. This study was based on other 5 experiments. 
In detail, the differences for the experimental condition are block size and cultivating time. Because 
these results have the even quality of artificial culture bone, the experimental values consists high 
reproducibility. 
 

  

Fig. 2 - 7 Frequency Spectrum of Ultrasound Wave Fig. 2 - 8 Direction of Ultrasound Wave 
 
 
2.3. Experimental Measurement 
 
2.3.1 Ultrasonic Measurement 
 
The conventional method shows that the ultrasound amplitude effectively responded to the quantity 
composites and was well correlated to the actual cell value number. This study focuses on the 
attenuation due to viscosity, which is proportional to the squares of the frequency [44]. This paper 
proposed the ultrasonic estimation method by using two features, amplitude and frequency. 
 

  

Fig. 2 - 9 Extraction of Amplitude Fig. 2 - 10 Transfer Function Model 
 
The first characteristic, the amplitude is the value of peak to peak in the obtained wave as shown in 
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Fig. 2-9. The ultrasound amplitude through homogeneous material is larger than the one through 
heterogeneous material, because of effects such as scattering and reflection, which can cause 
attenuation of ultrasound amplitude occur at the boundaries of the heterogeneous material. The 
second characteristic is obtained by applying the techniques; transfer function using 
Cross-Spectrum of the received waves. In Eq. 2-1 and Fig. 2-10, G[w] denotes transfer function, 
X[w] and Y[w] denote frequency response of input and output respectively, ][ωX  denotes 
conjugate of X[w]. The transfer function using Cross-Spectrum is calculated by Eq. 2-1. 

G[ω] = X[ω]Y[ω] X[ω]X[ω] . (2-1) 

An example of transfer function G[w] is shown in Fig. 2-11. The frequency, ωg, is defined as 
the frequency with the center of gravity (COG) on G[w]. The frequency is calculated as the average 
of ωg of the obtained nine waves of artificial culture bone. 
 

 

Fig. 2 - 11 Frequency Value using COG 
 
 
2.3.2 Scanning Electron Microscopy Observation 
 
After ultrasonic measurement, the cell proliferation was observed by scanning electron microscopy 
(SEM) for defining cell quantity. SEM obtains the true values of cell quantity. The image of the 
artificial culture bone is obtained by an electron microscope of 800 magnifications. Therefore, the 
truth cell quantity is obtained by multiplying 800. The cell value of cell quantity ranged from 145 
(×800) to 836 (×800) cells/ml. 
 
 
2.3.3 Relationship between Features 
 
This section shows the relationship between three features: amplitude, frequency, and cell quantity, 
respectively. As shown in Fig. 2-12, the correlation coefficient of amplitude and cell quantity is 
0.750 and one of frequency and cell quantity is 0.766. The frequency has a higher correlation 
coefficient to cell quantity than the amplitude. Therefore, this study estimates cell quantity by using 
two features, amplitude and frequency. 

On the image obtained by an electron microscope of the artificial culture bone, there are 800 
blocks. This experiment measured amount of cells in one block by the electron microscope. 
Therefore, the true cell quantity is obtained by multiplying 800, and ranged from 145 (×800) to 836 
(×800) cells/ml. The cell quantity ranges from 0 to 1,000 (×800) cells/ml. For evaluation of the proposed 
methods, this system employs three ranks (“Low” / “Middle” / “High”) based on the measured 
cellular quantity as shown in Table 2-1. 
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Correlation Coefficient: 0.750 Correlation Coefficient: 0.766 Correlation Coefficient: 0.866 
(a) Amplitude and Cell Quantity (b) Frequency and Cell Quantity (c) Amplitude and Frequency 

Fig. 2 - 12 Relationship between Features 
 

Table 2 - 1.  CELL QUANTITY RANK TABLE  

Cell Quantity [cells/ml] ×800  *1 Rank Count 
0 ≤ Cell < 333 Low 9 

333 ≤ Cell < 666 Middle 10 
666 ≤ Cell High 5 

*1 measured one block in 800 blocks with the artificial culture bone 
 
 
2.4. Cell Quantity Estimation 
 
2.4.1 Fuzzy Inference 
 
This study proposes a fuzzy estimation system with the amplitude and frequency features. These 
features have high correlation coefficients with cell quantity, and obtain the following Knowledge 
1 and 2. 
 
Knowledge 1: An artificial culture bone with large cell quantity has high amplitude. 
Knowledge 2: An artificial culture bone with large cell quantity has high frequency. 
 
It is converted Knowledge 1 and 2 to the following fuzzy if-then rules. The notations Xamp and Xfreq 

denote amplitude and frequency for composite X. The notation Ycells denotes cell number variable. 
 
Rule 1-1: If Xamp is Low, then Ycells is Low. 
Rule 1-2: If Xamp is Middle, then Ycells is Middle. 
Rule 1-3: If Xamp is High, then Ycells is High. 
Rule 2-1: If Xfreq is Low, then Ycells is Low. 
Rule 2-2: If Xfreq is Middle, then Ycells is Middle. 
Rule 2-3: If Xfreq is High, then Ycells is High. 
 
As shown in Fig. 2-13, these features are normalized between 0 and 1. Two features have high 
correlation coefficient with cell quantity. The input fuzzy membership functions are defined by the 
means and the standard deviations (SD) of amplitude and frequency in a group data for evaluating 
the other group. Two evaluation methods are employed. The first one is leave-one-out 
cross-validation. The second one divides 24 samples into two groups; each of them consists of 12 
samples. One group is used for the parameter optimization and the other is used for the evaluation. 

Ce
ll 

Q
ua

nt
ity

 

0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.00.5

1.0

0.8

0.6

0.4

0.2

0 1.00.5

1.0

0.8

0.6

0.4

0.2

0 0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.00.5

1.0

0.8

0.6

0.4

0.2

0 1.00.5

1.0

0.8

0.6

0.4

0.2

0

Ce
ll 

Q
ua

nt
ity

 

0 0.5 1
0

0.2

0.4

0.6

0.8

1

1.00.5

1.0

0.8

0.6

0.4

0.2

0 1.00.5

1.0

0.8

0.6

0.4

0.2

0

A
m

pl
itu

de
 

Amplitude Frequency Frequency 



10    Chapter 2  Cellular Quantity Measurement System in Bone Marrow Stromal Cells 

 
 

Fig. 2 - 13 Input Fuzzy Membership Function 
 
The notation SDi(Low, Middle, High) (i=amp, freq, cells) denotes the standard deviation of each class for 
each feature. The notation Mi(Low, Middle, High) (i=amp, freq, cells) denotes the average of each class for 
each feature. The membership functions of “Low” and “High” are trapezoidal function aligned by 
standard deviation and the average of the data set: the width of oblique is 4×SDi(Low, High), the 
midpoint of the oblique is Mi(Low, High). The membership function of “Middle” is triangular function, 
the length of bottom of isosceles triangle is SDi(Middle), the middle point of this bottom is Mi(Middle).  

 

Fig. 2 - 14 Output Fuzzy Membership Function 
 
The results for applying the other width and bottom of 3 SDi(Low, Middle, High) or 5 SDi(Low, Middle, High) 
thereby obtained the similar results as 4 SDi(Low, Middle, High). A fuzzy singleton function  is 
defined as following Eq. 2-2. The width and function’s shapes in membership function with the 
experimental decided the results. The notations ∧ and ∨ denotes fuzzy minimum and maximum 
operations, respectively. The output fuzzy membership function is defined as Fig. 2-14. 

. 
(2-2) 

In the case of Low and High, it was employed the trapezoidal functions, which are the popular 
shapes of fuzzy membership functions. All function’s shapes and widths in membership function 
were decided with the experimental results. The fuzzy inference is done in the min-max 
center-of-gravity method. The inference mechanism is shown in Fig. 2-15. This figure shows the 
fuzzy degrees m(amp,freq)_(Low,Middle,High). The equations 2-3, 2-4, and 2-5 calculate the degrees, wLow, 
wMiddle and wHigh. 

_ _( ) ( )Low amp Low amp freq Low freqw X Xµ µ= ∧ . (2-3) 

× ×
× SXi (X)

SXi (X) =
1 if X = Xi

0 otherwize

!
"
#

$#

   
(a) Degree of mi(Low) (b) Degree of mi(Middle) (c) Degree of mi(High) 
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_ _( ) ( )Middle amp Middle amp freq Middle freqw X Xµ µ= ∧ . (2-4) 

_ _( ) ( )High amp High amp freq High freqw X Xµ µ= ∧ . (2-5) 

Equation 2-6 obtains the inference result. 

))((
))((
)(()(

_

_

_

cellsHightHigh

cellsMiddletMiddle

cellsLowtLowcellt

XMw
XMw
XMwXM

∧∨

∧∨

∧=

. (2-6) 

The center of gravity, ˆ
cellsX , is calculated by Eq. 2-7. 

( )ˆ
( )

t cells cells cells
cells

t cells cells

M X X dX
X

M X dX
= ∫

∫
. (2-7) 

 

 
 

Fig. 2 - 15 Fuzzy MIN-MAX center of gravity methods 
 
 
2.4.2 Neural Network 
 
This study develops a neural network system as shown in Fig. 2-16. The Back Propagation (BP) 
learning is one of the typical models of neural networks. The neural network is composed of an 
input layer, a hidden layer and an output layer.  For the input layer, xi,p (i=1,2…l) denote the input 
data. For each units in the hidden layer, yj,p (j=1,2…m) denote the output data.  For each units in 
the output layer, zk,p (k=1,2…n) denote the output data. uij denote the weights between the input 
layer and the hidden layer. vjk denote the weights between the hidden layer and the output layer.  

In this experiment, there are 2 neurons in the input layer which are two features; amplitude 
value and frequency value, 10 neurons in the hidden layer, 23 neurons in the output layer. The 
parameter “i” denotes the number of the input layer: 2. The parameter “j” denotes the number of 
the hidden layer: 10. The parameter “k” denotes the number of the output layer: 23. The parameter 
“p” denotes the pattern number: 24. The total sum, Xj,p, of the input data for each units in the 
hidden layer in the neural network is defined by Eq. 2-8. The output data of the hidden layer is 
defined by Eq. 2-9. 
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, ,j p ij i p
i

X u x=∑ . (2-8) 

, ,
,

1( )
1 exp( )j p j p

j p

y f X
X

= =
+ − . 

(2-9) 

The total sum, Yk,p, of the input data for each units in the output layer in the neural network is 
defined by Eq. 2-10. The output data of the output layer is defined by Eq. 2-11. 

, ,k p ik j p
j

Y u y=∑ . (2-10) 

, ,
,

1( )
1 exp( )k p k p

k p

z f Y
Y

= =
+ −

. 
(2-11) 

Accordingly, the error, Ek,p, of each output units is defined by Eq. 2-12. The goal of learning is 
to set weights between all layers of the neural network to minimize the total error Ek,p. 

2
, , ,

1 ˆ( )
2k p k p k pE z z= − . (2-12) 

 

 
Fig. 2 - 16 Neural Network 

 
In order to minimize this error, the weights uij and vjk are adjusted. All the feature values are 
normalized, and fed into the neural network. This system employs 24 patterns and Leave-One-Out 
(LOO) Cross Validation. LOO makes a model with the remains excluded one sample. This 
constructed model applies the excluded sample. LOO performs this process for all samples. After 
5,000 times of training the neural network of teaching patterns, the output of each neuron will 
approximate to one of the teaching patterns. 
 
 
2.4.3 Multiple Linear Regression Model 
 
The general purpose of multiple-linear regression is to learn more about the relationship between 
several independent or predictive variables and a dependent or criterion variable. Multiple-linear 
regression is a linear method to build a model constructed with relationship among multiple 
independent variables, Xi (i=1,2,...,n) and a dependent variable, Y. In this study, the linear model in 
Eq. 2-8 calculates the predictive variable Ycells. The regression coefficients bj (j=0, 1, 2) are defined 
so as to involve the minimum of the notation Q. In Eq. 2-9, the notation Q denotes the error sum of 
squares between Ycells and 

ĉellsY . Here, b0, b1, and b2 are 0.403, 0.538, and -0.006, respectively. 

2
Neurons
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Layer

23
Neurons
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Output
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0 1 2cells amp freqY X Xβ β β= + + . (2-8) 

24
2

1

ˆ( )cells cells
i

Q Y Y
=

= −∑ . (2-9) 

The regression coefficients are calculated by solution to normal equation 2-10. The notation Si,j 
(i,j=amp, freq, cells) is variation covariation matrix. The notations, cellsY , 

ampX , and 
freqX , denote 

averages of the characteristics. 

0 1 2

1 , 2 , ,

1 , 2 , ,

cells amp freq

amp amp amp freq amp cells

freq amp freq freq freq cells

Y X X

S S S
S S S

β β β

β β

β β

= − −

⎧ + =
⎪

+ =⎨
⎪
⎩

. (2-10) 

 

Table 2 - 2.  CELL QUANTITY ESTIMATION RESULTS  
 

Cell 
No. 

Amplitude 
Xamp 

Frequency 
Xfreq 

True 
Quantity 
(cells/ml) 

Estimated Quantity (cells/ml) × 
800 True 

Rank 

Estimated Rank 

Neural 
Network 

Fuzzy 
Inference 

Multiple 
Regression 

Neural 
Network 

Fuzzy 
Inference 

Multiple 
Regression 

1 1.128 0.678 215 199 266.7 227.5 Low Low Low Low 
2 0.856 0.661 145 185 181.6 157.0 Low Low Low Low 
3 1.248 0.687 240 185 304.1 262.0 Low Low Low Low 
4 0.994 0.671 199 271 220.3 192.9 Low Low Low Low 
5 0.968 0.672 185 440 212.6 193.4 Low Mid Low Low 
6 0.758 0.704 171 481 271.9 319.6 Low Mid Low Low 
7 1.819 0.746 481 470 447.8 448.9 Mid Mid Mid Mid 
8 1.532 0.723 439 488 378.3 364.5 Mid Mid Mid Mid 
9 1.105 0.698 271 171 266.6 265.1 Low Low Low Low 

10 1.672 0.748 440 514 413.0 440.6 Mid Mid Mid Mid 
11 0.958 0.683 195 185 210.3 215.6 Low Low Low Low 
12 1.237 0.704 281 185 317.0 294.8 Low Low Low Low 
13 1.674 0.735 680 836 796.4 845.1 High High High High 
14 1.229 0.678 430 418 627.7 604.7 Mid Mid Mid Mid 
15 0.716 0.656 418 439 463.8 445.9 Mid Mid Mid Mid 
16 0.864 0.670 728 836 466.5 486.3 High High Mid Mid 
17 1.210 0.695 792 728 656.0 617.4 High High Mid Mid 
18 1.084 0.677 470 440 609.0 562.9 Mid Mid Mid Mid 
19 0.996 0.654 426 488 547.7 495.8 Mid Mid Mid Mid 
20 1.350 0.699 676 680 691.1 659.8 High High High Mid 
21 0.656 0.650 488 514 463.8 404.1 Mid Mid Mid Mid 
22 1.481 0.700 836 728 707.9 656.5 High High High Mid 
23 1.096 0.685 544 470 625.1 581.7 Mid Mid Mid Mid 
24 1.173 0.689 514 440 651.0 607.8 Mid Mid Mid Mid 

R 0.869 0.874 0.869 - - - - 
Mean ± SD *1 76.1±74.6 78.4±65.0 71.5±71.4 -  - - 
Accuracy (%) - - - - 91.67 91.67 83.33 
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2.5. Estimation Results 
 
In order to identify the exact cell number in the artificial culture bones, it is applied the 24 bones to 
three methods: neural network, fuzzy inference and multiple linear regression, and employed 
Leave-One-Out Cross validation. The result is shown in Table 2-2. The notation “R” indicates the 
correlation coefficient between true cell quantities and estimated quantities. The notation “Mean ± 
SD” is a quantity used to measure how close forecasts or predictions are to the eventual outcomes. 
From this table, the multiple regression system determines cell number with lower Mean Absolute 
Error in comparison with the neural network and fuzzy inference method. These results show that 
the better methods for identifying cell number of artificial culture bone the fuzzy inference and 
multi regression. 

On the other hand, it is important to choose composites containing appropriate number of cells 
before implanting them to patients in clinical setting. Therefore, it should be estimated rough 
quantity of the artificial culture bone. For evaluation of the proposed methods, this study employed 
three ranks (“Low” / “Middle” / “High”) based on the measured cellular quantity. In Table 2-2, 
“True Rank” is the true value obtained by an electron microscope, and “Rank” shows the identified 
ranks. The “Accuracy” means success rate of how well the method correctly identifies the rank. 
From this table, neural network and fuzzy inference identified the rank of cellular quantity with 
higher accuracy with comparison to multiple regression. 
 
 
2.6. Discussion on Frequency Feature 
 
This section discussed on frequency feature. When obtaining the frequency values, it was applied 
two techniques, the frequency response Y[ω] of output wave and the transfer function G[ω] 
obtained by Cross-Spectrum. The results are shown in Fig. 2-17. These figures show the relation of 
the normalized data of frequency and cell quantity. The correlation coefficient of frequency and 
cell quantity using Y[ω] is 0.659 (R2=0.435) in Fig. 2-17(a) and the correlation coefficient of 
frequency and cell quantity using G[ω] is 0.766 (R2=0.587) in Fig. 2-17(b). 

When the coefficient of determination (R2) is more than 0.50, two data are considered highly 
correlated. Cross-Spectrum is superior to analyze the frequency of the Bone Marrow Stromal Cells/ 
β-tricalcium phosphate. Therefore, this study applied Cross-Spectrum for frequency. 

 
  

(a) Frequency response of output wave, Y[ω] (b) Transfer function obtained by Cross-Spectrum, G[ω] 
Fig. 2 - 17 Correlation Coefficient of Frequency and Cell Quantity 

 
In order to demonstrate the attenuation of frequency, this study proposes two approaches using 
ultrasonic cell quantity determination on the frequency domain: the peak (PEAK) and the center of 
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gravity (COG) on G[ω]. For defining as cell quantity, the cell proliferation was evaluated by 
scanning electron microscopy (SEM) observation. The frequency values were defined with peak 
and center of gravity as shown in Fig. 2-18. The center frequency of the ultrasound is 1.0 MHz, 
thus the frequency response in more than 2.0 MHz is no longer. Therefore, the center of gravity is 
calculated from 0 to 2.0 MHz. This study focuses on the attenuation due to viscosity, which is 
proportional to the squares of the frequency [35], and has a discussion about the attenuation of 
frequency. According to this law attenuation of sound α is proportional to the dynamic viscosity η, 
square of the sound frequency ω, and reciprocally proportional to the fluid density ρ and cubic 
power of sound speed V: 

2

3

2
3 V
η ω

α
ρ

= . (2-11) 

This experiment employs the ultrasonic waves with the center frequency of 1.0 MHz. As given 
Eq. 2-11, the attenuation is proportional to the squares of the frequency. Therefore, the frequency 
range of approximate 1.0 MHz value attenuates. As the results, COG frequencies were absolutely 
found less than peak frequencies on all composites. Correlation coefficient between cell quantity 
and peak frequency is 0.672 (coefficient of determination is 0.452), and correlation coefficient 
between cell quantity and COG frequency is 0.766 (coefficient of determination is 0.587). COG is 
considered highly correlated, because coefficient of determination is more than 0.50. 

The frequency features were obtained by 24 composites. Because the number of them is small, 
it is some problems for the validity of this analysis. The future studies are applying to more 
samples. 
 

 
Fig. 2 - 18 PEAK and COG 

 
 
2.7. Conclusion 
 
This chapter proposed an ultrasonic method that can estimate the cell quantity using the ultrasound 
caliper probes, which are a transmitting probe and a receiving one. These probes have appropriate 
center frequency 1.0 MHz for passing through human bone.  

It was introduced this estimation method by proposing the ultrasound estimation system, and 
acquired two features, “Amplitude” and “Frequency”, from the ultrasonic waves. Based on the 
relation between two features and cell quantity, it is constructed three approaches, “Multiple 
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Regression”, “Neural Network”, and “Fuzzy Inference”. Multiple-regression model has the 
possibility of multicollinearity. Multicollinearity is the case that a regression analysis overestimates 
the effect of one parameter, and underestimates the effect of the other. The variance inflation factor 
(VIF) is the metric widely used in the investigations of multicollinearity. VIF of regression models 
is 3.999 which is lower than 10, thus this model is free of multicollinearity. In conclusion, the 
fuzzy inference approach determines cell quantity with the highest correlation coefficient. On the 
other hand, the neural network and fuzzy inference systems identified the rank of cellular quantity 
with highest accuracy. These systems enable to choose composites that contain favorable number 
of cells before implantation. This fact demonstrates that soft computing approaches are valuable for 
identifying cell quantity in the artificial culture bones by using two features obtained by the 
ultrasonic waves. On the frequency domain, this study confirmed the attenuation in the immediate 
vicinity of 1.0 MHz, which is the center frequency of the probe. Moreover, to demonstrate this 
attenuation, it was proposed two approaches using ultrasonic cell quantity determination on the 
frequency domain: the peak and the COG. For defining as cell quantity, the cell proliferation was 
evaluated by SEM observation. As the results, COG frequencies were absolutely found less than 
peak frequencies on all composites. This study showed the ability of intervention to produce the 
desired effect, and certified the superiority of the frequency data analysis. Moreover, it was 
established the validity for measuring the cell quantity in BMSCs by using the feature of frequency 
with Cross-Spectrum focusing on the attenuation.  

The number of samples is small, so this study divided them into three ranks (Low, Middle, 
High) with respect to cell quantity. Therefore, it is some problems for the validity of the estimation 
results. It remains as the future studies to apply this system and evaluate in detail to more samples. 
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Chapter 3 
 
Stem Determination System for Total Hip Arthroplasty 
 
This chapter describes a fuzzy system of stem implantation on Total Hip Arthroplasty by an 
ultrasonic device. The system can perform automatic and accurate assessment in the surgery. This 
system employs a single ultrasonic probe whose center frequency is 1,000Hz, and detects the 
acoustic signals when knocking the inserted stem with a hammer. It has a correlation between the 
degree of tightening and the attenuation time of acoustic signal. That is, the higher tightened degree 
implies shorter attenuation period. The support system selects the most suitable stem size by fuzzy 
inference with respect to the attenuation time and its difference time from correct stem to one larger 
size stem, which dynamically adapts to each patient. As the results, this study successfully 
determined the suitable stem in comparison to the results of the practical surgery. 
 
 
3.1 Introduction 
 
Total Hip Arthroplasty (THA), which is surgical replacement of the hip joint with an artificial 
prosthesis, is a reconstructive procedure that has improved the management of those diseases of the 
hip joint that have responded poorly to conventional medical therapy. It is an orthopedic procedure 
that involves the surgical excision of the head and proximal neck of the femur and removal of the 
acetabular cartilage and subchondral bone. This joint replacement consists in replacing a damaged 
joint with prosthesis. In the orthopedic surgery, the arthritic or dysfunctional joint surface is 
replaced with an orthopaedic prosthesis [45]. THA rebuilds the damaged hip joint with some 
implants and is operated to treat the hip joint diseases such as osteoarthritis. The THA implants 
mainly consist of cup, liner, head and stem, which play a role of acetabulum, hip cartilage, head of 
femur, and femur, respectively. The principal complication after THA is dislocation [46]. The 
primal mechanisms of dislocation are impingement of the femoral heck on the cup liner, 
impingement of the femur on the pelvis, and spontaneous dislocation due to excessive external 
force against muscular force. For example, a hip joint that is affected by osteoarthritis may be 
replaced entirely with a prosthetic hip. This would involve replacing both the acetabulum, hip 
socket, and the head and neck of the femur. The purpose of this procedure is to relieve pain, to 
restore range of motion and to improve walking ability, thus leading to the improvement of muscle 
strength. 

A joint replacement surgery is becoming a more common practice [47], [48]. The prosthetic 
implant used in hip replacement consists of different parts, the acetabular cup, the femoral 
component and the articular interface. The femoral component is the component that fits in the 
femur. The use of cementless femoral implants for total hip arthroplasty has increased in popularity 
over the last few decades [49].  Numerous implant designs based on different views concerning 
implant fixation are currently available. Bone is removed and the femur is shaped to accept the 
femoral stem with attached prosthetic femoral head or ball. Options exist for different patients and 
indications. Correct selection of the prosthesis is important [50], [51]. The selection of the optimum 
size and type of implant to fit the anatomical characteristics of the individual patient is important in 
order to avoid postoperative complications such as dislocation or loosening [52]-[54]. Regardless 
of implant design, primary stability of the cementless femoral implants in the femoral canal must 
be achieved at the time of operation and is really important for osseointegration, long-term fixation 
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and clinical success [55]-[57]. 
The surgeon experience in choosing the stem size to be implanted is fundamental to achieve 

good fixation. However, especially in the complicated cases, it still has the risk that the stem size 
chosen might be unsuitable. To solve the problems, it is described the mechanical stability at the 
time of implantation. It is difficult to predict the precise size of the implant during the preoperative 
plan especially when the stem implantation is planned. Thus, this system estimates the level of 
stability by analyzing ultrasonic wave measurements. In order to perform more quantitative 
measurement and more reasonable assessment based on Reference [58], [59], this paper proposes a 
fuzzy system of more reasonable assessment for the stem implantation on Total Hip Arthroplasty 
by an ultrasonic device. In the surgery, the size of the implanted stem is decided to the surgeon 
after adapting to the patient from the small size stem to the larger size one in turn. It depends on the 
surgeon skill, and do not have a quantitative decision measures. Therefore, it is proposed a system, 
which can perform automatic and accurate assessment in the surgery. It is valuable for both 
surgeons and patients. This system employs a single ultrasonic probe whose center frequency is 
1,000Hz, and detects the acoustic signals when knocking the inserted stem with a hammer. It has a 
correlation between the degree of tightening and the attenuation time of acoustic signal. That is, the 
higher tightened degree implies shorter attenuation period. The stem determination support system 
selects the most suitable stem by fuzzy inference, which dynamically adapts for each patient. As 
the results, it was successfully determined the suitable stem in comparison to the results of the 
practical surgery. Consequently, this study indicated the indexes in order to judge how degree the 
stem fits in the clinical treatment for Total Hip Arthroplasty, and indicated how to select the most 
suitable stem for the patients by using the ultrasonic system. The fuzzy inference which 
dynamically adapts for each patient solved some problems of the individual difference. As the 
results, this system selected the suitable stem with higher accuracy. 
 
 
3.2. Total Hip Arthroplasty 
 
Hip fractures occur as a result of major or minor trauma. In elderly patients with bones weakened 
by osteoporosis, relatively little trauma, even walking, may result in a hip fracture. The hip is made 
of a ball and a socket joint, linking the dome at the head of the femur and the cup in the pelvic bone 
as shown in Fig. 3-1. A total hip prosthesis is surgically implanted to replace the damaged bone 
within the hip joint. Then a metal ball and a metal stem are inserted in the femur and a plastic 
socket is placed in the enlarged pelvis cup. The artificial components are fixed in place. The 
muscles and tendons are then replaced against the bones and the incision is closed. Each patient has 
each various bone in the hip. So, the surgeon has to find the most suitable stem for the patient while 
operating. In the present situation, there are some differences of selecting the suitable stem. 
Therefore, this system proposes the determination system of selecting the suitable stem for the 
patient. 
 

 
              (a) Stem     (b)  Head         (c)  Cup          (d)  Liner 

Fig. 3 - 1.  Parts for Total Hip Arthroplasty 
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3.3. Preliminary Experiment 
 
This experiment performed a preliminary experiment to analyze the degree of tightening the stem 
clinically measured, and confirmed a correlation between the degree of tightening and the 
attenuation time of acoustic signal. Fig. 3-2 shows the preliminary experiment system. The vise 
fixes the stem and a buffer material is a 20mm thick sponge. This sytem compared the difference of 
degree when the stem is loose and tight fixing. Fig. 3-3 shows some sizes of stems, which the stem 
number is in proportion to the stem size. 

 

     
Fig. 3 - 2.  Preliminary Experiment System 

 

 
Fig. 3 - 3.  Stem 

As shown in Fig. 3-4, the higher tightened degree implies shorter attenuation period. Therefore, the 
tightened degree controls the attenuation time of amplitude. This experiment uses three sizes of 
stems with #6, #8, and #10. By using a pressure perception film, this system quantifies the fixed 
pressures with 60N, 80N, and 100N as shown in Fig. 3-5. 
 

  
(a) Tightened Degree: LOW (b) Tightened Degree: HIGH 

Fig. 3 - 4.  Attenuation Time (STEM #8) 

Stem Number: SMALL 
Stem Size: SMALL 

LARGE 
LARGE 
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Fig. 3 - 5.  Pressure Testing Fig. 3 - 6.  Relationship between Attenuation Time and Pressure 
 
As the results, the changes of attenuation time in each stem are shown in Fig. 3-6. This figure 
shows that the attenuation time of STEM #6 (light blue bar) and STEM #10 (light yellow bar) 
becomes to shorten as the fixed pressure is stronger from 60N to 100N. As for STEM #8, the 
attenuation time shorten only when changing fixed pressure from 60N to 80N. In the case of the 
same fixed pressure, the attenuation time tends to be longer as the stem size is larger. In the surgery, 
the surgeon tries to adapt for the patient from the small size stem to the larger size stem in turn. In 
clinical practice, the decrease of the attenuation time as the stem size being larger means that the 
fixed pressure of the stem becomes to strengthen. Consequently, the stem adapts better for the 
patient. 
 
 
3.4. Measurement System 
 
This system employs a single ultrasonic probe whose center frequency is 1,000Hz. The acquired 
ultrasonic waveform is analyzed by a personal computer.  
 

 
Fig. 3 - 7.  Framework of this system 

 

Figure 3-7 shows the framework of this measurement system. The obtained data, attenuation time 
and different time, are used in fuzzy inference. After calculating the fitting rate, this system selects 
the suitable stem. By comparing it and the practical stem, it is evaluated the results. 
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Fig. 3 - 8.  Measurement System Fig. 3 - 9.  Flowchart 
 
 
At first, this experiment made a knock to the upper point of the stem inserted with a hammer, 
which is used as the trigger signal as shown in Fig. 3-8. By using the knocking signals, it is 
measured the acoustic signals. The microphone for measuring (10mmΦ) is fixed in the upper side 
of the stem with a built-in magnet. The acoustic data is changed to the digital data by the AD 
converter (Picoscope ADC-212/100), and is sent to the personal computer. In the clinical treatment, 
an index to judge how degree the stem fits for the patient is the knocked sound by a hammer when 
inserting the stem. The surgeon recognizes that the dull knocked sound means the loose fixed. 
From the physical opinion, in the case of loose fixing, the attenuation time of amplitude is long 
because the acoustic energy continues to transmit into the stem. On the other side, in the case of 
tight fixing, the attenuation time of amplitude is short because the acoustic energy transmits from 
the stem to the external fixed object and is absorbed on the early stage. 

The flowchart of this system is shown in Fig. 3-9. In the surgery, the surgeons adapt the patient 
from the small size stem to the larger size one in turn. This system obtains the attenuation time 
when inserting the smallest stem, and the attenuation time and calculate the different time by using 
the attenuation time of the first inserted stem and one of the second inserted stems. The fuzzy 
inference judges whether the inserted stem is most suitable or not so. 
 
 
3.5 Attenuation Time 
 
The raw wave in Fig. 3-10 performed envelope processing to the positive area of the acoustic wave 
as shown in Fig. 3-11. It is defined that X as stem size (STEM #X) and the maximum of the 
attenuation value as Amax(X) and the time at that time as Tmax(X). A10(X) is defined as Amax(X) / 10, 
and the time T10(X) at the value A10(X). 

The attenuation time TATT(X) of STEM #X is calculated by Eq. 3-1. This system estimates the 
degree of fixing by using this attenuation time. 



22   Chapter 3  Stem Determination System for Total Hip Arthroplasty 

 
 

  
Fig. 3 - 10.  Raw Data of Acoustic Wave Fig. 3 - 11.  Attenuation Time 

 

TATT(X) = T10(X) - Tmax(X). (3-1) 

The attenuation times of STEM #4 and #6 are shown in Fig. 3-12. The Amax(4) and Amax(6) are 
of the same values. As shown in this figure, the notation TATT(4) is shorter than the notation TATT(6). 
This result means that STEM #4 is fixed tighter than STEM #6. 
 

 
Fig. 3 - 12.  Attenuation Time of STEM #4 and #6 

 
 
3.6. Fuzzy Inference 
 
This system proposes a fuzzy evaluation system with two features, the attenuation time TATT(X) and 
difference time for STEM #X. The difference time TDIF(X) is calculated by Eq. 3-2. 

TDIF(X) = TATT(X) - TATT(X-1). (3-2) 

The difference time defines as the time between the attenuation time of the stem and that of the 
one size smaller stem. From the obtained coefficients, Knowledge 1, 2, 3, and 4 are derived. 

 
Knowledge 1: The tight fixing has the short attenuation time. 
Knowledge 2: The tight fixing has the short difference time. 
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Knowledge 3: The attenuation time depends on the fixed degree. 
Knowledge 4: The difference time depends on the fixed degree. 
 
These are converted to the following fuzzy if-then rules. 
 
Rule 1: IF Attenuation time is Short THEN the degree of fixing is High. 
Rule 2: IF Difference time is Short THEN the degree of fixing is High. 
 
The fuzzy if-then rules are represented by the fuzzy membership functions as shown in Fig. 3-13. 
In this figure, the notations, Tha and Thd, denote thresholds of the attenuation time and difference 
time, respectively.  
 

       
(a) Attenuation Time                   (b) Difference Time 

Fig. 3 - 13.  Fuzzy Membership FunctionFuzzy Membership Function 
 
 
The input fuzzy membership functions are defined by the means and the standard deviations (SD) 
of the attenuation time and the difference time, respectively. The notation Tha is determined as the 
time which is the standard deviation being shorter than the mean of the attenuation time. The 
notation Thd is determined as the time which is the standard deviation being shorter than the mean 
of the difference time. Two fuzzy degrees, µatt and µdiff, are calculated by Eq. 3-3 and 3-4. 

. (3-3) 

. (3-4) 

The fuzzy singleton functions, STATT(t) and STDIF(t), are defined by Eq. 3-5 and 3-6. 
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( )  
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Equation 3-7 calculates the fix degree µFIX(x) of STEM #X. 
1 if  t ( )

( )  
0  otherwiseATT

ATT
T

T X
S t

=⎧
= ⎨
⎩

. (3-7) 

Where the notation, r, is the ratio, it is experimentally decided. 
 

( ) min( ( ), )
ATTATT T aX S t HIGHµ =

( ) min( ( ), )
DIFDIF T dX S t HIGHµ =
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3.7. Experimental Results 
 
Under consideration of the thresholds on Table 3-1 and 3-2, the threshold of the attenuation time, 
Tha, is more adaptable than that of the difference time, Thd. Therefore, it is calculated the adaptable 
ratio (r=0.823) and put the adaptable ratio to the fuzzy membership functions. The total degree 
µFIX(x) is calculated by Eq. 3-8. 

. (3-8) 
 

Table 3 - 1.  THRESHOLD OF FUZZY MEMBERSHIP FUNCTION (ATTENUATION TIME) 

 
 

Table 3 - 2.  THRESHOLD OF FUZZY MEMBERSHIP FUNCTION (DIFFERNT TIME) 

 
 
This proposed system applied to 8 total hip arthroplasty patients. The result of the fixed stem size 
and the analyzed stem size was shown in Table 3-3. The attenuation time measured in the practical 
surgery is showed in Fig. 3-14. In this figure, the horizontal-axis means the size of the stem and the 
vertical-axis means the attenuation time. 
 

Table 3 - 3.  RESULT OF STEM SIZE 

 
 
By using this proposed method, it was selected the suitable stem of 7 patients. As concerns Subject 
#1 and #7, two sizes of the determined stem were selected. Because these subjects have the fixed 
stem which is one size larger than the stem with the shortest attenuation time, it is left out of 

( ) ( ) 0.823 ( ) (1 0.823)FIX ATT DIFX X Xµ µ µ= × + × −
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consideration that the determined stem has two types which are the fixed size stem and the one size 
smaller stem. As concerns Subject #2 and #5, it was not selected the suitable stem because the 
difference time is relatively large as shown in Fig. 3-14. As the results, the effectiveness of 
selecting the suitable stem was 87.5%. 
 

 
Fig. 3 - 14.  Selected Stem Size in Practical Surgery 

 
 

3.8. Conclusion 
 
This chapter proposed a stem determination system for total hip arthroplasty patients. The acquired 
ultrasonic waveform with the single ultrasonic probe with the center frequency 1,000Hz is analyzed 
by a personal computer. At first, this system made a knock to the upper point of the stem inserted 
with a hammer, which has the trigger signals. By using the knocking signals, it was measured the 
acoustic signals. The ultrasonic probe for measuring is fixed in the upper side of the stem with a 
built-in magnet. The acoustic data is changed to the digital data by the AD converter and is sent to 
the personal computer. In the surgery, the surgeon tries to adapt for the patient from the small size 
stem to the larger size stem in turn. Therefore, this system, which selects the best suitable stem by 
using the attenuation time, is valuable for surgeons and patients of total hip arthroplasty. 

As the results, this study successfully determined the suitable stem in comparison to the results 
obtained from the practical surgery. It became an index in order to judge how degree the stem fits 
in the clinical treatment for Total Hip Arthroplasty. It remains as future works to consider the much 
better effective method and to apply the method to total hip arthroplasty patients.
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Chapter 4 
 
Diagnosis System for Human Brain Imaging 
 
This paper describes ultrasonic diagnosis system for human brain imaging. The research goal is the 
portable and real time brain diagnosis under the thick-skull. The choice of ultrasonic frequency is a 
trade-off between spatial image resolution and imaging depth. This study shows the usability of 
data synthesis by employing two different frequency ultrasounds. In this chapter, the first section 
proposes the trans-skull ultrasonic doppler system, whose target is blood flow, and the second 
section proposes the trans-skull brain imaging system. This approach is particular interest for the 
design of further study intending to visualize any defects by ultrasound methods. The last section 
designs the mobile medical system to review data prior to patient access. Improved communication 
can also ease the process for patients, clinicians, and caregivers. As one of the implementations for 
smart medical system, the ultrasonic diagnosis and mobile communication system are proposed. In 
summary, this chapter indicates that the ultrasonic image is useful to visualize the imitated brain 
area. This observation is encouraging for further studies of evaluating brain in patients. 
 
 
4.1 Trans-skull Ultrasonic Doppler System 
 
4.1.1 Introduction 
 
The cerebrovascular accident is one of the worst diseases for Japanese. Recently, about one and 
half million patients had cerebrovascular accident of a year and, 10% of them cause death in Japan 
[60]. The cause of cerebrovascular accident is lack of the oxygen by a blood vessel being clogged 
up, an obstruction of the blood vessel by the blood clot. If having the cerebrovascular accident, it is 
needed prompt treatment. It is important to use tissue plasminogen activator (t-PA) that helps to 
dissolve blood clots. The t-PA time limit is about 3 hours. It is needed the quick search of blood 
clot. 

The imaging of the human brain is essential to diagnose the brain. Magnetic Resonance 
Imaging (MRI) and X-ray Computed Tomography (CT) are widely used for the brain disease 
diagnosis. These systems can obtain the detailed image of the brain. However, they need at least 20 
minutes for imaging and it is high cost for patients. Therefore, a noninvasive and real-time 
diagnosis system is needed. An ultrasonic system has several advantages such as low cost, bedside 
usage and dynamic imaging and so on. As the noninvasive system, the ultrasonic devices are 
widely used. In clinical practice, the ultrasonic devices with the center frequency of 2-10 MHz are 
used to visualize internal organs in the human body [61]. However, the ultrasound attenuates by the 
reasons of absorption and dispersion when the ultrasound transmits and receives the object. In 
particular, it is difficult to receive the echo passing through the bone. However, it is known that the 
low frequency ultrasound approximately 1.0 MHz can transmit and receive the bone tissue. 
Therefore, the study intended the bone is performed with the low frequency ultrasound. The 
transcranial sonography has been proposed using two linear array probes, which consists of 128 
elements. However, it is difficult to transmit ultrasound from any position because the two array 
probes are set up on both sides of human brain. In References [62], [63], the imaging system of the 
skull and brain surface has been proposed using a single ultrasonic probe whose center frequency is 
1.0 MHz. In this system, a target object is scanned with 1.0 mm scanning interval using a 3-D 
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scanner. It is difficult to apply it to clinical practice because this scanner is too large to perform in 
clinical practice. A simple and unrestrained system without the large mechanical scanner is needed. 
Transcranial Doppler (TCD) is used for brain diagnosis. TCD is a technique for measuring the 
blood flow by placing an ultrasonic probe at the anterior and superior attachment site of the upper 
ear (posterior temporal windows) in adults [64], [65]. However, TCD frequently cannot obtain 
enough data for thick skull width of the adults, because ultrasonic waves cannot transmit/receive 
the blood flow data by the large attenuation from the skull bone. A few studies were done for 
free-placement systems [66], [67]. The transcranial sonography has been proposed using 2.5 MHz 
2D array probes. However, it is difficult to transmit ultrasound from the random position. 

This study proposes a free-placement trans-skull Doppler imaging system with a 1.0 MHz array 
ultrasonic probe. This study extended the works in [68], [69]. The experimental results showed that 
the system detected the flow velocity by Doppler effect, and it confirmed the useful method. 
 
 
4.1.2 Experimental Devices 
 
This section shows the experimental devices about the 1.0 MHz ultrasonic array probe as shown in 
Fig. 4-1, the target object, and the water follow pump. 
 

 
Ultrasound transducer size: 24 mm✕1.5 mm✕32 ch 

External size: 30 mm✕60 mm✕40 mm 
 

Fig. 4 - 1. 1.0 MHz (ISL1938) Ultrasonic Array Probe. Fig. 4 - 2. Silicon Tubes. 
 
 
4.1.2.1 Target Object 
 
This experiment imitated the blood vessel under the skull. The inside and outside diameter of the 
silicon tubes are shown in Table 4-1. In this experiment, it is employed three silicon tubes shown in 
Fig. 4-2. 
 

Table. 4 - 1. Colored Pixels. 

 Inside Diameter Outside Diameter Thickness 
Tube 1 4.0 mm 5.5 mm 1.5 mm 
Tube 2 5.0 mm 7.5 mm 2.5 mm 
Tube 3 6.0 mm 9.0 mm 3.0 mm 

  
Fig. 4 - 3. Water Flow Pump. 

 
 

Tube 1 
 
 

Tube 2 
 
 

Tube 3 
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4.1.2.2 Water Flow Pump 
 
This experiment employs a fixed quantity water flow pump (Tokyo Rikakikai Co., LTD. 
RP-10000) in Fig. 4-3. This system changes the direction of water stream by changing the rotation 
direction of a roller, and sets turning speed of a roller with 300 or 400 rpm, and the current speed in 
the tube for about 50 or 70 cm/s. This speed is almost equivalent to the speed of the cerebrum 
artery in the human brain, 50-70 cm/s. 
 
4.1.3 Proposed Method 
 
Fig. 4-4 shows the experimental system. The system is composed of array ultrasonic probe, two 
water tanks, ultrasonic flaw detection equipment and a personal computer. The ultrasonic data are 
provided to a personal computer through an ultrasonic array probe. The sampling interval of A/D 
converter is 3 MHz. The ultrasonic pulse repetition frequency (PRF) is 50 Hz. These are the 
equipment specification. 
 

 
Fig. 4 - 4. Experimental System. 

 
 
4.1.3.1 Data Acquisition System 
 
The notation θ is the angle between an ultrasonic array probe and the water current, which is fixed 
at 45 degree as shown in Fig. 4-5. The water including bubble is imitated as Levovist, which is 
ultrasonic contrast agent. The scapula of cow is employed as a skull in Fig. 4-6, the pork meat is 
employed instead of skin to cover skull in Fig. 4-7. The thickness of the scapula is 0.16-0.27 mm. 
 

 

 

Fig. 4 - 5. Data Acquisition System. Fig. 4 - 6. Cow Scapula. 
 
Figure 4-8 shows the procedure of this method. Firstly, this system acquires the waveforms from 
the probes, and divides the waveform data in order to remove the overlap. In this study, the 
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waveform data consists of 32 channels × 3,500 pixels. It is divided every 3,500 pixels to 64 pixel 
set data by shifting 32 pixels, sequentially, and applied FFT to the divided waveform data for 
confirming Doppler effect. Lastly, the study calculates the center of gravity (COG) in frequency 
domain, and compares COG of the acquired data and the standard frequency. The standard 
frequency was determined as the mean of COGs of three ultrasonic waveforms from silicon tubes 
with no water current. It is calculated the degree of frequency transition by Doppler effect, and 
made imaging of Doppler effect from the calculated data based on the fuzzy inference. 

 

 
 

Fig. 4 - 7. Pork Meat. Fig. 4 - 8. Procedure of this method. 
 
 
4.1.4 Doppler Effect and COG in Frequency Domain 
 
The notation f denotes the frequency. The notations P, fmax, and fmin denote the power spectrum 
density, the max frequency (=2.0 MHz), and the minimum frequency, respectively. The center of 
gravity (COG) in frequency domain, fg, is calculated by Eq. 4-1. 

. (4-1) 

 
Figure 4-9 shows the frequency transitions, which is the distribution map in frequency domain. The 
blue and red lines show no water current and water current, respectively. The green line means the 
peak in frequency, which is same frequency value in the case of no water current and water current. 
However, the power spectrum density of the low frequency becomes lowers, and that of the high 
frequency becomes higher. Thus, the COG in the frequency domain is calculated. 
 

 
Fig. 4 - 9. Frequency Transitions. 
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The COG shifted clearly to higher frequency direction when compared with the peak. This study 
focuses on the law attenuation due to viscosity, which is proportional to the squares of the 
frequency [44], and has a discussion about the attenuation of frequency. According to this law 
attenuation of sound α is proportional to the dynamic viscosity η, square of the sound frequency ω, 
and reciprocally proportional to the fluid density ρ and cubic power of sound speed V: 

. (4-2) 

This experiment employs the ultrasonic waves with the center frequency of 1.0 MHz. As given 
Eq. 4-2, the attenuation is proportional to the squares of the frequency. The frequency range of 
approximate 1.0 MHz value attenuates. This study suggests that this attenuation causes that the 
peak becomes lower than the COG, and the frequency of the COG can be considered highly 
correlated. Therefore, the COG of the spectrum is employed for measuring the flow direction. The 
standard frequency was determined as the mean of COGs of three ultrasonic waveforms from 
silicon tubes with no water current. The standard frequency was 0.980 MHz. Fig. 4-10 (a), (b) 
show the water current measurement. 
 

    

(a) Going Away (b) Approaching (a) Going Away (b) Approaching 
Fig. 4 - 10. Water Current Measurement. Fig. 4 - 11. Extracted Images. 

As the results, the images are simply extracted the bone and water current in order to confirm the 
frequency shift as shown in Fig. 4-11. This experiment confirmed the water current directions 
under the bone. The green pixels mean the bone; the blue pixels mean water current going away, 
and the red pixels mean water current approaching. The black pixels mean the unidentified object, 
and the white pixels mean others. In addition, the Doppler frequency was given in Table 4-2. The 
standard frequency was 0.980 MHz. When the water current direction is going away, the frequency 
shift has negative values. On the other hand, when the water current direction is approaching, the 
frequency shift has positive values. This system perfectly confirmed the Doppler effect under the 
bone, and the frequency shift by using three kinds of tubes and the water current speed, 
respectively. 

Table. 4 - 2. Doppler Frequency. 

Going Away [MHz] Approaching [MHz] 

Tube 
50.0 cm/s 70.0 cm/s 

Tube 
50.0 cm/s 70.0 cm/s 

Mean ± SD Shift Mean ± SD Shift Mean ± SD Shift Mean ± SD Shift 
1 0.958±0.006 -0.022 0.950±0.002 -0.030 1 1.003±0.004 0.023 1.012±0.002 0.032 
2 0.953±0.002 -0.028 0.946±0.002 -0.035 2 1.003±0.004 0.022 1.013±0.003 0.033 
3 0.951±0.003 -0.029 0.946±0.004 -0.034 3 1.004±0.003 0.024 1.015±0.002 0.035 
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4.1.5 Evaluation System 
 
This system proposes the fuzzy evaluation system with the amplitude, and obtains the knowledge 
as follows. 

Knowledge 1: The moving object has flow direction of Doppler Effect. 
Knowledge 2: The amplitude of boundary echo is large. 
Knowledge 3: The maximum amplitude of object echo does not change in the condition. 

 
The waveform data consists of 32 channels × 3,500 pixels, and divides 3,500 pixels to 64 pixel set 
by shifting 32 pixels, sequentially. Then, it is obtained total 109×64 pixel set data. This pixel set 
data is denoted by the notation x. The notation fd(x) denotes the frequency after Doppler shift in 
each 64 pixel set data. The notations Ao(x) and Ad(x) denote the maximum amplitude, and the 
difference between the current amplitude data and the previous one. The acoustic impedance of 
bone is the highest in this experiment, and the most of ultrasonic power is reflected there. The 
silicon tube is the second highest. This study introduces the attenuation coefficient in order to 
enhance the signal level. The notations x1 and x2 denote the number of times passed bone and 
silicon tube, respectively. The notations α1 and α2 denote the attenuation coefficient of bone and 
silicon tube, which are determined as 0.40 and 0.95. All the parameters are determined by the 
preliminary experimental results. The notation A(x) denotes maximum amplitude with the 
attenuation coefficient by Eq. 4-3. 

. (4-3) 

The notations µflow(x), µboundary(x), and µobject(x) denote the fuzzy degree of water current vector, 
one of boundary point, and one of object point, respectively. They mean the fuzzy degrees of fd(x), 
A(x), and Ad(x), respectively. The notations fl, fc, and fn denote the mean of the COGs obtained by 
water current going away from the probe, the mean of COGs obtained by water current 
approaching to the probe, and the COG by noise in 64 pixel set data, respectively. The notations Aw, 
Ab, At, and As denote the maximum amplitude of the water, the water bubble, the silicon tube, and 
the scapula of cow, respectively. The following fuzzy IF-THEN rules are derived from them and 
represented by three fuzzy membership functions. 

Rule 1: IF fd(x) is close to one of fl, fc and fn, THEN µflow (x) is high. 
Rule 2: IF Ad(x) is high, THEN µboundary(x) is high. 
Rule 3: A(x) is close to one of Aw, Ab, At, and A, THEN µobject(x) is high. 

 
Figure 4-12 shows the fuzzy membership function for the flow direction, which is defended by Eq. 
4-4, 4-5, 4-6. The fl, fc, and fn are determined as 0.030, 0.028, and 0.010. All the parameters are 
determined by the preliminary experimental results. 

. (4-4) 

. (4-5) 

. (4-6) 

Equation 4-7 defines the fuzzy degree for flow direction. 

. (4-7) 
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Fig. 4 - 12. Membership Functions 

- Flow Direction -. 
Fig. 4 - 13. Membership Functions  

– Difference of Amplitude -. 
 

Figure 4-13 shows the fuzzy membership function for the difference of amplitude, which is defined 
by Eq. 4-7. The notations A1 and A2 denote the difference of the amplitude value among water area 
and that between bone and water in 64 pixel set data, respectively. The A1 and A2 are 
experimentally determined as 40 and 100. All the parameters are determined by the preliminary 
experimental results. Equation 4-8 defines the fuzzy degree for the boundary point. 

. (4-8) 

Figure 4-14 shows the fuzzy membership function for the amplitude, which is defined by Eq. 
4-9, 4-10, 4-11, and 4-12. The Aw, Ab, At, and As are determined as 30, 70, 100, and 180, 
respectively. All the parameters are determined by the preliminary experimental results. 

. (4-9) 

. (4-10) 

. (4-11) 

. (4-12) 

Equation 4-13 defines the fuzzy degree for the amplitude. 

. (4-13) 

 

 
Fig. 4 - 14. Membership Functions - Amplitude -. 
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4.1.6 Experimental Results 
 
This study applied the proposed method to the brain model with the scapula of cow and silicon 
tubes. The standard frequency was determined as the mean of COGs of three ultrasonic waveforms 
from three silicon tubes with no water current. The standard frequency was determined as the mean 
of COGs of three ultrasonic waveforms from silicon tubes with no water current. The standard 
frequency was 0.980 MHz. With employing water current, it is acquired the ultrasonic waves by 32 
elements of the ultrasonic array probe, and calculated the COGs from the echo data. Figure 4-15 
shows the experimental environment. 
 

  
(a) Case1 (b) Case 2 
Fig. 4 - 15. Experimental Environment. 

Table. 4 - 3. Doppler Frequency. 
Rules 

Portions Colored Pixel 
µboundary Object Flow 

≥ th 
µs  ≥  µb µn  ≥  µl + µc Bone  

µb  ≥  µw + µt µl + µc  ≥  µn Unidentified object  
µt  ≥  µs + µb N/A Silicon tube  

< th 
µw   > µb µl  ≥  µn Going away  
µw  >  µb µc  ≥  µn Approaching  

N/A µn  >  µl + µc Other  
 
 

    
(a) Case1 (b) Case 2 (a) Case1 (b) Case 2 

Fig. 4 - 16. Doppler Imaging. Fig. 4 - 17. Enhanced Imaging. 
 
To evaluate the COG transition, it is acquired the ultrasonic waves from three type silicon tubes 
with water current, and taken the data 10 times for each tube and water speeds of 50 and 70 cm/s. 
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This study extracted the mean of COG under the bone from the ultrasonic echo data. Table 4-3 
shows the rule table to image bone, tube and water current. The notation th denotes the threshold of 
µboundary. It is perfectly confirmed the Doppler effect under the bone, and the frequency shift 
according to water current speed. Figure 4-16 shows the experimental results of Doppler imaging 
for two cases in Fig. 4-15. This system confirmed the green pixels, which mean the bone area, and 
recognized all water current directions going away and approaching the array probe. Figure 4-17 
shows the enhanced images obtained by the standard image processing procedure. These images 
clearly show the bone, silicon tubes and flow direction. 
 
 
4.1.7 Conclusion 
 
This section proposed a portable trans-skull Doppler system with 1.0 MHz array ultrasonic probe, 
and employed a cow scapula as a skull and three silicon tubes as the blood vessel. It is identified 
the Doppler effect from an ultrasonic data. This experiment confirmed the Doppler effect 
irrespective of the thickness of the silicon tube, and the frequency transition of the Doppler effect 
for 50 and 70 m/s water current speed under the bone, and provided automated imaging of Doppler 
effect. Thus, the current image processing techniques can easily clarify the image. Consequently, 
this study recognized Doppler effects of 1.0 MHz under the bone by using bubble in water. 
The experimental results were evaluated by Doppler imaging. Under the conditions with 0.16-0.27 
mm thickness bone and the equipment specification, it is confirmed to enable to diagnose the blood 
flow under the bone. The system determined the fuzzy degree and detected the flow direction by 
Doppler effect under skull and visualized the skull and flow direction. To determine the blood flow 
and locate blood vessel, the COG in the frequency domain was calculated. The COG shifted clearly 
to higher frequency direction when compared with the peak. This study focused on the law 
attenuation due to viscosity, which is proportional to the squares of the frequency, and had a 
discussion about the attenuation of frequency. The attenuation is proportional to the squares of the 
frequency. The frequency range of approximate 1.0 MHz value attenuates. This study suggested 
that this attenuation causes that the peak becomes lower than the COG, and the frequency of the 
COG can be considered highly correlated. Therefore, the COG of the spectrum was employed for 
measuring the flow direction. This approach was superior for this experiment. 
In the portable system, it is important to flow direction by Doppler effect under skull, and 
automatically extract the region of skull and blood vessel simply. That is, the experimental results 
showed the superiority to measure the blood flow from any part of the adult human skull. 
The future works is to develop a human brain disease diagnosis system by applying Doppler effects, 
which means the frequency and the intensity of the ultrasonic waves, and the ubiquitous ultrasonic 
system available in home and an ambulance. 
 
 
 
4.2 Trans-skull Brain Imaging System 
 
4.2.1 Introduction 
 
Ultrasound has been used to image the human body and has become one of the most widely used 
diagnostic tools in modern medicine. The technology is relatively inexpensive and portable, 
especially when compared with other modalities, such as magnetic resonance imaging (MRI) and 
computed tomography (CT), which are time-consuming, and require radioactive tracers. 
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Ultrasound is also used to visualize tissue during routine and emergency prenatal care. As currently 
applied in the medical field, properly performed ultrasound poses no known risks to the patient. 
Moreover, it has been shown that it is possible to visualize and measure changes in ultrasound 
intensities with the use of harmonic gray-scale ultrasound imaging. 

Though the frequency up to 50-100 MHz has been experimentally used in a technique known 
as biomicroscopy in special regions, typical diagnostic sonographic scanners operate in the 
frequency range of 2-18 MHz [70]. In the bone, the ultrasound causes large absorption and 
scattering, so the ultrasonic device is rarely used to the bone. The bone tissue has higher attenuation 
than the other tissue. Therefore, the general ultrasonic devices are not available for transmitting 
bone tissue. In previous study, the transcranial sonography has been proposed using two linear 
array probes. These ultrasonic array probes consist of 128 elements. However, it is difficult to 
transmit ultrasound from the random position because the two array probes are set up on both sides 
of human head. On the other hands, they employ the spherical array probe that consists of the 448 
elements. However, they only described a signal processing. It is proposed an imaging system of 
the skull and brain surface using a 1.0 MHz single ultrasonic probe. In this system, it was scanned a 
target object at the interval of 1.0mm with a 3-D scanner. It is difficult to apply to clinical practice 
because this scanner is too large to use and constrains human head. Therefore, a simple and 
unrestrained system without the large mechanical scanner is strongly required. It is proposed the 
transcranial brain imaging system by using ultrasonic array probe [71]. On the other hand, in the 
case of employing wideband ultrasound, it is difficult to make a sector scan system on structural 
design. Thus, the frequency analysis is useful using multiple ultrasonic waves. 

This study proposes ultrasonic image registration for multi-frequency analysis, and uses a cow 
scapula as a skull and a steel sulcus as a cerebral sulcus. To obtain the high-quality image by taking 
each advantage of two alternative frequency waves, it is proposed some synthesizing methods 
using statistic resonance [72]-[78], YURAGI, Fourier Transform, and Wavelet Transform. The 
results obtained the clearest ultrasonic image when synthesizing with Wavelet transform, and are 
superior to the other synthesized ones. 
 
 
4.2.2 Experimental Environments 
 
The most defective point of the ultrasonic wave is impossible to pass through the bone. Thus far, 
the brain diagnosis had not used the ultrasonic devices. But currently, the ultrasonic performance 
have improved, the ultrasonic wave passing through the temple enables the brain diagnosis. This 
study describes an imaging method for the human cerebral sulcus using two ultrasonic array probes 
with the center frequency of 0.5 MHz and 1.0 MHz to extract the surface of the bone and the 
sulcus.  
 

 
 

Fig. 4 - 18. Target - Human Brain. Fig. 4 - 19. Cow Scapula. 
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This experiment indicates with a pink square in Fig. 4-18. This study employs a cow scapula as 
a skull and a steel sulcus as a cerebral sulcus. Because the average thickness of human 
skull is about 3.0mm, it is employed the part of the cow scapula about 2.6 mm. 
 
 
4.2.2.1 Experimental Materials 
 
The cow scapula is shown in Fig. 4-19. The thickness of the point A is 2.64 mm and the thickness 
of the point B is 11.18 mm. The width is 110.0 mm. This experiment employs the point “A”. A 
steel sulcus is employed as a cerebral sulcus as shown in Fig. 4-20. Table 4-4 shows the 
specification of the steel sulcus. This experiment employs the steel sulcus of No. 2. 

 

 
Fig. 4 - 20. Steel Sulcus. 

Table. 4 - 4. Specification of Steel Sulcus. 
Sulcus 1 2 3 4 5 
Width 
[mm] 51.96 34.64 24.25 17.32 10.39 

Depth 
[mm] 15.00 10.00 7.00 5.00 3.00 

 

 
 
4.2.2.2 Ultrasonic Device 
 
This experiment employs 1.0 MHz array probe (ISL Inc., ISL1938) 0.5 MHz array probe (ISL Inc., 
ISL2022) as shown in Fig. 4-21 (a) and (b). The center frequency of ISL1938 is 1.0 MHz and that 
of ISL2022 is 0.5 MHz. Figure 4-5 shows the system of these array probes. Both array probes 
consist of 32 elements at intervals of 1.5 mm.  
 

 
Ultrasound transducer size: 24 mm✕1.5 mm✕32 ch 

External size: 30 mm✕60 mm✕40 mm 

 
Ultrasound transducer size: 30 mm✕1. 5mm✕32 ch 

External size: 50 mm✕70 mm✕50 mm 
(a) 1.0 MHz (ISL1938) (b) 0.5 MHz (ISL2022) 

Fig. 4 - 21. Ultrasonic Array Probe. 
 

 
Fig. 4 - 22. System of Array Probe (Electronic control shift). 

 

1 2 43 5

1   2    3 ・・・・・・・・・・・・ 31 32
Applied voltage

Ultrasound

Element

1   2    3 ・・・・・・・・・・・・ 31 32
Applied voltage

Ultrasound

Element
・・・・・

1   2    3 ・・・・・・・・・・・・ 31 32
Applied voltage

Ultrasound

Element



Chapter 4  Diagnosis System for Human Brain Imaging   37 

On the other hand, the ultrasound transducer size of 1.0 MHz is 24 mm ✕ 1.5 mm ✕ 32 ch, and the 
one of 0.5 MHz is 30 mm ✕ 1.5 mm ✕ 32 ch. If a wideband ultrasonic transducer is employed, it is 
difficult to make a sector scan system on structural design. The voltage is applied to the element 
and the ultrasound is generated from the element. The applied voltage shifts by one element and the 
ultrasound is generated. The array probe can obtain 32 ultrasonic waveforms inline in Fig. 4-22. 
 
 
4.2.2.3 Data Acquisition System 
 
The ultrasonic data acquisition system is shown in Fig. 4-23 (a). The cow scapula and the steel 
sulcus are placed in a thermostat water bath. In this experiment, water temperature is adjusted to 
20°C by a thermostat water bath (Thomas Kagaku Co. Ltd., T-22L). The distance between the 
array probe and the cow scapula is about 25 mm. The distance between the cow scapula and the 
steel sulcus is about 10 mm. The ultrasonic phased array (Eishin Kagaku Co. Ltd., MC-64) 
transmits and receives ultrasonic waves via the array probe. The pulse repetition frequency (PRF) 
is 50 MHz. This experiment obtains the ultrasonic waves from the random position by manual 
scanning of the ultrasonic array probe, and 32 data at once. 

Fig. 4-23 (b) and (c) are the B-mode images which are ultrasonic images by using 1.0 MHz and 
0.5 MHz ultrasonic array probes. 
 

 

  

(a) Data Acquition System 
(b) B-mode Image 
by using 1.0 MHz 

(c) B-mode Image 
by using 0.5 MHz 

Fig. 4 - 23. Ultrasonic Data System. 
 
 
4.2.3 Data Synthesis 
 
To improve the ultrasonic image quality, this study proposes the ultrasonic data synthesis, and 
employs the ultrasonic data which both the bone and the sulcus are set as shown in Fig. 4-23 (b) 
and (c). The flowchart of the proposed system is shown in Fig. 4-24. This method consists of two 
types data synthesis. It is synthesized the acquisition waves of 1.0 MHz and 0.5 MHz. On the other 
hand, it is added the waves of 1.0 MHz and Gaussian noise as the YURAGI. 
 
 
4.2.3.1 Statistic Resonance 
 
This method synthesizes the waves of 1.0 MHz and 0.5 MHz by employing statistic resonance. It is 
added the waves obtained by the 1.0 MHz array probe to the waves by the 0.5 MHz array probe 
using Eq. 4-14. In this study, the value ‘ratio’ is 0.5. The notations f(x,y) and g(x,y) denote the 
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amplitudes of ultrasonic waves obtained by the array probe of 1.0 MHz and those of 0.5 MHz, 
respectively, where (x,y) denotes the coordinate of ultrasonic B-mode image. 

. (4-14) 

 
 

 
Fig. 4 - 24. Flowchart of Data Synthesis. 

 
 
4.2.3.2 YURAGI 
 
In linear information theory, electrical engineering, and neurobiology, noise has traditionally been 
viewed as being detrimental to information transmission. Stochastic resonance (SR) is a nonlinear 
phenomenon in statistical dynamics, whereby information flow in a multistate system is enhanced 
by the presence of optimized noise. Some biology-inspired techniques are known to provide the 
optimal search framework. In various engineering aspects, a Japanese term YURAGI denotes 
biological fluctuation. Generally, 1/f-Yuragi is defined as the noise whose power spectral density 
yields the 1/f curve, i.e., pink noise. YURAGI introduces a novel, noise utilizing, and aspect to 
biological signal processing. Therefore, this paper proposes a synthesis of YURAGI as a novel 
method for human brain imaging by using the ultrasonic array probes to synthesize the waves of 
1.0 MHz and Gaussian noise. In addition, YURAGI synthesis does not need image registration. 
As YURAGI synthesis, the Gaussian noise was added to the 1.0 MHz waves, as is described by Eq. 
4-2. The function h1(x, y) denotes the YURAGI synthesized waves. The function f(x, y) denotes the 
ultrasonic waves that were obtained using the 1.0 MHz array probe. The function g1(x, y) denotes 
Gaussian noise as YURAGI. 

h1(x,y)=f(x,y)+g1(x,y). (4-15) 

Gaussian noise is added to the 1.0 MHz waves. YURAGI is a phenomenon in which noise 
enhances the response of a nonlinear system to a weak signal. To find the optimal response, the 
synthesizing rate of g1(x, y) was varied from 0 to 0.01 in steps of 0.001. As the results, the 
synthesizing rate was fixed as 0.003. 
 
 

( , ) ( , ) (1 ) ( , )h x y ratio f x y ratio g x y= × + − ×
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4.2.4 Data Analysis 
 
The most defective point of the ultrasonic wave is impossible to pass through the bone. Thus far, 
the brain diagnosis had not used the ultrasonic devices. But currently, the ultrasonic performance 
have improved, the ultrasonic wave passing through the temple enables the brain diagnosis. This 
method describes an imaging method for the human cerebral sulcus using two ultrasonic array 
probes with the center frequency of 1.0 MHz and 0.5 MHz to extract the surface of the bone and 
the sulcus. 
 
4.2.4.1 Fourier Transform 
 
The Fourier transform is the useful tool to analyze the frequency components of the signal and 
decomposes a signal into its constituent frequencies. The original signal depends on time, and 
therefore it is called the time domain representation of the signal, whereas the Fourier transform 
depends on frequency and is called the frequency domain representation of the signal. The term 
Fourier transform refers both to the frequency domain representation of the signal and the process 
that transforms the signal to its frequency domain representation. It is also possible to generalize 
the Fourier transform on discrete structures such as finite groups. The efficient computation of such 
structures, by the Fourier transform, is essential for high-speed computing. This study employs the 
Fourier transform for the purpose of fast processing. 

In order to improve the ultrasonic raw image, this study proposed the ultrasonic data synthesis 
method. As preliminary experiment, it is synthesized the images which are measured the bone and 
the sulcus, individually. Firstly, it was measured the bone by using 1.0 MHz ultrasonic probe in Fig. 
4-25 (a). Secondly, it was measured the sulcus by using 0.5 MHz ultrasonic probe in Fig. 4-25 (b). 
The ultrasonic images of the bone and the sulcus are Fig. 4-25 (c) and (d), respectively. 

With these ultrasonic images, this study proposed the ultrasonic data synthesis by applying the 
Fourier transform. The Fourier transform is a mathematical operation that decomposes a signal into 
its constituent frequencies. The original signal depends on time, and therefore it is called the time 
domain representation of the signal, whereas the Fourier transform depends on frequency and is 
called the frequency domain representation of the signal. The term Fourier transform refers both to 
the frequency domain representation of the signal and the process that transforms the signal to its 
frequency domain representation. It is also possible to generalize the Fourier transform on discrete 
structures such as finite groups. The efficient computation of such structures, by fast Fourier 
transform, is essential for high-speed computing. This study employs fast Fourier transform for the 
purpose of fast processing, and applies the fast Fourier transform to 1.0 MHz ultrasonic data of the 
bone image and 0.5 MHz ultrasonic data of the sulcus image using Eq. 4-16, respectively. 

f j = xk e
(−2πijk

N
)

k=0

N−1

∑ .    j = 0, …., N-1 (4-16) 

After applying fast Fourier transform, it is synthesized the ultrasonic data of 1.0 MHz and 0.5 
MHz on complex number, and applied the inverse Fourier transform to the synthesized data using 
Eq. 4-17. 

xk =
1
N

f j e
( 2πijk
N

)

j=0

N−1

∑ .    k = 0, …., N-1 (4-17) 

Figure 4-25 (e) shows the image obtained by the inverse Fourier transform data. It is defined 
this image as the FFT synthesized image. Judging from this synthesized image, it was demonstrated 
the ultrasonic data synthesis by fast Fourier transform. On the other hand, it is applied the FFT 
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method to tofu as biological phantom in Fig. 4-26 (a) and (b). In this study, the raw images of the 
bone and the tofu are obtained respectively as shown in Fig. 4-26 (c) and (d). The image of the 
bone is obtained by 1.0 MHz ultrasonic array probe. The other one of the tofu is obtained by 0.5 
MHz ultrasonic array probe. Figure 4-26 (e) shows the synthesized image. 

 

  

 

(a) Measeurement of Bone by 1.0 MHz (b) Measeurement of Steel Sulcus by 0.5 MHz  

  
 

   

(c) Raw Image of Bone (d) Raw Image of Steel Sulcus (e) Synthesized Image 

Fig. 4 - 25. FFT Synthesized Image of Bone and Steel Sulcus. 
 
 

  

 

(a) Measeurement of Bone by 1.0 MHz (b) Measeurement of Tofu by 0.5 MHz  
  

 

   

(c) Raw Image of Bone (d) Raw Image of Tofu (e) Synthesized Image 
Fig. 4 - 26. FFT Synthesized Image of Bone and Tofu. 

+ 

+ 
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As the results, this study obtained the clearer images synthesized using Fourier transform. These 
results are superior to the results which are normally synthesized the images of 0.5 MHz and 1.0 
MHz. The Fourier transform is useful to synthesize the respective ultrasonic wave of the different 
frequency. Therefore, this system proposes the data analysis in frequency domain as shown in Fig. 
4-27. The first method was synthesizing the data of 1.0 MHz and 0.5 MHz by using arithmetic 
mean. The second method was synthesizing the data of 1.0 MHz and 0.5 MHz by using the Fourier 
transform which never changes each frequency component. Lastly, it is synthesized the data of 1.0 
MHz and 0.5 MHz by using Wavelet transform, which is also never, changes each frequency 
component. 
 

 
Fig. 4 - 27. Flowchart of Data Analysis. 

 
 
4.2.4.2 Wavelet Transform 
 
The Wavelet transform is a computational tool for a variety of signal and image processing 
applications. For example, the Wavelet transform is useful for the compression of digital image 
files; smaller files are important for storing images using less memory and for transmitting images 
faster and more reliably. The Wavelet transform covers the problems which the Fourier transform 
has as follows. If taking the Fourier transform over the whole time axis, it cannot be defined at 
what instant a particular frequency rises. The Short-time Fourier transform (STFT) uses a sliding 
window to find spectrogram, which gives the information of both time and frequency. Another 
problem exists that the length of window limits the resolution in frequency. The Wavelet transform 
is based on small wavelets with limited duration and allow us to analyze the signal in different 
scale. 

By using two ultrasonic waves for the center frequency of 1.0 MHz and 0.5 MHz, it is applied 
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the Wavelet transform using Eq. 4-18 and 4-19. 
/2( ) 2 (2 )j j

jk x x kψ ψ= − . (4-18) 

,
( ) ( )jk jk

j k
WA x c xψ

∞

=−∞

= ∑ . (4-19) 

Equation 4-20 then gives the wavelet coefficient cjk. 

( )(2 , 2 )j j
jkc W f kψ

− −= . (4-20) 

Passing through the Wavelet transform, it is obtained the outputs giving the detail coefficients 
from the high-pass filter and approximation coefficients from the low-pass filter as shown in Fig. 
4-28. 
 

x[n] h[n]

g[n] ↓2

↓2

Approximation	  Coefficients

Detail	  Coefficients
 

Fig. 4 - 28. Block diagram of filter analysis. 
 
 
4.2.5 Data Extraction 
 
4.2.5.1 Bone Thickness Determination 
 
This method extracts the thickness of the skull from the synthesized waves, and easily determines 
the surface echo position of the bone from the synthesized waves. It is determined the bottom echo 
position of the bone using fuzzy logic technique, and calculated the bone thickness from the surface 
and bottom echo positions. The notations f(x,y) and g(x,y) denote the amplitudes of ultrasonic 
waves obtained by the array probe of 0.5 MHz and that of 1.0 MHz, respectively, where (x,y) 
denote the coordinate of ultrasonic B-mode image. The coordinate system is shown in Fig. 4-29.  
 

 
Fig. 4 - 29. Ultrasonic B-mode Image. 

 
For calculating the thickness of the cow scapula, it is necessary to determine the surface and 
bottom points of the cow scapula. First, this study describes a determination method of the surface 
point of the bone. The reflection echo from the bone surface is first received. It is determined the 
surface echo by extracting the first received echo manually. Figure 4-30 (a) shows the acquisition 
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waveform and the detected surface echo, s(x, y). In Fig. 4-30 (b), the detected echo was ranged 
from 22 µs to 25 µs. 

The notation, m, denotes the end point of the detected echo from the start point (denoted by 0). 
This method calculates a correlation coefficient between the acquisition waveform and the detected 
surface echo in order to determine the surface point of the bone. The correlation coefficient is 
calculated using Pearson’s product-moment correlation coefficient in Eq. 4-21. 
 

  

(a) Raw Wave. (b) Manually Detected surface echo (22-25µs). 
Fig. 4 - 30. Acquisition Waveform. 
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(4-21) 

 
The notation ( , )h x y  denotes the average of the amplitudes of h(x, y). The notation ( , )s x y  denotes 
the average of the amplitudes of s(x, y). Figure 4-31 shows the correlation coefficient waves. In the 
correlation coefficient waves, it is determined the highest correlation coefficient point as the 
surface point of the bone, and the bottom point of the bone and calculate the bone thickness using 
the surface and bottom points of the bone. 
 

 
Fig. 4 - 31. Correlation Coefficients. 

 
This study determines the bottom echo point using fuzzy inference. The ultrasound reflects at the 
boundary between water and the bone because the cow scapula acoustic impedance is quite 
different from the water acoustic impedance. Therefore, the amplitude of reflection echo enlarges 
in proportion to the difference of the acoustic impedance. The phase and frequency of the bottom 
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and surface echoes are approximately similar because these echoes are parts of the ultrasonic 
transmission echo. Therefore, the correlation coefficient between the bottom echo and the surface 
echo is high. Moreover, the distance between the surface echo and the bottom echo is proportional 
to the thickness of the bone. These facts obtain the knowledge as follows. 
 
Knowledge 1: The amplitude of the bottom echo of the bone is large. 
Knowledge 2: The correlation coefficient between the surface echo and the bottom echo of the 

bone is high. 
Knowledge 3: The interval distance between the surface echo and the bottom echo depends on 

the thickness. 
 
The following fuzzy if-then rules are derived from these knowledge. 
 
Rule 1: IF Amplitude is High THEN the degree of bottom is High. 
Rule 2: IF Correlation is High THEN the degree of bottom is High. 
Rule 3: IF Thickness is Close to the assumed thickness THEN the degree of bottom is High. 
 
The fuzzy if-then rules are formed by the fuzzy membership functions as shown in Fig. 4-32. The 
notations, Tha, Thc and Tht denote thresholds of Amplitude, Correlation and Thickness, respectively. 
The Tha is determined as the maximum of the amplitudes of h(x, y). The Thc is determined as 1.0. 
The Tht is the assumed thickness. Three fuzzy degrees µamp, µcor and µthi are calculated by 
Equations 4-22, 4-23 and 4-24, respectively. 

µamp (x, y) =min(Sya (a),HIGHa ) .
 

(4-22) 

µcor (x, y) =min(Syc (c),HIGHc ) . (4-23) 

( , ) min( ( ), )
i tth yx y S t CLOSEµ = . (4-24) 

 

   

(a) Amplitude. (b) Correlation. (c) Thickness. 
Fig. 4 - 32. Fuzzy Membership Function. 

 
This method calculates 

ith
µ  for every Tht from 3.0 mm to 5.0 mm at the interval of 0.2 mm. The 

fuzzy singleton functions Sya(a), Syc(c) and Syt(t) are defined by Eqs. 4-25, 4-26, and 4-27, 
respectively. Equation 4-28 calculates the total degree ( , )bottom x yµ . 

1 if  
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0 otherwisea
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a y
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. (4-25) 
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1 if  
( )  

0 otherwisec

c
y

c y
S c

=⎧
= ⎨
⎩

. (4-26) 

1 if  
( )  

0 otherwiset

t
y

t y
S t

=⎧
= ⎨
⎩

. (4-27) 

( , ) ( , ) ( , ) ( , )bottom amp cor thix y x y x y x yµ µ µ µ= × × . (4-28) 

The µbottom(x) denotes the fuzzy degree of the bottom of the bone. The point with the highest 
degree is determined as the bottom point, y, for all x. The notations tb and ts denote the surface and 
bottom points, respectively. The notation vm denotes the velocity of the bone. In this study, the 
velocity of the bone is 4,000 (m/s). Equation 4-29 calculates the bone thickness with the surface 
and bottom points.  

1 ( )
2 b s mThickness t t v= × − × . (4-29) 

 
 
4.2.5.2 Sulcus Surface 
 
This method extracts the sulcus surface shape from the synthesized B-mode image h(x, y). Figure 
4-33 shows the flowchart for the extraction method of the sulcus surface shape. This method 
consists of five steps. First, it is made a B-mode image from the synthesized waves h(x, y). Second, 
it is applied the Median Filter to remove the random noise. Third, it is applied the contrast 
enhancement to the image in order to increase the part of low intensity because the raw sulcus 
surface has low intensity. The tone curve between the input and output of the intensity is shown in 
Fig. 4-34. This method manually determines the threshold, Th (= 40). Fourth, it is applied the 
Sharpening Filter to the image in order to emphasize the change of the intensity because the sulcus 
surface is indistinct. 
 

 

 

Fig. 4 - 33. Flowchart of Extraction Method of Sulcus Surface Shape. 
 

Fig. 4 - 34. Polygonal Line Tone 
Curve. 

 
Finally, the sulcus surface shape is extracted from the image. Fig. 4-35 shows the extraction 
algorithm of the sulcus surface shape, which consists of three steps. Fig. 4-36 shows the extraction 
method from the sharpened image. 
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Fig. 4 - 35. Extraction Algorithm of Steel Sulcus Surface. Fig. 4 - 36. Extract Sulcus Surface 
Shape from Sharpened Image. 

 
Step 1: From the pixel point, (0, 0), it is determined the first largest intensity pixel, h(0, q), with 

higher intensity than a threshold (=150) as the sulcus surface point.  
Step 2: This step moves the interest pixel to one pixel right h(1, q) from the determined pixel 

obtained in Step 1. It is determined the largest intensity pixel being larger than the 
threshold in the range q-10 < y < q+10 as the sulcus surface point. 

Step 3: This step repeats Step 2 until x = 32. 
 
 
4.2.6 Experimental Results 
 
The proposed method was applied to a cow scapula used as a skull and a steel sulcus used as a 
cerebral sulcus. The sulcus was placed in the thermostat water bath. The cow scapula was set 
between the array probe and the steel sulcus of No. 2. The obtained B-mode image width was 48 
mm (= 32×1.5 mm, acquisition data = 32 channels, separation between elements = 1.5 mm). The 
authors evaluated the accuracy of experimental results. 

On data synthesis, the proposed method was applied to calculate the thickness of the cow 
scapula from the synthesized waves. In this experiment, the thickness of the cow scapula was about 
2.6 mm. Table 4-5 lists the measurement results of the cow scapula thickness. As is given in this 
table, the measured thickness of the cow scapula was measured with the approximate truth value. 
The best results for the measured cow scapula thickness were obtained when only the 1.0 MHz data 
and the YURAGI synthesis data were employed. Moreover, the proposed method was applied to 
the steel sulcus. Fig. 4-37 shows the results for the extracted image of the steel sulcus shape. The 
image shown in Fig. 4-37 (a) defines the true image, and it was obtained from the acquisition data 
of 1.0 MHz without the cow scapula. 

Table 4-6 lists the results of the steel sulcus depth and width measurement. In the case of the 
best results, the steel sulcus width error was 1.36 mm and the steel sulcus depth error of 0.07 mm. 
These results were obtained using the synthesized the 1.0 MHz and 0.5 MHz waves. As shown in 
this table, for the most part, the synthesized data are superior to the data obtained using only 1.0 
MHz wave. 

Table 4-7 provides the details of the colored pixels in these figures. The white pixels show the 
steel part and are contained in both the truth image and the extracted image. The blue pixels show 
the over extracted pixels, which are not present in the truth image. On the other hand, the red pixels 
show the absent pixels, which are present in the truth image. 
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Table. 4 - 5. Measurement Results of Bone Thickness. 

Element No. Thickness [mm] 
1.0 MHz  1.0 MHz + 0.5 MHz 1.0 MHz + YURAGI 

ch01 2.86 2.45 2.89 
ch02 2.32 2.36 2.32 
ch03 2.35 2.35 2.35 
ch04 2.29 2.27 2.29 
ch05 2.77 2.62 2.77 
ch06 2.23 2.55 2.23 
ch07 2.73 2.87 2.73 
ch08 2.61 2.62 2.61 
ch09 2.64 2.60 2.64 
ch10 2.58 2.52 2.58 
ch11 2.54 2.50 2.54 
ch12 2.51 2.46 2.51 
ch13 2.48 2.45 2.48 
ch14 2.45 2.46 2.45 
ch15 2.42 2.12 2.42 
ch16 2.10 2.03 2.10 
ch17 2.07 2.01 2.07 
ch18 2.48 2.26 2.48 
ch19 2.00 2.21 2.00 
ch20 2.45 1.99 2.45 
ch21 2.45 2.34 2.45 
ch22 2.42 2.26 2.42 
ch23 2.51 2.44 2.51 
ch24 2.42 2.40 2.42 
ch25 2.04 2.02 2.04 
ch26 2.04 2.02 2.04 
ch27 2.35 2.29 2.35 
ch28 2.45 2.67 2.45 
ch29 2.48 2.40 2.48 
ch30 2.39 2.55 2.39 
ch31 2.35 2.91 2.35 
ch32 2.32 2.54 2.32 

Average 2.41 2.39 2.41 
Standard Deviation 0.19 0.24 0.19 

*Truth Value: Thickness = 2.60 mm 
 
 

    
(a) True (b) 1.0 MHz (c) 1.0 MHz + 0.5 MHz (d) 1.0 MHz + YURAGI 

Fig. 4 - 37. Extracted Image. 
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Table. 4 - 6. Measurement Results of Steel Sulcus. 
  1.0 MHz 1.0 MHz + 0.5 MHz 1.0 MHz + YURAGI 

Width 
Length [mm] 36.00 36.00 40.50 
Difference [mm] 1.36 1.36 5.86 
Error [%] 4.05 4.05 17.05 

Depth 
Length [mm] 7.08 9.93 11.70 
Difference [mm] 2.92 0.07 1.70 
Error [%] 29.20 0.70 17.0 

 
Table. 4 - 7. Colored Pixels. 

  True Image Extracted Image 
TP (True-Positive)  object object 

TN (True-Negative)  background background 
FP (False-Positive)  background object 

FN (False-Negative)  object background 
 
Figure 4-38 shows the compared image and Fig. 4-38 (a) shows the truth image. Table 4-8 gives 
the results of FP and FN for the compared image with the true image. 
 

    
(a) True (b) 1.0 MHz (c) 1.0 MHz + 0.5 MHz (d) 1.0 MHz + YURAGI 

Fig. 4 - 38. Compared Image. 
 

Table. 4 - 8. Results of FP and FN for Compared Image. 

 FP (False-Positive) FN (False-Negative) FP + FN (Error Rate) 
1.0 MHz 1.79 % 2.43 % 4.22 % 

Statistic Resonance 1.99 % 1.71 % 3.70 % 
YURAGI 0.39 % 2.46 % 2.85 % 

 
Figure 4-39 shows the effectiveness of the images. The effectiveness is defined as the percentage of 
conformed pixels between the true image and the extracted image; i.e., it is the sum of the red and 
blue pixels divided by the number of the truth pixels. As shown in this figure, the YURAGI 
synthesized waves have the higher effectiveness of 97.15 % when the synthesizing rate of 
YURAGI is 0.003, the normal raw waves of 1.0 MHz have the effectiveness of 95.78 %, and the 
synthesized waves of 1.0 MHz and 0.5 MHz has the effectiveness of 96.30%. Thus, YURAGI 
synthesis is more useful in this study. 

On data analysis, it was applied the synthesized methods to the ultrasonic images and indicated 
the validity of synthesizing the waves of two alternative frequencies using ultrasonic data of a cow 
scapula as a skull and a steel sulcus as a cerebral sulcus. This experiment performed three analysis 
methods. After applying each method, it is extracted the sulcus surface of the image in Fig. 4-40. 
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Fig. 4 - 39. Effectiveness of Images. 

 
As the results, it was compared each image with the only sulcus image, which is defined as the true 
image. Figure 4-41 is the results with the extracted images. The light-blue bars show the pixel 
numbers of FP and FN, and the blue bars show the pixel numbers of FP. The rate of FP and FN is 
approximate 5% or less. Judging from this figure, it is indicated that the synthesizing method using 
the Wavelet transform is superior to the other methods. The image of the bone and the sulcus with 
the Wavelet transform was the clearest for all the images. The Wavelet transform has the basis 
function with automatic scaling, and thus enables to analyze the wide range frequency. For 
synthesizing the ultrasonic images, the Wavelet transform is more effective synthesis method. 
 

   
(a) Fourier Transform. (b) Wavelet Transform. (c) Statistic Resonance. 

Fig. 4 - 40. Synthesized Images. 
 

 
Fig. 4 - 41. Results with Extract Image. 

 
 
4.2.7 Conclusion 
 
This section proposed an ultrasonic image synthesis by using two ultrasonic array probes with the 
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each center frequency of 1.0 MHz and 0.5 MHz. In the preliminary experiment, the images of the 
individual objects were synthesized by using FFT. As biological phantom, the tofu was employed. 
With the synthesized images, the synthesis is useful for the ultrasonic images. This study 
performed the experiment using a cow scapula as a skull and a steel sulcus as a cerebral sulcus. As 
to data synthesis, this experiment extracted the sulcus width within the error of 5.86 mm and depth 
within the error of 1.94 mm. As for imaging the sulcus under the skull, the highest effectiveness of 
the synthesized wave is 96.30% when the weight of 0.5MHz waves is 0.60, and the one of 
YURAGI-Analysis wave is 97.15% when the weight is 0.003. Thus, YURAGI-Analysis is useful 
to this study. On the other hand, as to data analysis, it was obtained the clearest synthesized image 
using Wavelet transform. This result is superior to the results, which are the other synthesized 
images. The Wavelet transform will be useful for the ultrasonic waves. 

The choice of frequency is a trade-off between spatial resolution of the image and imaging 
depth. Lower frequency produces less resolution but image deeper into the body. Higher frequency 
sound waves have a smaller wavelength and thus are capable of reflecting or scattering from 
smaller structures. In the bone, the ultrasound causes large absorption and scattering, so the 
ultrasonic device is rarely used to the bone. The bone tissue has higher attenuation than the other 
tissue. Therefore, the general ultrasonic devices are not available for transmitting bone tissue. 
However, it can be transmitted the low frequency under 1.0 MHz to bone tissue. In clinical practice, 
the ultrasonic device with the center frequency of 0.5 MHz is performed to diagnose osteoporosis. 
This work indicated the superiority to synthesize the ultrasonic images of different frequencies. 

In the future, the sparse decoding and PCA will apply to this system. It will be meaningful for 
human brain ultrasound-mediated diagnosis in the near future. On the other hands, the sparse 
coding is available to learn the basis function for each tissue. The component is incorporated and 
computed the coefficient of the basis function. When this system is achieved, it is so useful for 
human brain ultrasound-mediated diagnosis. 
 
 
 
4.3 Mobile Healthcare Management System 
 
This section describes mobile health care managements in smart medical system. The 
transformation of electricity grids into smart grids has been widely remarked as a key for 
sustainable growth around the globe. The trend to smart grids comes at a time in which information 
and communication technologies have revolutionized personal communications and turned wireless 
communications into a commodity. Thus, it is no coincidence that communications technology will 
play an essential role in the implementation of smart grids. This study designs the mobile medical 
system to review data prior to patient access. Improved communication can also ease the process 
for patients, clinicians, and caregivers. As one of the implementations for smart medical system, 
the ultrasonic diagnosis and mobile communication system are proposed. 
 
 
4.3.1 Introduction 
 

Mobile health care managements grant patients access to health information, best medical 
practices, and health knowledge. Moreover, it helps clinicians to make better treatment decisions 
by providing more continuous data and to identify health threats and improvement opportunities 
based on drug information or current medical practices and care plans. The medical support system 
also makes it easier for clinicians to care for their patients by facilitating continuous 
communication. Eliminating communication barriers and allowing documentation flow between 
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patients and clinicians can save time consumed by face-to-face meetings and telephone 
communication. Improved communication can also ease the process for patients, clinicians, and 
caregivers to ask questions, to set up appointments, and to report problems. Additionally, the smart 
medical system can quickly provide critical information to proper diagnosis or treatment in the case 
of an emergency. The software development and implementation is the ease with which 
customizations may implement and refine some advantages. For example, the features of the care 
notebook component were initially developed for health specific requirements. By expanding the 
types of data, this tool supports for specific needs and care plans, overlapping data points can help 
best practices across implementations. 

The final goal for this research is to contract the smart medical system by using ultrasonic 
device and mobile communication technology. A medical diagnosis system using ultrasonic device 
is widely used in the medicine. Recently, a simple and unrestrained system without the large 
mechanical scanner is strongly required. This study proposed the transcranial brain imaging system 
by using ultrasonic array probe. This study suggested mobile health care system with smart phone 
application. Moreover, this system proposed that it is important for physicians and patients to use 
mobile technology in order to assist with clinical decision-making. 
 
 
4.3.2 Mobile System Implementation 
 
The linking of patient information with medical systems makes it possible to increase the efficiency 
of health care innovation. The smart care needs simple to operate on both desktop and mobile. With 
integrated telecommunication, voice recording, and direct dictation into the record, clinical 
governance is needed. The decision support leads the self-designed clinical way by inputting 
screens. This system applied the ultrasonic smart medical system by using iPhone/iPad as shown in 
Fig. 4-42. After processing for analyzing ultrasonic images, the detail data will be sent to the 
mobile items. The smart medical care is a comprehensive iPhone/iPad application for clinicians, 
social care workers, and family to record their interactions with patients and clients. It is developed 
this application as shown in Fig. 4-43. 
 

 
Fig. 4 - 42. Ultrasonic Smart Medical System. 

 
 
Fig. 4-44 (a) and (b) are the screens ‘Start screen’. Fig. 4-44 (a) shows the ultrasonic image with 
the comments after the diagnosis. The received image will be stocked in the database. When 
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pushing the button ‘Share’ in this screen, the users can post the message on Facebook and share the 
information with their family as shown in Fig. 4-44 (b). 

 
 

   
 (a) Ultrasonic Image (b) Post on Facebook Screen 
Fig. 4 - 43. Start Screen of Application. Fig. 4 - 44. Ultrasonic Image Screens. 
 
 
Fig. 4-45 (a) and (b) are the screens ‘Family’. The users can manage the members who share the 
information as shown in Fig. 4-45 (a). When pushing the name bar, they can browse the detail for 
the selected members in Fig. 4-45 (b). 

Fig. 4-46 (a) and (b) are the screens ‘Schedule’. The innovative smart medical care application 
connects to the patient management systems to be scheduled and care requirements distributed to 
appropriate resources. The access is gained with a secure login of username and password, where 
users can access their schedule, view family’ details with previous relevant history, record notes 
and clinical observations, and schedule further appointments as shown in Fig. 4-46 (a). When 
pushing the date bar, the users can browse the venue details as shown in Fig. 4-46 (b). 
 
 

    
(a) Family Lists (b) Family Details (a) Schedule Lists (b) Venue Details 

Fig. 4 - 45. Family List Screens. Fig. 4 - 46. Schedule Screens. 
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Fig. 4-47 (a) and (b) are the screens ‘Gallery’. The users can browse the ultrasonic images, 
which the members had already been diagnosed as shown in Fig. 4-47 (a). When pushing the image, 
they can browse the full screen image in Fig. 4-47 (b). 
 

  
(a) Schedule Lists (b) Venue Details 

Fig. 4 - 47. Gallery Screens. 
 
 
4.3.3 Disscussion 
 
This section applied the ultrasonic smart medical system by using iPhone/iPad. This system has 
some merits below. 
 
Patients Merits: 

1. Improvement of the medical quality by sharing the medical treatment information 
2. Easy understanding for medical treatment contents 
3. Disclosure of the medical treatment information 
4. Waiting time shortening at the hospital 
5. Cooperation by the electronic data with other medical institutions 

 
Doctors/Nurses Merits: 

1. Realization of a "readable" medical record 
2. Support to informed consent 
3. Immediate Reference for the medical record (information and test result) 
4. Improvement of the medical quality by using the apprications 
5. Labor saving with electric communication technology 

 
In addition to storing individual personal health information, some PHRs provide added-value 
services such as drug-drug interaction checking, electronic messaging between patients and 
providers, managing appointments, and reminders. However, it is by no means obvious which 
communication technologies will be integrated into electricity grids. Communication systems need 
to be seen as part of systems, including in particular health information processing systems. 
Therefore, this study is useful for mobile health care system. 
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4.3.4 Conclusion 
 
The mobile smartphones and downloadable applications have become commonplace in the medical 
field as personal and professional tool. The medically related apps suggest that physicians use 
mobile technology to assist with clinical decision-making. 

Physicians are quickly integrating the Smartphone apps, such as those available in Apple and 
Android, into clinical practice. Smartphone apps are self-contained software applications that can 
be downloaded by the advanced mobile phones. The appeal points of apps for the users are their 
ability to store reference information, save critical data, perform complex calculations, and access 
internet-based content. 

The clinical use of smartphones and apps will continue to increase, and there is an absence of 
high-quality and popular apps despite a desire among physicians and patients. This information 
should be used to guide the development of future health care delivery systems. Moreover, the 
reliability and ease of use will remain major factors in determining the successful integration of 
apps into clinical practice. 

This section proposed mobile health care managements in smart medical system. It is employed 
the ultrasonic images by using two ultrasonic array probes with the each center frequency of 1.0 
MHz and 0.5 MHz, and performed the experiment using a cow scapula as a skull and a steel sulcus 
as a cerebral sulcus, and implementation of iPhone and iPad. As the results, it was developed the 
total system with mobile phone application for medical ultrasonic system. It will be meaningful for 
ultrasound-mediated diagnosis in emergency medicine and health care in the near future. 
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Chapter 5 
 
Conclusion 
 
This dissertation discussed intelligent computing in medical ultrasonic system with fuzzy logic, 
data synthesis, frequency analysis, and so on. 

Chapter 2 proposed the noninvasive cellular quantity measurement method in BMSCs 
/  𝛽-tricalcium phosphate. In order to measure the cell quantity, up to now, the composite must be 
crushed and the cells count with an electro microscope. However, the measured composite is never 
used for a future study and clinic. This work developed the approach, which estimated the 
approximate cell quantity to treat large bone defects, and attempted to identify cellular quantity 
with an ultrasonic system. The ultrasonic waves reflect at boundaries where there is a difference in 
acoustic impedances of the materials on each side of the boundary. Therefore, this system focused 
on the reflected signal. From the obtained ultrasonic data, it was extracted two features: amplitude 
and frequency. Amplitude is obtained from the raw ultrasonic wave, and frequency is calculated 
from frequency spectrum obtained by applying cross-spectrum method. Therefore, this study 
suggested that the frequency features were valuable to analyze the BMSCs with the features of the 
frequency attenuations, and showed the ability of intervention to produce the desired beneficial 
effect. It was certified the superiority of the frequency data analysis. This study established the 
validity for measuring the cellular quantity in BMSCs by using the feature of frequency with 
Cross-Spectrum focusing on the attenuation. 

Chapter 3 proposed a fuzzy system of stem implantation on total hip arthroplasty by an 
ultrasonic device. In the surgery, the surgeons try to adapt for the patient from the small size stem 
to the larger size stem in turn. Therefore, this system performed automatic and accurate assessment 
in the surgery. This experiment employed a single ultrasonic probe whose center frequency is 1,000 
Hz, and detected the acoustic signals when knocking the inserted stem with a hammer. It had high 
correlation between the degree of tightening and the attenuation time of acoustic signal. That is, the 
higher tightened degree implied shorter attenuation period. The support system selected the most 
suitable stem size by fuzzy inference with respect to the attenuation time and its difference time 
from correct stem to one larger size stem, which dynamically adapts to each patient. As a result of 
appling to 8 total hip arthroplasty patients, the effectiveness of selecting the suitable stem was 
87.5%, and this system successfully determined the suitable stem in comparison to the results of 
the practical surgery. 

Chapter 4 proposed human brain ultrasound-mediated diagnosis in emergency medicine and 
home health care in the fields of data analysis and mobile item implementation. The ultrasonic 
simple operation to touch to the body surface diagnosis enables real-time visual recognition for 
heart beat and unborn baby moving, and so on. It is safety to human body and many repetitions. 
The goal of this study was the portable and real time brain diagnosis under the thick-skull. This 
experiment employed two ultrasonic array probes with the center frequency of 1.0 MHz and 0.5 
MHz. The choice of ultrasonic frequency is a trade-off between spatial resolution of the image and 
imaging depth. By using some soft computing techniques, this system showed the validity of data 
synthesis and analysis for ultrasonic waves, and described mobile health care managements in 
smart medical system. First section proposed the trans-skull ultrasonic doppler system, whose 
target is blood flow. The experimental results were evaluated by Doppler imaging. Under the 
conditions with 0.16-0.27 mm thickness bone and the equipment specification, it is confirmed to 
enable to diagnose the blood flow under the bone. The system determined the fuzzy degree and 
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detected the flow direction by Doppler effect under skull and visualized the skull and flow 
direction. To determine the blood flow and locate blood vessel, the COG in the frequency domain 
was calculated. The COG shifted clearly to higher frequency direction when compared with the 
peak. This study focused on the law attenuation due to viscosity, which is proportional to the 
squares of the frequency, and had a discussion about the attenuation of frequency. The attenuation 
is proportional to the squares of the frequency. The frequency range of approximate 1.0 MHz value 
attenuates. This study suggested that this attenuation causes that the peak becomes lower than the 
COG, and the frequency of the COG could be considered highly correlated. Therefore, the COG of 
the spectrum was employed for measuring the flow direction, and this approach was superior for 
this experiment. Second section proposed the trans-skull brain imaging system. This approach was 
particular interest for the design of further study intending to visualize any defects by ultrasound 
methods. As to data synthesis, this experiment extracted the sulcus width within the error of 5.86 
mm and depth within the error of 1.94 mm. As for imaging the sulcus under the skull, the highest 
effectiveness of the YURAGI synthesized wave is 97.15%, when the weight is 0.003. On the other 
hand, as to data analysis, it was obtained the clearest synthesized image using Wavelet transform. 
Therefore, data synthesis and analysis were useful for the ultrasonic waves. Last section designed 
the mobile medical system to review data prior to patient access. Improved communication eases 
the process for patients, clinicians, and caregivers. As one of the implementations for smart 
medical system, the ultrasonic diagnosis and mobile communication system were proposed. The 
mobile health care managements grant patients access to health information, best medical practices, 
and health knowledge. Moreover, it helps clinicians to make better treatment decisions by 
providing more continuous data and to identify health threats and improvement opportunities based 
on drug information or current medical practices and care plans. The medical support system also 
makes it easier for clinicians to care for their patients by facilitating continuous communication. 
Eliminating communication barriers and allowing documentation flow between patients and 
clinicians save time consumed by face-to-face meetings and telephone communication. The 
software development was customized and refined. Additionally, the smart medical system quickly 
provides critical information to proper diagnosis or treatment in the case of an emergency. This 
implementation indicated that the ultrasonic image is useful to emergency medicine and home 
health care. This observation is encouraging for further studies of evaluating brain in patients. 

Medical diagnosis system using ultrasonic device is widely used in medicine. Comparing with 
CT and MRI, it is greatly different in point of usability. Taking advantages of ultrasonic devices, 
all systems were proposed in this dissertation employed intelligent computing. First, the cell 
quantity measurement method in BMSCs /  𝛽-TCP was represented and analyzed with fuzzy logic 
and neural network, and found out the attenuation of frequency. Second, the fuzzy stem 
determination method was represented. For the patients and surgeons of total hip arthroplasty, this 
system performed automatic and accurate assessment in the surgery. This study successfully 
determined the suitable stem in comparison to the results obtained from the practical surgery. It 
became an index in order to judge how degree the stem fits in the clinical treatment. Third, the 
ultrasonic human brain diagnosis method was represented. It consisted of blood vessel imaging 
system and trans-skull brain imaging system; both systems included the final goal for this 
ultrasonic research to construct the smart medical system by using ultrasonic device and mobile 
communication technology. All data synthesis and analysis served successful ultrasonic imaging. 
Moreover, the implementation for ultrasonic diagnosis with mobile smartphones and downloadable 
applications, which are becoming commonplace as personal and professional tool, assists mobile 
medical technology on clinical decision-making. 

Last, the author hopes that this research will be of use for medical ultrasonic diagnosis system 
as the advanced study and scientifically contribute to future medicine. 
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