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ABSTRACT 

The acoustic backscattering from Cochlodinium polykrikoides and red blood cell (RBC) 

was investigated using high-frequency acoustic measurement systems in the Rayleigh regime. 

C. polykrikoides is a phytoplankton which results in harmful algal blooms in the ocean. RBC 

is the most abundant cell in blood. The acoustic impedances of two objects are similar with 

those of corresponding media such as seawater and plasma so that C. polykrikoides and RBC 

are weak scatterers. Hence, high-frequency ultrasound was required for the measurement of 

backscattering. 

The acoustic integrated backscattered power (IBP) from C. polykrikoides was measured 

for 100 s every 15 min during a cultivation of 5 days. The duration of illumination was 

adjusted daily at 14 h of light and 10 h of darkness. As a result, the IBP was increased 

overall during the 5-day cultivation, but it was varied daily depending on the duration of 

illumination. The IBP was increased during light on and was decreased during light off. C. 

polykrikoides reproduces asexually by binary fission and forms a chain so that the IBP is 

increased overall during cultivation. However, the daily variation cannot be explained by the 

numerical abundance. It is hypothesized that photosynthesis affects the size of C. 

polykrikoides, because it was reported that the cell volume was increased due to the increase 

of chlorophyll a as the phytoplankton was photosynthesized. However, chlorophyll a was no 

longer produced when the photosynthesis was finished, but was released into the medium 
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instead, resulting in the decrease of cell volume. This result expected to be utilized for the 

physiological research of plankton using acoustics. 

Blood echogenicity from whole blood (WB) and RBC suspension was measured at 

different flow speeds in a mock vessel system with a high-frequency ultrasound 

biomicroscopy (UBM). For WB, the blood echogenicity was increased as flow speed was 

decreased because the RBCs aggregated. These phenomena were clarified by the same 

measurement for RBC suspension. Blood echogenicity was not varied with flow speed for 

the RBC suspension because the RBC suspension prevents aggregation. Based on these 

results, blood echogenicity was measured in the radial artery of wrist. The cyclic variation of 

blood echogenicity was observed in the radial artery. This is because the blood echogenicity 

was increased and then decreased, resulting in RBC aggregation and disaggregation, 

respectively, under pulsatile flow, where the flow speed was changed due to the heartbeat. 

The cyclic variation of blood echogenicity in the radial artery was first observed by 

ultrasound up to our knowledge. This may contribute to the development of a system for 

measuring and monitoring blood properties noninvasively in vivo using acoustics. 

This paper describes the variation of acoustic backscattering from Rayleigh scatterers 

such as C. polykrikoides and RBC. The origins of acoustic backscattering variation were 

similar, but the mechanisms of biophysical phenomena of the scatterers were different from 

each other. Consequently, this study can be applied and help advance biological research 

using acoustics. 
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Chapter 1  

INTRODUCTION 

1.1 Background 

If an object or inhomogeneity is positioned in the path of a sound wave, it makes the 

secondary sound spread out from it in various directions. This phenomenon is called 

scattering of sound. There are many kinds of such objects or inhomogeneities, such as a fish 

in the ocean, a fog in the air, or a biological tissue in the human body. Among these objects, 

Cochlodinium polykrikoides in the ocean and red blood cell (RBC) in blood are the main 

targets in this research. Acoustic scattering can play a major role in the measurement of 

either amount or physical state of these scatterers. In the Rayleigh scattering, in which the 

acoustic wave length is much larger than the scatterer size, the backscattering is proportional 

to the fourth power of frequency. In this study, a higher range of frequency in Rayleigh 

acoustic scattering regime was applied to measure the properties of C. polykrikoides and 

RBC, because both are weak scatterers which need to increase the sensitivity of the 

backscattering signals. 

C. polykrikoides is a phytoplankton which causes harmful algal bloom in the ocean. 

When it blooms, its abundance is increased and it forms chains, moving along the tidal 

current in the ocean. They enter the fish body and are collected in the branchia, thereby 

suffocating the fish. Even though it is not fully understood yet how C. polykrikoides is 
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produced and where it comes from, the damage it can cause to fisheries has been recognized. 

To decrease this damage, it is important to measure the abundance of C. polykrikoides. Such 

abundance can be estimated by the measurement of acoustic scattering from C. polykrikoides 

in the early stage of bloom. 

RBC is the most abundant cell in human blood. It delivers oxygen to the body tissues via 

the blood flow through the circulatory system. Hemoglobin in the RBC carries some of the 

waste product of carbon dioxide back from the tissues. However, the complexity of the human 

blood circulation system is not yet fully understood. One of the complexities is RBC 

aggregation, a condition in which RBCs form a pile, the so-called rouleaux, by electrostatic 

interactions mediated by macromolecules in the plasma. From the clinical viewpoint, RBC 

aggregation may play an important role in many diseases such as cardiovascular disease 

(Hahn et al., 1989; Neumann et al., 1991; Razavian et al., 1992; Resch et al., 1991; Tanahashi 

et al., 1989), hyperlipidemia (Razavian et al., 1994), malignancies (Khan et al., 1995; Miller 

and Heilmann, 1989; Sharma et al., 1992), and obesity (Poggi et al., 1994). Hence, the 

measurement of RBC aggregation is important for the diagnosis of such diseases. Acoustic 

scattering from blood is the appropriate method to measure RBC aggregation because it is 

dependent on the abundance of RBCs, the so-called hematocrit, and rouleaux size and 

distribution. 
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1.2 Previous studies 

Many studies have been accomplished in the field of Rayleigh scattering in acoustics. In 

this section, the acoustic scatterings are dealt with in the Rayleigh regime with respect to C. 

polykrikoides and RBC. 

2.1.1. Acoustic scattering from Cochlodinium polykrikoides 

C. polykrikoides is a recently appeared species which was first reported by Margalef 

(Margalef, 1961) and is one of the species through which harmful algal blooms occur. A 

study of C. polykrikoides has attracted researchers since its blooms occurred in the sea 

around Korea and Japan (Fukuyo et al., 1990; Kim, 1998; Yuki and Yoshimatsu, 1989). 

However, although biochemical research and optical measurements were mostly investigated, 

acoustical study was merely accomplished. Recently, acoustical measurements were 

performed based on the backscattering from C. polykrikoides (Bok et al., 2010; Kim et al., 

2010). Acoustic scattering from other plankton has also been widely studied. Acoustic 

volume scattering in the sea at frequencies of 25 kHz–2.5 MHz and 2.5–25 MHz can be 

explained by the distribution of zooplankton and phytoplankton, respectively (Clay and 

Medwin, 1977). The physical and acoustical properties of planktons are basic for research, 

but it is not easy to measure the properties of each species. The physical and acoustical 

properties were measured for several zooplankton (Greenlaw and Johnson, 1982; Warren and 

Smith, 2007). The physical and acoustical properties of Antarctic krill (Euphausia superba) 
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were also widely reported (Foote, 1990; Kils, 1979; Køgeler et al., 1987; Morris et al., 1988; 

Watkins, 1986). Using the acoustic scattering from plankton, the abundance of plankton has 

been measured for several decades (Chu et al., 1992; Greenlaw, 1979; Greenlaw et al., 1980; 

Greenlaw and Johnson, 1982; Holliday and Pieper, 1980; Lavery et al., 2007; Lawson et al., 

2008; Roberts and Jaffe, 2008; Stanton et al., 1998; Stanton et al., 1994; Wiebe et al., 1996). 

The acoustic scattering from plankton has been theoretically studied (Anderson, 1950; 

Machlup, 1952; Stanton, 1988; Stanton, 1989; Stanton et al., 1993; Stanton et al., 1998). 

However, most of the studies were focused on zooplankton because it has a relatively large 

size and is a stronger scatterer than phytoplankton. Therefore, the backscattering from 

phytoplankton, C. polykrikoides, was measured and investigated in this research. 

2.1.2. Echogenicity from red blood cell 

The importance of RBC aggregation was reported in both blood rheology (Knisely, 

1965) and blood echogenicity (Cloutier et al., 1996; Shung et al., 1984; Yuan and Shung, 

1988). Acoustic scattering from blood was first measured by Shung et al. (Shung et al., 1976; 

Shung et al., 1977), who reported on the angle dependency. Echogenicity, the ability to 

bounce an echo, is used as a measure of the backscattering properties of tissue (Yuan and 

Shung, 1989). One review paper with respect to acoustic backscattering from RBC was 

reported (Cloutier and Qin, 1997b). In the paper, the various influences of experimental 

factors such as volume of the scatterers, ultrasound frequency, hematocrit, orientation of the 
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scatterers, flow turbulence, flow pulsatility, and concentration of fibrinogen and dextran were 

discussed in detail. The shear rate dependence on blood echogenicity was shown by Sigel et 

al. for the first time, and they suggested that increased blood echogenicity in vitro results 

from RBC aggregation (Sigel et al., 1982; Sigel et al., 1983). For the rest, in vitro 

experiments for the relation between the backscattering from RBC and the shear rate were 

widely reported (Cloutier and Qin, 1997a; Nam et al., 2008; Nam et al., 2009; Paeng et al., 

2004a; Paeng et al., 2004b; Paeng et al., 2004c; Razavian et al., 1995a; Razavian et al., 1995b; 

van der Heiden, Maurits S. et al., 1995). The shear rate dependence on RBC aggregation is 

shown in Figure 1.1. For in vivo measurement, two studies were significantly designed to 

assess RBC aggregation in vivo in humans (Cloutier et al., 1997; Kitamura and Kawasaki, 

1997; Li et al., 2011; Paeng and Shung, 2003; Paeng et al., 2010). More in vivo studies were 

also accomplished (Li et al., 2011; Paeng et al., 2010; Rabhi et al., 2002; Wang and Shung, 

2001). However, these were performed with low frequency and in large blood vessels. 

 

 

 

 

 

 



Chapter 1 

6 

 

 

 

 

 

Figure 1.1. Average shear-rate dependency of integrated backscatter power (mean ± standard 

error of mean) of the three main subsamples: (B) whole blood (n = 6), (R+) 

rouleaux-enhanced blood (n = 3 of 6) and (R-) rouleaux-suppressed blood (n = 3 of 6) (van 

der Heiden, Maurits S. et al., 1995). 
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1.3 Specific aims 

The objectives of the present research are to measure acoustic backscattering from 

Rayleigh scatterers such as C. polykrikoides and RBC, and to interpret the backscattering 

variations. To accomplish these objectives, the aims of this research are subdivided into three 

as follows. 

The first aim is to study the acoustic backscattering from C. polykrikoides. In previous 

studies, acoustical approaches to measure the abundance of C. polykrikoides have been rarely 

accomplished even though damages due to harmful algal blooms of C. polykrikoides are 

increasing. To investigate the backscattering from C. polykrikoides, acoustic backscattered 

signals were acquired during the five-day cultivation of C. polykrikoides. The variations of 

acoustic backscattering were obtained and were interpreted by Rayleigh scattering with the 

physiological phenomena of C. polykrikoides. 

The second aim is to apply Rayleigh scattering to RBC using high-frequency ultrasound. 

Blood echogenicity has long been studied with respect to RBC aggregation but mainly at low 

frequency. In this study, the high-frequency application to RBC aggregation was performed 

under the Rayleigh regime. To investigate the acoustic backscattering from RBC, the steady 

flow was generated in the mock blood vessel system, and the ultrasound B-mode images 

were acquired depending on the flow speed for porcine whole blood (WB) and RBC 

suspension. Results confirmed that the increasing blood echogenicity was due to RBC 

aggregation at low flow speed and low shear rate. 
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The last aim is to in vivo measure the acoustic backscattering from blood in the radial 

artery at the wrist. A study measuring acoustic signals in the radial artery in order to 

investigate RBC aggregation in vivo has not been reported yet. The acoustic signal is mostly 

measured in large arteries such as a common carotid artery. To study the acoustic scattering 

from RBC in the radial artery, ultrasound B-mode images were acquired for several seconds 

using high-frequency UBM. The cyclic variation of blood echogenicity was observed in the 

radial artery. 

1.4 Thesis outline 

Chapter 2 provides background knowledge for this study including the acoustical 

properties of scatterers such as RBC and C. polykrikoides, and the acoustic scattering in 

Rayleigh regime. 

Chapter 3 shows the experimental results of the integrated backscattered power (IBP) 

from C. polykrikoides during cultivation. This experiment presents that the IBP can be 

periodically varied depending on the growth of C. polykrikoides. 

Chapter 4 presents the experimental results of echogenicity from aggregating porcine 

WB and non-aggregating RBC suspensions as a function of flow speed under steady flow in a 

mock flow loop. This experiment aims to investigate the principle of variation in blood 

echogenicity measured by high-frequency UBM. 

Chapter 5 reports the experimental results of blood echogenicity in the radial artery 
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using UBM. This is the first measurement of cyclic variation of blood echogenicity in the 

radial artery, especially with an ultrasound B-mode image in the field of ultrasound blood 

imaging. 

Chapter 6 concludes this study and suggests future directions for research. 
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Chapter 2  

BACKGROUND KNOWLEDGE 

2.1 Acoustic scattering in Rayleigh regime 

2.1.1. Basic concept of scattering 

When an acoustic wave propagates, it can meet an object and be reflected or scattered 

from the object. The shape of an object is sometimes considered to be a sphere in order to 

simplify the acoustical phenomena with some assumptions and approximations. Nevertheless, 

scattering from a sphere has been widely studied due to its simplicity. A dominant feature of 

scattering phenomena is mainly focused on low-frequency scattering. Low-frequency 

scattering compared to the scatterer size is often referred to as Rayleigh scattering because 

Rayleigh had contributed to developing the basic theory (Rayleigh, 1897; Rayleigh, 1972). 

2.1.2. Scattering function 

The relation among the intensity of incident plane wave (Ip), the scattered sound intensity 

(Is), and the distance to the receiver (R) is written as 

2
~

p

s

I
I

R
 .                            (2.1) 

At long range, 2 / ( )p p AI P cr=  and 2 / ( )s s AI P cr= , (2.1) can be written as 
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2

2

2
~

p

s

P
P

R
 ,                            (2.2) 

where Pp and Ps are the corresponding pressures of the incident and the scattered sound, and 

ρA and c are the density and the sound speed of the medium, respectively. The constants of 

proportionality depend on the frequency of sound, as well as the size, shape, and orientation 

of the object with respect to the source and the receiver (Clay and Medwin, 1977). This is 

described by 

2
( , , , , ) ( , )

p

s p p p p

I
I f A

R
z q j q j q j=  ,                  (2.3) 

where ζ is the scattering function of θ, φ, θp, φp and f. A is the cross section of the projected 

area of the scatterer viewed from the source. ζ is often a very complicated function of angles 

as well as the frequency and the dimensions of the object. θ, φ and θp, φp are the spherical 

coordinates of the scattered and the incident sound, respectively. f is the frequency of sound.  

For simplicity and practicality, two cases are dealt with, such as the backscattered sound θ = 

180° (φ = 0°) and the total scattered sound. 

2.1.3. Rayleigh scattering 

When the sound wavelength (λ) is greater than the spherical scatterer, it is defined as 

Rayleigh scattering and is described by 

2
2           1          1a a ka

p
p l

l
<< ® << ® <<  ,            (2.4) 

where a = radius of sphere, and k = wave number. 
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The scattering function for a small non-resonant sphere is expressed by 

 
( )

24 2

2

1 1
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z q
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é ù- -
= -ê ú

+ë û
 ,                  (2.5) 

where g and h are the density ratio and the sound speed ratio between the sphere and the 

medium, respectively, and θ is the angle between the incident and scattered direction (Clay 

and Medwin, 1977). Equation (2.5) was derived for a sphere, but it has been shown that 

non-spherical effects can usually be ignored when scattering is in the Rayleigh region 

(Palmer, 1996). The backscattering function, ζbs, is obtained by setting θ=180°. 

The total backscattering cross section σbs is determined by integrating over the range of 

possible orientations. It is described by 

( )
2 22
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 4
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p
s p z p

é ùæ ö æ ö- -
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+ê úè øè øë û
ò  .         (2.6) 

The backscattering strength Sb is the logarithm of Equation (2.6), which is expressed as 

10  10logb bsS s=  ,                       (2.7) 

and the volume backscattering strength Sv is given by 

( )10  10logv bsS Ns=  ,                      (2.8) 

where N is the numerical abundance of scatterers.  

Multiple scattering is assumed to be ignored. C. polykrikoides exists as an individual cell 

initially, where the backscattering cross section can be multiplied by the numerical abundance 

to obtain the volume scattering strength. However, it usually forms a chain by binary fission 

during growth. It is not simple to accurately compute the backscattering from those chains. A 
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chain with less than six cells is smaller than a wavelength of 5 MHz, so that each chain 

scatterer with less than six cells is assumed to be a Rayleigh scatterer of a compressible sphere 

with equivalent volume. For volume scattering, the backscattering cross section of a Rayleigh 

scatterer with equivalent volume is multiplied by the number of chains. Similarly, RBCs form 

piles called rouleaux. Rouleaux are also considered as a size-increased scatterer, so it is not 

easy to theoretically calculate the backscattering from rouleaux. Hence, rouleaux are also 

assumed to be a Rayleigh scatterer with equivalent volume, and volume scattering can be 

computed by multiplying the backscattering cross section and the number of rouleaux. 

If g, h, a, and N are given, then the theoretical value of Sv can be easily estimated using 

Equation (2.8). However, it is difficult to obtain the values of g and h of a plankton, thus 

making it difficult to compute the theoretical Sv. It is much easier to compute the IBP instead 

of estimating the quantitative value of Sv. The IBP is proportional to Sv if the same transducer 

is used in the same electronic system. The acoustic IBP is defined by 

rms, bs
10

rms, ref

IBP 20log
V

V

æ ö
= ç ÷ç ÷

è ø
 ,                     (2.9) 

where Vrms, bs and Vrms, ref are the root mean squared voltages of the backscattered signal from 

a scatterer and a reference, respectively. The IBP was computed for analysis of the acoustical 

data obtained from C. polykrikoides. The beam pattern signal was used as the reference data 

Vrms, ref in Equation (2.9) (Bok et al., 2010). 
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2.2 Properties of Cochlodinium polykrikoides and red blood cell 

2.2.1. Cochlodinium polykrikoides 

C. polykrikoides, which was first reported from the Caribbean Sea along the southern 

coast of Puerto Rico (Margalef, 1961), is an unarmored, marine, planktonic dinoflagellate and 

photosynthetic species shaped like a spiral cingulum. It produces common harmful algal 

blooms in Korea and Japan (Fukuyo et al., 1990; Kim, 1998; Yuki and Yoshimatsu, 1989). 

Size, density, and sound speed of the scatterer are very important in computing acoustic 

scattering for Rayleigh scattering. The size of the C. polykrikoides cell is in the range of 

30–40 μm in length and 20–30 μm in width, as shown in Figure 2.1 (Fukuyo et al., 1990; 

Silva, 1967; Steidinger and Tangen, 1996; Taylor et al., 1995). The density of C. 

polykrikoides has not been reported yet. Very accurate and precise experiments are needed to 

measure the density of phytoplankton, making it difficult to measure the density accurately. 

The density of C. polykrikoides would be analogized to 1.078 g/cm3 as the average by the 

previous reported data for other dinoflagellate (Kamykowski et al., 1992) as shown in Table 

2.1. To date, the sound speed of phytoplankton has been rarely studied. The sound speed of 

Skeletonema costatum, a diatom, has been estimated as 1,530 m/s based on the relation 

between compressional wave velocity and density (Blanc et al., 2000). 

C. polykrikoides reproduces asexually by binary fission, and its plane of fission is 

oblique (Silva, 1967) and forms a chain (Jiang et al., 2010; Matsuoka et al., 2008). The 
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number of cells is rapidly increased under certain conditions and harmful algal bloom occurs 

in the ocean (Gárate-Lizárraga et al., 2004; Mulholland et al., 2009; Yamasaki et al., 2007). 

This is an interesting characteristic in the acoustic measurement because the number of 

scatterers and the size of one scatterer are both increased. 
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Figure 2.1. Photograph of four cell-chained Cochlodinium polykrikoides (a) (Hansen, 2011) 

and a group of C. polykrikoides (b) (Matsuoka and Fukuyo, 2011). 

 

Table 2.1. Densities of several dinoflagellates (Kamykowski et al., 1992) 

Species Density (g/cm3) 

Prorocentrum mariae-lebouriae 1.064 ± 0.015 

Scrippsiella trochoidea 1.077 ± 0.007 

Peridinium foliaceum 1.080 ± 0.012 

Gymnodinium sanguineum 1.073 ± 0.007 

Gyrodinium dorsum 1.090 ± 0.009 

Gonyaulax polyedra 1.084 ± 0.007 
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2.2.2. Red blood cell 

Blood is a bodily fluid comprised of RBC, white blood cell, and platelet suspended in a 

liquid called plasma. Plasma constitutes 55% of blood and is mostly water. Among the other 

components, except for plasma in blood, RBCs are the most abundant cells in vertebrates. 

Blood properties such as cell number, size, protein structure, and so on are somewhat 

dependent on the species (Romer and Parsons, 1977), but human blood is the target of this 

study. Human RBC is shaped like a biconcave disc approximately 8 μm in diameter and about 

2 μm thick, as shown in Figure 2.2(a). The density of plasma is approximately 1,025 kg/m3 

and the density of blood cells is approximately 1,125 kg/m3 (Benson, 1999). 

RBCs aggregate to form rouleaux under normal physiological conditions in plasma, as 

shown in Figure 2.2(b). This is an interesting phenomenon in hemorheology because RBC 

aggregation affects the flow dynamics and flow resistance of blood. However, the 

pathophysiological effects of RBC aggregation have not been fully studied yet. The 

mechanism to form rouleaux is very complicated and is not yet well understood. Briefly, two 

models were proposed to explain RBC aggregation, namely, the bridging model and the 

depletion model (Armstrong et al., 1999; Baumler et al., 1999; Brooks et al., 1980; Donath et 

al., 1993; Evans et al., 1991; Rampling et al., 2004; van Oss et al., 1990). These are very 

important phenomena in acoustic scattering because RBC aggregation forming rouleaux 

increases the scatterer size. 
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Figure 2.2. Conceptual picture of red blood cell (a) and microscopic photograph of blood: 

human red blood cells in plasma (b) and in saline (c). Magnification ×400 (Fatkin et al., 

1997).
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Chapter 3  

HIGH-FREQUENCY ACOUSTIC BACKSCATTERING FROM 

COCHLODINIUM POLYKRIKOIDES 

3.1 Introduction 

C. polykrikoides is the main species of harmful algal bloom in Korean seawater and 

becomes dominant in seawater during harmful algal bloom (Yoo et al., 1999). To observe 

harmful algal bloom of C. polykrikoides in the sea, many studies have been performed using 

advanced very high-resolution radiometer (AVHRR) sensor in satellites (Ahn et al., 2005; Suh 

et al., 2000). However, this sensor is limited by weather conditions and technical problems, 

such that the AVHHR can only observe the physical and chemical changes in near-surface 

seawater after a bloom. Recently, acoustic backscattering measurements were suggested to 

observe harmful algal bloom (Bok et al., 2010; Kim et al., 2010). They acquired the acoustic 

backscattered power from C. polykrikoides to observe the harmful algal bloom of C. 

polykrikoides in the ocean in situ. 

According to Equations 2.6, 2.8, and 2.9, the IBP is proportional to the volume 

scattering strength, which is the function of the wave number (k), the scatterer size (a), the 

density ratio (g), the sound speed ratio (h), and the abundance of scatterers (N). N is related 

to harmful algal bloom so that the experimental study with respect to the relation between 

IBP and N could be accomplished. In this chapter, the IBP was measured at several 
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numerical abundances during cultivation of C. polykrikoides. The IBP at different numerical 

abundances was measured to understand the backscattered power depending on the number 

of the scatterers. During cultivation of C. polykrikoides, the IBP was observed to investigate 

whether it varies or not, and how and why it varies if it does. 

3.2 Methods and materials 

3.2.1. Cultivation of Cochlodinium polykrikoides 

There were two kinds of cultivations. The first cultivation was to monitor the growth 

rate of C. polykrikoides. The second cultivation was conducted simultaneously measuring the 

acoustic signal To culture C. polykrikoides in the laboratory, the methods of Guillard and 

Ryther (Guillard and Ryther, 1962) and Guillard (Guillard, 1975) were followed, as shown in 

Table 3.1. Seawater from the Southern Sea of Korea (with approximately 33 psu salinity) 

was filtered with 0.45 mm glass filter paper, placed in a 10 L bottle (Nalgene, Rochester, NY, 

USA), and autoclaved. The chemical compounds were added, and the media were autoclaved 

again and kept at room temperature for 24 h. For these processes, an f/2 medium was 

prepared with autoclaved enriched seawater (Guillard and Ryther, 1962). An inoculum of C. 

polykrikoides was added to a 600 ml cell culture flask (Corning Inc., Corning, NY, USA) for 

an initial culture of 100 cell/ml. The inoculums (C. polykrikoides strain BWE0109) were 

obtained from the Biocenter at the Polar Applied Science Division of the Korea Polar 

Research Institute. The culture was maintained in an incubator at 23–24 °C under 2500 lx 
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fluorescent illumination for a light-to-dark cycle of 14–10 h (Lee et al., 2001). The number 

of cells was counted frequently using a microscope (DW-THN, Dongwon Systems 

Corporation, Seoul, Korea). After pipetting 100 ml samples of the culture medium into a 

counting plate (96-well Cell Culture Cluster, Corning Inc., Corning, NY, USA), the samples 

were fixed in a Lugol’s iodine solution. The number of cells was counted with a 

magnification factor of ×150. Counting was done in triplicate and cell numbers were 

averaged. 
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Table 3.1. The compounds of f/2 medium (a), f/2 trace metal solution (b), and f/2 vitamin 

solution (c) by Guillard and Ryther (Guillard and Ryther, 1962) and Guillard (Guillard, 1975) 

methods. 

(a) f/2 medium, to 950 ml filtered seawater add: 

Quantity Compound Stock Solution 
Molar Concentration 

in Final Medium 

1 ml NaNO3   75 g/L dH2O* 8.83 x 10-4 M 

1 ml NaH2PO4· H2O    5 g/L dH2O 3.63 x 10-5 M 

1 ml Na2SiO3· 9H2O   30 g/L dH2O 1.07 x 10-4 M 

1 ml f/2 trace metal solution (b)  

0.5 ml f/2 vitamin solution (c)  

Make final volume up to 1 L with filtered seawater. 

(b) f/2 trace metal solution, to 950 ml dH2O add: 

Quantity Compound Stock Solution 
Molar Concentration 

in Final Medium 

3.15 g FeCl3 · 6H2O  1 x 10-5 M 

4.36 g Na2EDTA · 2H2O  1 x 10-5 M 

1 ml CuSO4 · 5H2O   9.8 g/L dH2O 4 x 10-8 M 

1 ml Na2MoO4 · 2H2O   6.3 g/L dH2O 3 x 10-8 M 

1 ml ZnSO4 · 7H2O  22.0 g/L dH2O 8 x 10-8 M 

Make final volume up to 1 L with dH2O. 

(c) f/2 vitamin solution, to 950 ml dH2O add: 

Quantity Compound Stock solution 
Molar Concentration 

in Final Medium 

1 ml 
Vitamin B12  

(cyanocobalamin) 
 1.0 g/L dH2O 1 x 10-10 M 

10 ml Biotin   0.1 g/L dH2O 2 x 10-9 M 

200 mg Thiamine · HCl  3 x 10-7 M 

Make final volume up to 1 L with dH2O. 

* dH2O is distilled water. 
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3.2.2. High-frequency acoustic measurement system 

The experimental setup is schematically shown in Figure 3.1 and the parameters are 

presented in Table 3.1. To maintain a uniform distribution of C. polykrikoides in the cultured 

media, a spin ball was placed and rotated by a magnetic stirrer at the bottom of the water tank 

(with an inner radius of 5 cm and a height of 15 cm). A transducer (A308, Panametrics, USA) 

with 19 mm diameter aperture at a central frequency of 5 MHz was connected to a 

pulser/receiver (500PR, Panametrics, USA) which generated the pulses and received the 

backscattered signals from the cultured media with C. polykrikoides. The parameters of the 

pulser/receiver were as follows: damping was 5, gain was 8, and pulse repetition frequency 

was 500 Hz. Pulse length was 0.4 μs. A digital oscilloscope (LT322, LeCroy, USA) was used 

for data acquisition and display of the generated and backscattered signals, which were 

transferred to a personal computer for further processing (Bok et al., 2010). 
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Figure 3.1. Experiment setup for measurement of the backscattered power from 

Cochlodinium polykrikoides during cultivation. 
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3.2.3. Data acquisition 

3.2.3.1. Acoustic signal acquisition at different numerical abundance of C. polykrikoides 

According to the warning system of harmful algal bloom in Korea, precaution and 

warning levels are above 300 and 1,000 cell/ml, respectively. Thus, the numerical abundance 

of C. polykrikoides was adjusted to 90, 110, 200, 260, 300, 340, 360, 600, 700, and 850 

cell/ml in order to measure the acoustic IBP before harmful algal bloom warning. The 

backscattered signals from C. polykrikoides media and the beam profile data were used as Vrms, 

bs and Vrms, ref, respectively, in Equation (2.9). Twenty signals were acquired at each amount. 

Average and standard deviations of the IBP were calculated from 20 signals for each amount. 

3.2.3.2. Acoustic signal acquisition during cultivation 

The initial numerical abundance of C. polykrikoides was 100 cell/ml. A total of 100 

signals were acquired for 100 s per 15 min. Data acquisition was maintained for five days 

during cultivation. The light was automatically turned on and off—light on for 14 h and off 

for 10 h. The other factors were not changed during cultivation. Average and standard 

deviations of the IBP were calculated from 100 signals for each measurement time. 
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3.3 Results 

3.3.1. Acoustic integrated backscattered power from Cochlodinium polykrikoides 

Backscattered signals were obtained for the 10 different values of numerical abundance 

at 5 MHz. The presence of C. polykrikoides and the increase of numerical abundance resulted 

in an increase in the amplitude of backscattered signals. Figure 3.2 shows the IBP versus the 

numerical abundance of C. polykrikoides at 5 MHz. The circles are the IBP values averaged 

over 20 pings corresponding to the numerical abundance of C. polykrikoides at 5 MHz, and the 

standard deviation limits are shown as error bars. The solid line is a curve fit to the IBP. The 

curve-fitted IBP values were about -28 dB ref. Vrms, fresh water and -23 dB ref. Vrms, fresh water with the 

density of 300 and 850 cell/ml, respectively (Bok et al., 2010). 
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Figure 3.2. Integrated backscattered power from Cochlodinium polykrikoides as a function of 

the numerical abundance at 5 MHz. The unit of decibel is dB ref. Vrms, fresh water (Bok et al., 

2010). 
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3.3.2. Growth rate of Cochlodinium polykrikoides during cultivation 

Figure 3.3 indicates the growth rate of C. polykrikoides during the first cultivation. 

Numerical abundance was gradually increased up to 274 ± 40 cell/ml on the 8th day and then 

rapidly increased up to 1,784 ± 48 cell/ml on the 29th day. Thereafter, numerical abundance 

was decreased. Error bars indicate the standard deviation in numerical abundance for three 

different culturing bottles (Bok et al., 2010). 
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Figure 3.3. Growth rate of Cochlodinium polykrikoides showing the increase and decrease of 

numerical abundance during cultivation. Error bars indicate the standard deviation in the 

numbers of cells for three different culturing bottles (Bok et al., 2010). 
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3.3.3. Daily variation of acoustic integrated backscattered power 

The acoustic IBP from culturing media of C. polykrikoides was periodically varied 

during the second cultivation (Figure 3.4). When the cultivation started, the light was turned 

on for 14 h. Initially, the IBP was increased from -32 dB ref. Vrms, fresh water to -31 dB ref. Vrms, fresh 

water until the light was off. However, the IBP was decreased after the light was turned off for 

10 h. The decrease was kept from -31 dB ref. Vrms, fresh water to -32 dB ref. Vrms, fresh water until the 

light was turned on. The phenomena of increase and decrease were repeated during 

cultivation. The IBP was increased for five days. Initial IBP was -32 dB ref. Vrms, fresh water and 

final IBP was -31 dB ref. Vrms, fresh water in five days. 
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Figure 3.4. Variation of integrated backscattered power from Cochlodinium polykrikoides 

during cultivation at 5 MHz. The unit of decibel is dB ref. Vrms, fresh water. 
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3.4 Discussion 

The IBP from C. polykrikoides was increased as the numerical abundance of C. 

polykrikoides was increased. This is well explained by the relation between the backscattered 

power and the number of scatterers. The backscattered power is proportional to the volume 

backscattering strength and to the number of scatterers. Therefore, the acoustic backscattered 

power is increased as the number of scatterers is increased (Figure 3.2). During cultivation, 

on the other hand, the sequential acquisition of acoustic signal shows different results 

(Figure 3.4). The backscattered power from C. polykrikoides increased when the light was 

turned on and decreased when the light was turned off. This is not simply explained by the 

relation between the backscattered power and the number of scatterers. There are two 

possible explanations for this as follows. 

3.4.1. Growth of Cochlodinium polykrikoides 

Although acoustic signals were acquired during the second cultivation, it took five days 

from the initial time to the end of measurement of acoustic signals (Figure 3.4). According to 

the growth rate of C. polykrikoides, numerical abundance was increased up to approximately 

200 cell/ml for the first five days (Figure 3.3). However, the numerical abundance could not 

be counted during the second cultivation with the measurement of acoustic signals because 

of the stability of measurement setup. Nevertheless, we can estimate how much the 

numerical abundance was increased using the acoustic scattering theory. In Chapter 3.3.1, 
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backscattered power was measured depending on the numerical abundance (Figure 3.2). 

According to the fitting curve, the IBP was approximately -31.5 dB ref. Vrms, fresh water at 100 

cell/ml and -29 dB ref. Vrms, fresh water at 200 cell/ml. The fitting curve was also represented by 

matching both of the y-axes in Figure 3.5. Theoretically, if the number of scatterers doubles, 

the IBP increases as 3 dB. However, the IBP was increased as 2.5 dB in the fitting curve. In 

Figure 3.3, the numerical abundance values were 84 ± 5, 138 ± 37, and 170 ± 46 cell/ml at the 

first three measurements, respectively. The averages of the three values are represented as 

x-marks in Figure 3.5. This means that -32 dB Vrms, fresh water could be estimated by 84 ± 5 cell/ml, 

-30.6 dB ref. Vrms, fresh water by 138 ± 37 cell/ml, and -29.3 dB ref. Vrms, fresh water by 170 ± 46 cell/ml. 

In this chapter, there were two cultivations. The first cultivation was performed for more 

than 30 days with the numerical abundance counting but the acoustic backscattered power not 

measured (Figure 3.3). The second cultivation was performed for five days without the 

numerical abundance counted but the acoustic backscattered power measured (Figure 3.4). 

Moreover, the acoustic measurement was accomplished with the arbitrary numerical 

abundance values counted (Figure 3.2). With this result, the fitting curve between the IBP and 

the numerical abundance can be divided by two y-axes, such as the left y-axis for the IBP and 

the right y-axis for the numerical abundance. Each axis is numerically matched in Figure 3.5. 

The IBP could also be estimated by the numerical abundance in the first cultivation, and the 

numerical abundance could be estimated by the IBP in the second cultivation. In this way, two 

results should be theoretically the same; however, such was not the case. The increasing 
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pattern for the three x-marks from the first cultivation was not followed in the second 

cultivation. This is possibly caused by the different cultivation environmental conditions, such 

as the healthy condition of C. polykrikoides, the chain-forming ability, and so on. 

On one hand, the daily variation of increasing and decreasing pattern cannot be 

explained by the numerical abundance. This is assumed as the daily variation caused by the 

photosynthesis effect. This is explained in the next section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

35 

 

 

 

 

 

Figure 3.5. Variation of integrated backscattered power from Cochlodinium polykrikoides at 

5 MHz and growth rate of the numerical abundance during cultivation. The unit of decibel is 

dB ref. Vrms, fresh water. The left y-axis corresponds to the right y-axis by the fitting curve of 

Figure 3.2. The three x-marks correspond to the averages of the numerical abundance in 

Figure 3.3. 
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3.4.2. Assumption: Photosynthesis effect on Cochlodinium polykrikoides 

When the acoustic signal was measured during cultivation, light was the only variable 

factor. The light was turned on for 14 h and off for 10 h periodically to simulate the actual 

period of light in a day. In this case, C. polykrikoides photosynthesizes. In general, many 

studies about the photosynthesis of phytoplankton have been reported (Lewitus and Kana, 

1994; Oh et al., 2006). Marañón et al. reported the relation between photosynthesis and 

phytoplankton cell size (Marañón et al., 2007). As phytoplankton photosynthesizes, both the 

amount of chlorophyll a and the cell volume are increased (Figure 3.6). Therefore, we can 

assume that the volume of a scatterer, C. polykrikoides, is increased so that the backscattered 

power can be increased during photosynthesis. Furthermore, C. polykrikoides does not 

photosynthesize during the dark period, so chlorophyll a is not produced in the cell but is 

released into the medium instead, decreasing the cell volume. To verify this hypothesis, 

chlorophyll a should be measured while the backscattered power is measured during 

cultivation. 
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Figure 3.6. Chlorophyll a-cell size relation (A) and photosynthesis–cell size relation in 

phytoplankton (B). Data from the Atlantic Meridional Transect (50ºN to 50ºS, circles) and 

the Ría de Vigo (squares) (Marañón et al., 2007). 
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3.5 Conclusion

The IBP from C. polykrikoides was measured at different numerical abundance values 

during cultivation using a 5 MHz transducer in the laboratory environment. During 

cultivation, the numerical abundance of C. polykrikoides was increased by dichotomy, 

resulting in the increase of IBP. However, during the increase of numerical abundance over a 

total period of cultivation, the daily variation of numerical abundance occurred. This can be 

explained by the photosynthesis effect on C. polykrikoides. As C. polykrikoides 

photosynthesizes, cellular chlorophyll a is increased, leading to the increase of cell volume. 

During the dark period of cultivation, however, the cell volume is decreased because 

chlorophyll a is not produced but is released instead. This is a new approach to understand 

the relation between the acoustic backscattered power from phytoplankton, especially C. 

polykrikoides, and its photosynthesis. For in situ application in the future, the measurement 

time would be considered due to the photosynthesis effect. 
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Chapter 4  

HIGH-FREQUENCY ACOUSTIC BACKSCATTERING FROM 

RED BLOOD CELL 

4.1 Introduction 

A typical human RBC has a disk diameter of 6–8 μm and a thickness of 2 μm, which is 

smaller than C. polykrikoides. This is why high-frequency ultrasound is needed to measure 

backscattering from blood for Rayleigh scattering. Their chain-forming tendency (Chien and 

Jan, 1973; Chien and Sung, 1987; Matsuoka et al., 2008)—RBC aggregation and 

chain-forming C. polykrikoides is similar. They form a chain so that scatterer size can be 

varied, though the exact shape and mechanism to form a chain are totally different for the 

two scatterers. 

RBCs are the main component in blood, with a hematocrit of around 40% for normal 

healthy humans. The measurement techniques of RBC aggregation are mostly applicable only 

under in vitro or ex vivo conditions (Cloutier et al., 1996; Shehada et al., 1994; van der Heiden, 

Maurits S. et al., 1995). However, these were accomplished with a power Doppler, a 

low-frequency, or a Couette flow system which have some limitations. The power Doppler 

does not provide information regarding the characteristics of blood flow and flow direction. 

The Couette flow system is not enough to realize a blood vessel flow since one of two 

boundary moves dragging a fluid. In this chapter, high-frequency UBM was used to get 
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blood B-mode images from blood in vitro with a mock vessel circulation system. To satisfy 

the Rayleigh scattering, the frequency ranges of 10, 20, and 40 MHz were used for UBM. 

4.2 Materials and methods 

4.2.1. Blood preparation 

In this experiment, fresh porcine blood was used because its aggregation tendency is 

similar to that of human blood compared with other species of livestock (Yuan and Shung, 

1988). Fresh porcine blood was obtained from a local slaughterhouse in a 1 L bottle that was 

prepared with a solution consisting of 3 g ethylenediamine tetraacetic acid (EDTA) 

dipotassium salt dissolved in 30 ml saline for anticoagulation. Four different porcine blood 

samples were collected to confirm the repeatability. Half (500 g) of the fresh porcine blood 

was used for WB experiments and the other half was prepared for RBC suspension 

experiments. To prepare the RBC suspension, WB was centrifuged at 2,500 rpm for 15 min 

to separate the RBCs from the plasma. The plasma and buffy coat layer, including white 

blood cells, platelets, and other minor cells, were removed. The concentrated RBCs were 

washed twice with 0.9% normal saline solution buffered to pH 7.4. To prevent crenation of the 

red cells, 0.5% bovine albumin was added to the saline solution. The concentrated RBCs were 

stored in a refrigerator at about 4 °C. The desired hematocrit was obtained at a later time by 

mixing the concentrated RBCs with 0.9% saline solution for the RBC suspension experiments. 

Blood was circulated in the flow system for at least 1 h before any measurements were made 
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in order to remove air bubbles inside the loop and to allow the blood to reach room 

temperature. 

4.2.2. Mock flow system and ultrasound biomicroscopy system 

A mock flow system was configured by a peristaltic pump (RP-1000, Eyela, Japan), a 

silicon tube (id4.76/od7.94, Eyela, Japan), a polyethylene terephthalate (PET) tube, a 

magnetic stirrer (HI 190M, Hanna Instruments, Korea), and two triangle beakers (500 ml, 

Samduk, Korea) for the steady state flow. The silicon tube was used in the flow system 

because the minimal tube size for the peristaltic pump was 7.94 mm of outer diameter. 

However, the tube wall was too thick and the inner diameter was too big to measure the 

backscattered signals using high-frequency ultrasound, hence, the PET tube was used at the 

measurement site. The PET tube was fabricated by rolling a 100 μm-thick PET film in to a 

diameter of 2.5 mm with a length of 15 cm. The measuring site was chosen at one end of the 

PET tube. Two triangle beakers were used as reservoirs for the blood and to reduce speed 

fluctuations. The experimental setup is represented in Figure 4.1. 

Reynolds number (Re) is a dimensionless quantity; it is the ratio of inertial forces to 

viscous forces which helps determine whether a flow is laminar or turbulent. It is defined as 

2 r

m
=

%
e

rV
R ,                             (4.1) 

where  is the mean velocity of the flow, r is the radius of the tube, and ρ and μ are the 
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density and dynamic viscosity of the liquid, respectively, when applied to liquid flow in a 

circular tube (Reynolds, 1974; Schlichting, 1968). A laminar flow is considered for less than 

2,000 of the Re and a turbulent flow for the higher Re (Schlichting, 1968). The region 

between the entrance of the tube and the point where a laminar flow is established is called 

the inlet. The inlet length, Linlet, is experimentally determined as follows: 

22 r

m
= =

%
inlet e

k Vr
L krR ,                        (4.2) 

where k is a derived constant in the range of 0.057–0.13. In this study, k = 0.08 was used for 

the oscillatory flow (Nichols and O’Rourke, 2005). The parameters for the mock flow system 

are presented in Table 4.1. The mean velocity was measured by an ultrasound imaging 

system (Voluson e, GE Healthcare, USA). 
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Table 4.1. The dynamic parameters of the blood flow 

Radius of tube, 

r [cm] 

Density of blood, 

ρ [g/cm3] 

Viscosity of blood, 

μ [dyn∙s/cm2] 

Derived constant, 

k 

0.125 1.06 0.1 @ 20 ºC 0.08 

Measured mean velocity of flow, 

 [cm/s] 

Reynolds number, 

Re 

Inlet Length, 

Linlet [cm] 

12 63 0.6 

20 106 1.1 

28 148 1.5 

36 191 1.9 

44 233 2.3 
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High-frequency ultrasound imaging system, the so-called UBM, was configured by a 

probe (CLI 1600Ti, Capistrano Labs Inc., San Clemente, CA, USA) including a 35 MHz 

broadband acoustic transducer (35TiMHz, Capistrano Labs Inc., San Clemente, CA, USA) 

with a PC-based ultrasound imaging board (PCB v4.3, Capistrano Labs Inc., San Clemente, 

CA, USA) as shown in Figure 4.1. Scanning angle was ±10°. The distance from the 

transducer pivot to the transducer surface was 10 mm, and the distance from the transducer 

surface to the probe window surface was 1 mm. The other system parameters are tabulated in 

Table 4.2. 
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Figure 4.1. Conceptual diagram of the experiment setup for mock flow system and 

ultrasound biomicroscopy. 
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Table 4.2. System configuration and parameters of ultrasound biomicroscopy 

Configuration Model Function 

Probe CLI 1600Ti Sectorial scan 

Transducer 35TiMHz 35 MHz broad band 

Ultrasound Imaging board PCB v4.3 Pulser/receiver, image processing 

Parameter Value 

Scanning angle ±10º 

Transducer pivot to surface 10 mm 

Transducer surface to probe window surface 1 mm 

Frame rate 30 fps 

Frequency 10, 20, 40 MHz 

Amplitude 127.5 (Max.) 

Gain 50 

Jitter control 0 

Scale factor 62 

Offset angle 128 (Center) 

Center            107 
LUT (Look-Up Table) 

Window            132 

Min.               -21 
TGC (Time Gain Compensation) 

Max.                77 
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4.2.3. Data acquisition and analysis 

While the transducer was on sectorial motion with the angle range of ±10º, 256 A-mode 

scanning lines were acquired in one frame for a B-mode image. The transducer was 

sectorially reciprocated 30 times per second, and the B-mode image was acquired in one 

direction so that the frame rate was 30 frames per second (fps). To save data in a PC, 256 

frames were saved maximally and data length was 8.5 s approximately. 

In the mock flow system, while WB was flowing, B-mode images were acquired at 

different frequencies (10, 20, and 40 MHz) and mean velocities (12, 20, 28, 36, and 44 cm/s). 

Therefore, 15 cases of measurement were accomplished. To verify repeatability, three 

samples of WB were used in the experiment. In the same way, RBC suspension was used 

after the WB experiment. Three samples of RBCs were used in the experiment for 

repeatability. 

4.3 Results 

4.3.1. Blood echogenicity versus blood flow speed for whole blood 

Blood echogenicity measured by UBM is dependent on blood flow speed and frequency. 

In Figure 4.2, as the mean velocity of flow was decreased, the region of interest (ROI) 

became bright for all frequencies. This result is related to red blood aggregation. RBC forms 

an aggregate, the so-called rouleaux, in the unstirred suspension. This phenomenon is 
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explained by the physical, physiological, and chemical effects on RBCs. One of physical 

effects is shear rate. If a fluid media flow with steady state in a vessel, the radial profile of 

flow speed forms a parabolic shape so that the shear rate becomes different along the radial 

axis. In addition, as flow speed was increased, the shear rate was also increased and RBCs 

disaggregate. This means the size of the acoustic scatterer was decreased and the 

backscattered power from WB was consequently reduced. In this way, blood echogenicity 

was decreased as flow speed increased, as shown in Figure 4.3. As frequency was increased, 

the graph of blood echogenicity was downshifted as shown in Figure 4.3-(a) to 4.3-(c). This 

is thought to be due to either the attenuation at higher frequency or the frequency response of 

the transducer and the electronic system. Even though blood echogenicity was decreased as 

frequency was increased, the decreasing patterns of blood echogenicity with flow speed were 

different at different frequencies. Acoustic scattering from RBC up to around 40 MHz can be 

explained in the Rayleigh regime. 
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Figure 4.2. Longitudinal ultrasound B-mode image from mock vessel for whole blood. ROI 

is the region of interest in the image. Each number means frequency–mean velocity for the 

experimental setup. For example, 10–12 represents 10 MHz–12 cm/s. 
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Figure 4.3. Echogenicity versus mean velocity of flow depending on frequency (circle: 10 

MHz, square: 20 MHz, ×: 40 MHz) for whole blood. The error bar is the standard deviation 

of the ROI. The mean velocity of flow was varied from 12 to 44 cm/s at each frequency. 
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4.3.2. Blood echogenicity versus blood flow speed for red blood cell suspension 

For the RBC suspension, blood echogenicity was not varied with flow speed (Figures 

4.4 and 4.5). This is due to the property of the RBC suspension. Unlike WB, RBC 

suspension is only RBC suspending media in the saline water, excluding the other 

components such as fibrinogen, glucose, clotting factors, mineral ions, hormones, and so on. 

This means the ability to aggregate has disappeared. Thus, there are only Rayleigh scatterers 

flowing in the media for individual RBCs. Moving speed of the scatterers is not related to the 

acoustic backscattered power so echogenicity does not vary. As frequency was increased, the 

graph of blood echogenicity was decreased [Figure 4.4-(a) to 4.4-(c)] like the graph of WB 

(Figure 4.3).  
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Figure 4.4. Longitudinal ultrasound B-mode image from mock vessel for red blood 

suspension. ROI is the region of interest in the image. Each number means frequency–mean 

velocity for the experimental setup. For example, 10–12 represents 10 MHz–12 cm/s. 
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Figure 4.5. Echogenicity versus mean velocity of flow depending on frequency (circle: 10 

MHz, square: 20 MHz, ×: 40 MHz) for red blood cell suspension. The error bar is the 

standard deviation of the ROI. The mean velocity of flow was varied from 12 to 44 cm/s at 

each frequency. 



Chapter 4 

54 

 

4.4 Discussion 

At low speed, the blood echogenicity from WB was much higher than that from RBCs 

because the RBCs aggregated at low speed. However, even when RBCs were disaggregated 

in WB at high speed, the blood echogenicity from WB was still higher than that from RBC 

(Figure 4.6). RBC suspension includes single RBCs as an acoustic scatterer, whereas WB 

includes several kinds of scatterers such as RBC, white blood cells, and platelet. However, 

RBC is a dominant scatterer in WB because of its amount. Therefore, at the same hematocrit 

and the same measurement set up, the backscattered power from WB is a little higher than 

that from RBCs at high speed (Figure 4.6). This has been largely reported in previous studies 

(de Kroon, M. G. M. et al., 1991; Shung et al., 1984; van der Heiden, Maurits S. et al., 1995; 

Yuan and Shung, 1988) in the frequency range up to 30 MHz with RF signal. In this paper, 

this phenomenon was also shown at 40 MHz even though it was analyzed by echogenicity, 

which was processed by unknown nonlinear factors from the UBM system. For WB, as flow 

speed was increased, echogenicity was decreased due to the disaggregation of RBC at higher 

shear rate. This corresponds with the findings in previous studies (Shehada et al., 1994; van 

der Heiden, Maurits S. et al., 1995; Yuan and Shung, 1988). 

To verify repeatability of the relation between echogenicity and flow speed depending 

on the frequency for WB and red blood cell suspension, repetitive measurements were 

performed with three samples of blood. Decrease of echogenicity depending on flow speed 

was repeated for the WB and echogenicity was not varied for RBC suspension. For RBC 
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suspension, the repeatability was quite accurate as seen in the small standard deviation. For 

WB, however, standard deviation at low speed was much higher than that at high speed. This 

is thought to be the blood property of aggregation. 
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Figure 4.6. Echogenicity versus mean velocity of flow depending on frequency (circle: 10 

MHz, square: 20 MHz, ×: 40 MHz) for whole blood (solid line) and red blood cell 

suspension (dashed line). The error bar is the standard deviation of average echogenicity of 

three samples. The mean velocity of flow was varied from 12 to 44 cm/s at each frequency. 
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4.5 Conclusion 

The backscattered power from blood is represented by blood echogenicity for an 

acoustic imaging system such as UBM. In this chapter, blood echogenicity was measured by 

a UBM in the mock vessel flow system for porcine WB and RBC suspension. Blood 

echogenicity was increased as flow speed was decreased for WB and was not varied for RBC 

suspension. This was due to RBC aggregation at low shear rate at low speed, not from a 

system error of UBM. Based on the results of in vitro experiment in this chapter, a 

high-frequency ultrasound imaging system called UBM can be applied to an in vivo 

experiment in human body. RBCs are known to be Rayleigh scatterers and have an 

aggregating property in WB. If high-frequency ultrasound up to 30 MHz is applied to human 

blood vessel, the measurement of RBC aggregation in vivo can be conducted. 
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Chapter 5  

BLOOD ECHOGENICITY IN THE RADIAL ARTERY 

5.1 Introduction 

As mentioned in Chapter 4, RBC is the main component in blood. The clinical effects 

of RBC aggregation have widely been studied in relation to diseases such as atherosclerosis 

(Ernst et al., 1991; Koenig and Ernst, 1992; Le Devehat et al., 1990; Schmid-Schobein and 

Volger, 1976; Volger, 1981) and diabetes (Le Devehat et al., 1990; MacRury et al., 1993; 

Schmid-Schobein and Volger, 1976; Tanahashi et al., 1993). Therefore, the measurement of 

RBC aggregation may be useful in diagnosing and monitoring some of these diseases. RBC 

is the main acoustic scatterer in blood. Hence, blood research using ultrasound have been 

widely accomplished by measuring the backscattered power or echogenicity, and acoustic 

methods were studied in order to noninvasively measure the biological tissue (Paeng et al., 

2004a; Paeng et al., 2004b; Paeng et al., 2010; Savérya and Cloutier, 2007; Shung et al., 1984; 

Shung and Cloutier, 1992; Yuan and Shung, 1988; Yuan and Shung, 1988). Recently, in vivo 

measurements of blood echogenicity were performed, but mainly in large arteries (Fatkin et al., 

1995; Li et al., 2011; Li et al., 1996; Paeng et al., 2010; Razavian et al., 1995b). These were 

accomplished at low frequency in a common carotid artery or by intravascular ultrasound. In 

this chapter, in vivo B-mode images were measured in the radial artery using high-frequency 

UBM. The radial artery at the wrist is positioned approximately 2.5 mm deep beneath the 
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extensor tendons of the thumb, making it relatively easier to measure by ultrasound compared 

to a carotid artery. High-frequency ultrasound should be used because the radial artery is 

relatively small. The UBM, which was discussed in the previous chapter, provided 

high-frequency ultrasound images and was well operated for measuring RBC aggregation in 

the B-mode image. 

5.2 Method 

5.2.1. High-frequency acoustic system 

The high-frequency acoustic system used in this experiment was the same as the 

previous one specified in Chapter 4.2.2. The UBM was configured by a probe including a 35 

MHz broadband acoustic transducer and a PC-based ultrasound imaging board (Figure 5.1). 

In addition to this configuration, a nosepiece (PN18923, Capistrano Labs Inc., San Clemente, 

CA, USA) and a cover film (RB820, Capistrano Labs Inc., San Clemente, CA, USA) were 

added. To apply UBM to the human wrist in the air, the acoustic impedance should be 

matched. The nosepiece was fitted into the probe and covered by the thin film after filling 

with distilled water. The system parameters were the same those presented in Table 4.1, 

except for the Look-up Table (LUT) and Time Gain Compensation (TGC). LUT displays the 

grayscale curve used by the system to assign shades of gray to the image and the center 

(range: 0 to 255) and window (range: 1 to 1024) control the change of the position of the 

curve and the grayscale assignment. TGC is used to change the relative strength of the 
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displayed echoes from near (range: -128 to +128) and far (range: -128 to +128). LUT and 

TGC were optimally set for in vivo measurement and presented in Table 5.1. 
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Figure 5.1. System configuration of ultrasound biomicroscopy and conceptual diagram of in 

vivo experiment. 

 

Table 5.1. System parameters of ultrasound biomicroscopy. The others are the same as those 

shown in Table 4.2. 

Parameter Value 

Frequency 20 MHz 

Center               36 
LUT (Look-Up Table) 

Window            108 

Min.             -128 
TGC (Time Gain Compensation) 

Max.                65 
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5.2.2. Human subject information and the radial artery 

The human subject experiment was approved by the Institutional Review Board (IRB) of 

the Jeju National University Hospital (grant No. IRB 2009-37). Consent forms were signed 

by all participants after being briefed on the experimental process, the purpose of the study, 

and the possible risks involved. Four healthy males aged 31.2 ± 1.3 years old were the 

volunteers for the in vivo experiment. The body mass index (BMI) of the subjects was 25.7 ± 

1.7 kg/m2, and the subjects were a little overweight. To verify the repeatability of the in vivo 

experiment, one of the subjects was chosen for the repetitive measurement. The subject was 

31 years old and his BMI was 25 kg/m2. 

The radial artery arises from the bifurcation of the brachial artery in the cubital fossa. It 

runs distally on the anterior part of the forearm so that it is divided by three branches, the 

forearm, the wrist, and the hand. Each branch is also divided by several regions (Wikipedia, 

2011a). The ROI in this chapter is the radial artery at the wrist (Figure 5.2). 

 

Figure 5.2. Location of radial artery at the wrist (Wikipedia, 2011b). 
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5.2.3. In vivo measurement 

The UBM probe was placed on the right wrist near the radial artery after applying a 

commercial coupling gel to the probe surface. Subjects were then asked to sit on a chair and 

stay still during examination. Focal zone of the probe was set to the appropriate position of 

the radial artery by watching the ultrasound image. Gentle pressure was applied to the probe 

while aligning the focal zone marker to the center of the radial artery. The angle between the 

probe and the wrist was carefully adjusted to maintain a rounding shape in the 

cross-sectional images of the vessel (Figure 5.3). While the image was continuously 

displayed, the last 256 frames were automatically saved as image data after the measurement 

was stopped. Hence, the measurement was fully kept for 10 s and stopped, and then data 

were automatically saved in order to obtain 256 frames with 30 fps of the frame rate. To 

verify the repeatability of the in vivo experiment, one subject was chosen for the repetitive 

measurement. The subject was asked not to take any food and to refrain from smoking on the 

day of the examination before the measurement. He was also asked not to drink alcohol the 

night before the measurement. All the measurements were conducted by the same 

investigator in the morning. The repetitive measurement was performed two times per week 

for four weeks. 

RBC aggregation is much related to the blood flow speed so that flow speed was 

measured by an ultrasound imaging system (Voluson e, GE Healthcare, USA) for four 

subjects. 
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5.2.4. Estimation of region of interest in the radial artery image 

Blood echogenicity was calculated as an average over the pixel numbers of ROI in the 

cross-sectional B-mode images of the radial artery (Figure 5.3). The radial artery is 

concentrically expanded and contracted due to the heartbeat. The boundary of ROI should be 

determined because the blood vessel cannot be exactly recognized. Physical property of the 

radial artery is different from that of other biological tissues around the artery. Therefore, the 

distribution of blood echogenicity of the radial artery is different from that of other tissues. 

In this way, if the distribution of blood echogenicity is checked up while varying the area of 

ROI, then ROI for the radial artery can be optimized.  

Kernel density estimation is a nonparametric way to estimate the probability density 

function (PDF) of a random variable (Epanechnikov, 1969; Rosenblatt, 1956). It is expressed 

by 
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where n is the number of random variables, h is a smoothing parameter called the bandwidth, 

K(∙) is the kernel, and xi is an independent and identically distributed random variable. 

Gaussian kernel was used in this chapter. Hence, the Gaussian kernel density estimation was 

applied to the histogram of blood echogenicity in order to estimate the PDF depending on the 

area of ROI. The estimated PDFs were also compared to get the optimal ROI from moving 

radial artery. 
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Figure 5.3. Cross-sectional B-mode image of the radial artery. Blood echogenicity was 

calculated by the pixel number of the ROI. 
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5.3 Results 

5.3.1. Cyclic variation of blood echogenicity 

To estimate a boundary between the radial artery and the surrounding tissue, blood 

echogenicity was measured while varying the area of the ROI. The statistical distributions 

and estimated PDFs of blood echogenicity were plotted and presented in Figure 5.4. Means 

and variances at r > 1 (r is relative major axis) were higher than those at r <1. Means of 

blood echogenicity were 72, 80, 79, 77, and 78 at r = 0.2, 0.4, 0.6, 0.8, and 1, respectively, 

but were 84 and 95 at r = 1.2 and 1.5, respectively. Variances were 231, 364, 331, 336, and 

380 at r = 0.2, 0.4, 0.6, 0.8, and 1, respectively, but were 704 and 1128 at r = 1.2 and 1.5, 

respectively. This means that if the ROI is larger than r = 1, then the statistical property is 

changed and echogenicity is measured not only by blood but also by surrounding tissue 

whose statistical property is different. Means and variances were increased as the ROI was 

increased. This is because the surrounding tissue affected the increase of the means and 

variances. The surrounding tissue is a relatively stronger scatterer than blood, so 

echogenicity from the tissue is higher than that from blood. In this way, the optimal 

boundary of ROI was determined as r=1 and blood echogenicity was calculated in the ROI of 

ultrasound image of the radial artery. 
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Figure 5.4. Histogram of blood echogenicity (left) and its estimated probability density 

function (right) depending on the relative major axis (r) of the ROI in Figure 5.3. 
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In the estimated ROI with r=1, blood echogenicity was calculated for 256 frames which 

is the limit to save data in a PC. Blood echogenicity was cyclically varied as shown in Figure 

5.5. The average and the standard deviation were calculated based on the distribution of 

blood echogenicity in the ROI. The standard deviation seemed to be cyclically varied, but it 

was just along the average and not varied greatly. This means that blood echogenicity, which 

was statically similar, was cyclically varied. The frame rate was 30 fps so that more than 8 s 

could be approximately calculated. Additionally, the increase and decrease of blood 

echogenicity were repeated 11 times. In this result, 82 cycles per minute can be estimated, 

which is similar to the heartbeat rate.  
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Figure 5.5. Cyclic variation of blood echogenicity in the radial artery. The standard deviation 

(Std) was calculated by blood echogenicity of ROI. Eleven cycles are seen for 8 s, so that 82 

beats per minute can be approximately estimated as a heartbeat rate. 
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5.3.2. Repeatability of cyclic variation 

Cyclic variation of blood echogenicity was observed through an ultrasound B-mode 

image of the radial artery. Nevertheless, repeatability should be verified for the cyclic 

variation of blood echogenicity, which would prove to be caused by physiological 

phenomena not by a system error. In Figure 5.6, cyclic variations were seen for (1) to (6) and 

(8). This supports the idea that cyclic variation of blood echogenicity is not temporary 

phenomena in the radial artery. The averaged cyclic variation of blood echogenicity from 

eight samples is shown in Figure 5.6 (lower panel). The average of the eight samples was 

also cyclically varied. In the range from 1 to 4 s, the echogenicity was seen as a random 

variation. This is due to the different data of measurement. Even though one investigator 

measures the same subject, the cyclic rate can be different. The standard deviation of average 

result (lower panel of Figure 5.6) was differently defined when compared to each 

measurement. The standard deviation of the low panel was a standard deviation of eight 

standard deviation values. This indicates how much standard deviations varied. 
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Figure 5.6. Measurement of blood echogenicity for one subject in order to verify the 

repeatability of cyclic variation of blood echogenicity in the radial artery. The averages and 

standard deviation (Std) from (1) to (8) were calculated from ROI. In the lower panel, the 

average was an average of eight averages and Std was a standard deviation of eight standard 

deviations. 



Chapter 5 

72 

 

5.4 Discussion 

5.4.1. Cyclic variation of blood echogenicity in the B-mode image of the radial artery 

Blood echogenicity was measured and studied using the B-mode image, harmonic 

image, power Doppler, and so on. However, there was no report for the cyclic variation of 

blood echogenicity to be measured in the radial artery, especially with the B-mode image. 

The relation between cyclic variation and blood echogenicity was already studied in other 

papers. Aggregation and disaggregation of RBC result in the cyclic variation of blood 

echogenicity. In Figure 5.7, the cyclic variation of blood echogenicity was observed in the 

radial artery using ultrasound B-mode image. Moreover, as mentioned in Chapter 4, blood 

echogenicity was decreased only for WB as flow speed was increased [Figures 4.6, 4.7, and 

5.6(b)]. This explained that cyclic variation was mainly due to the variation of RBC 

aggregation during a cardiac cycle, because the increase and decrease of blood echogenicity 

were due to RBC aggregation at lower flow speed and disaggregation at higher speed in the in 

vitro measurement, respectively. The maximal peak is the section of minimal speed (end 

diastole) and the minimal peak is the section of maximal speed (peak systole). However, 

RBC aggregation is due to not only flow speed but also shear rate acceleration, and 

biochemical factors. RBC aggregates as an acoustic scatterer are a stronger scatterer 

compared to a single cell. When the amount of RBC (hematocrit) is similar under flow, 

blood echogenicity from RBC aggregates can be cyclically varied. 
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Figure 5.7. Variation of blood echogenicity in the radial artery (a) and in the mock vessel (b). 
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5.4.2. Statistical analysis depending on section 

Particular sections need to be analyzed because blood echogenicity is cyclically varied 

in the radial artery. In Figure 5.8, eight sections were selected, namely, Max. 1 and 2, Min. 1 

and 2, Inc. 1 and 2, and Dec. 1 and 2. At Max. 1 and 2, variances and mean value were 

higher than the others. When RBCs aggregate maximally, the number of stronger scatterers 

is increased, that is, the size distribution of the scatterer is also the maximum so that variance 

of blood echogenicity is high. Oppositely, when RBCs disaggregate maximally, the number 

of stronger scatterers is decreased, that is, single cells exist so that variance of blood 

echogenicity is low. On one hand, at both the increasing (Inc. 1 and 2) and decreasing (Dec. 

1 and 2) sections of blood echogenicity, mean values and variances were similar to one 

another, such as 76 for mean values and 305, 302, 301, and 299 for variances. The increasing 

and decreasing sections are believed to be just a mid-term process between aggregation and 

disaggregation so that they are not greatly varied. 
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Figure 5.8. Estimated probability density function depending on each particular zone in the 

cyclic variation of blood echogenicity. The particular zones are divided by the maximal 

(Max 1 and 2), minimal (Min 1 and 2), increasing (Inc. 1 and 2), and decreasing (Dec. 1 and 

2) parts. 
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In Figure 5.4, PDF was estimated as varying the area of ROI in order to optimize ROI. 

As the relative major axis (r) decreased, the statistical property was varied. This is related to 

the inhomogeneous distribution of RBCs in the cross section of the vessel due to the 

parabolic shape of the velocity profile along the radial axis in the laminar flow. In addition, 

the number of pixels decreased as r decreased. This means that the number of samples is 

different in terms of statistical method, so it is not correct to compare the statistical 

properties. To solve this problem, the statistical property was compared with the same area 

as shown in Figure 5.9(a–d). The number of pixels in the inner section was the same as that 

in the outer section. However, the statistical properties of both inner and outer parts were 

different each other at the maximal peak. The radial variation of blood echogenicity was 

already studied at peak systole and diastole as shown in Figure 5.9(e) (Paeng et al., 2010). 

Figure 5.9(a) and (b) show the estimated PDF of the inner and outer parts at maximal peak. 

The mean values were similar, but the variance of the outer part was higher than that of the 

inner part. This is explained by the radial profile graph of blood echogenicity at peak systole 

in Figure 5.9(e). In the range from -0.3 to 0.3, the variation of echogenicity was not much 

higher than that in the other range. On the other hand, variances of inner part was not much 

different from that of outer part and mean values also was not at minimal peak. This result 

was not consistent with the result of diastole even though echogenicity were minimal for two 

results since arteries are different each other. The vessel diameter and blood flow speed of a 

CCA are much higher than the radial artery. This would put a different aspect on the result. 
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Figure 5.9. Estimated probability density functions of the inner (a) and outer (b) parts for 11 

maximal peaks, and the inner (c) and outer (d) parts for 11 minimal peaks. The inner and 

outer parts are concentric and the same area as shown in each panel. The radial variation of 

harmonic echogenicity from a carotid artery at peak systole and diastole (e) (Paeng et al., 

2010). Data were computed from six volunteers (averaged over nine cardiac cycles per 

individual) and are represented as the mean 6 standard error. 
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5.4.3. Radial artery versus common carotid artery in terms of the relation between 

blood flow speed and blood echogenicity 

In the B-mode image of the radial artery (Figure 5.3), the vessel diameter (the distance 

between proximal and distal axes) and the blood echogenicity can be estimated. The relative 

diameter and blood echogenicity were plotted and presented in Figure 5.10-(a). As the vessel 

diameter was increased, blood echogenicity was decreased. The vessel diameter was 

increased at systole and the blood flow speed was maximal so that the blood flow speed and 

blood echogenicity were out of phase in the radial artery as shown in Figure 5.10-(a). In the 

common carotid artery, however, the blood flow speed and blood echogenicity were in phase 

as shown in Figure 5.10-(b) (Paeng et al., 2010). This can be explained by the blood flow 

speed. The maximal flow speeds were 17.85 cm/s [Figure 5.10-(c)] and 55 cm/s in the radial 

artery and the common carotid artery, respectively. The vessel diameters of the radial artery 

and the common carotid artery are 2.5 and 8 mm, respectively. The two arteries are quite 

different physically and hemodynamically. The relation between blood flow and RBC 

aggregation was studied as shown in Figure 5.10-(d) (Paeng and Shung, 2003). At 20 bpm of 

stroke rate, velocity and Doppler power were almost out of phase, but they were in phase at 

60 bpm. The maximal flow speed was decreased as stroke rate was decreased. This lower 

stroke rate can be considered as the radial artery so that the velocity and blood echogenicity 

variation were out of phase. Blood echogenicity was mainly governed by the shear rate when 

the acceleration was small. However, the acceleration became more important when 
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compared to the shear rate because both stroke rate and maximal flow speed were increased. 

The combined effects of shear rate and acceleration might change the variation pattern. This 

higher stroke rate can be considered as the common carotid artery so that the variations were 

in phase. 

 

Figure 5.10. Relation between blood echogenicity and blood flow speed at the radial artery 

(RA) and the common carotid artery (CCA). (a) The relative diameter of vessel and the 
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blood echogenicity were out of phase in the RA. (b) The blood flow speed and the blood 

echogenicity were in phase in the CCA (Paeng et al., 2010). (c) 5–18 cm/s of blood flow 

speed at the RA. The vessel diameter is maximal at systole. (d) The blood flow speed and the 

blood echogenicity became in phase as the flow speed was increased (Paeng and Shung, 

2003). 

It is very complicated to theoretically analyze pulsatile flow such as the radial artery 

and the common carotid artery. For the simple approach, these arteries can be considered as 

an oscillatory flow assuming a Newtonian fluid, a laminar flow, a long vessel with constant 

diameter, and a single sinusoidal flow. The oscillatory flow was analyzed by Womersley in a 

rigid cylindrical tube (Womersley, 1955). The Womersley number (α) is a dimensionless 

number to keep dynamic similarity and is defined as 

wr
a

m
= r

,                           
(5.2) 

where r is the radius of the tube, ω is the angular frequency of the oscillation, and ρ and μ are 

the density and dynamic viscosity of the liquid, respectively. The parameters and the 

Womersley numbers for the radial artery and the common carotid artery were tabulated 

(Table 5.2). When α is small (1 or less), the frequency of pulsations is sufficiently low so 

that a parabolic profile of velocity has time to develop during each cycle. The flow will also 

be very nearly in phase with the pressure gradient, which will be given to a good 

approximation by Poiseuille's law, using the instantaneous pressure gradient. On the other 

hand, when α is large (10 or more), the velocity profile is relatively flat, and the mean flow 
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lags the pressure gradient by about 90º. The Womersley number determines the dynamic 

similarity along with the Re. Since the RA (small α) is hemodynamically different from the 

CCA (large α), RBC aggregation in the RA was different from that in the CCA during a 

cardiac cycle. Echogenicity was maximal at end diastole and minimal at peak systole in the 

RA. On the other hand, echogenicity was maximal at peak systole and minimal at end 

diastole in the CCA. The phase of cyclic variation between the RA and the CCA was 

opposite each other. According to in vitro experiments in Chapter 4, blood echogenicity was 

increased as blood flow speed was decreased. This result was consistent with cyclic variation 

of blood echogenicity in the RA since the blood flow speed was low and the Womersley 

number, α was small in the RA. In contrast with the RA, blood echogenicity was decreased 

as blood flow speed was decreased in the CCA. This is because blood flow speed was high 

and Womersley number, α was large in the CCA. 
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Table 5.2. The dynamic parameters for the Womersley number of the radial artery and the 

common carotid artery 

 Radial artery Common carotid artery 

Radius of vessel, 

r [cm] 
0.12 0.4 

Peak systole 17.14 ± 0.96 55 (Figure 5.10-(b)) Flow speed 

[cm/s] End diastole 3.37 ± 1.39 15 (Figure 5.10-(b)) 

Angular frequency of oscillation, 

ω 
7 

Density of blood, 

ρ [g/cm3] 
1.06 

Dynamic viscosity of blood, 

μ [dyn∙s/cm2] 
3.5×10-3 @ 37 ºC 

Womersley number, 

α 
1.4 5.8 
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5.5 Conclusion

Blood echogenicity was measured using high-frequency ultrasound and its cyclic 

variation was observed in the radial artery. The cyclic variation of blood was inferred from 

RBC aggregation. Blood echogenicity was decreased as blood flow speed was increased 

under steady flow. Based on this result, as blood flow speed was cyclically varied under a 

cardiac cycle, the variation of blood echogenicity was clarified. This is thought to be the first 

observation of the cyclic variation of the the B-mode echogenicity in the radial artery. In the 

previous study, cyclic variations of blood echogenicity have been measured, but these were 

measured in the harmonic image of a common carotid artery. In terms of measurement type 

and target, this chapter describes a new approach to measure blood echogenicity. The radial 

artery is positioned in the wrist so that it is relatively easier to measure by ultrasound. In 

particular, the radial artery is well known as a pulse wave diagnosis in oriental medicine. The 

pulse is due to the expansion and contraction of the elastic walls of the radial artery through 

the action of the heart upon the column of blood in the arterial system. Therefore, if the 

results of this chapter are studied with the pulse wave in the radial artery, then more 

information about the radial artery would be accomplished. 
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Chapter 6  

CONCLUSIONS AND SUGGESTIONS 

6.1 Conclusions 

In this research, high-frequency acoustic backscattering from both C. polykrikoides in 

the cultivating medium and RBC in blood was measured in the Rayleigh regime. Both 

objects are weak scatterers, so a high-frequency ultrasound was used in the measurement of 

backscattering. The backscattering variations were observed during measurement of the two 

scatterers. 

The IBP from C. polykrikoides was increased because C. polykrikoides reproduced 

asexually by binary fission and formed chains while the cultivation proceeded. This was well 

explained by the relation between the IBP and the number of scatterers. The backscattered 

power is proportional to the volume backscattering strength and the number of scatterers. 

Therefore, the acoustic backscattered power was increased as the number of scatterers, C. 

polykrikoides, was increased. During cultivation, however, the IBP from C. polykrikoides 

was varied daily when the light was turned on and off. This is different from the relation 

between the IBP and the number of scatterers. As the cell volume is increased while 

phytoplankton photosynthesizes, the IBP can be increased during light because the volume 

of C. polykrikoides is increased due to photosynthesis. However, the IBP is decreased during 

darkness because the volume of C. polykrikoides is decreased. The photosynthesis effect is 
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an explanation because the change of C. polykrikoides volume was not measured. 

Nevertheless, the IBP variation depending on the illumination might be the reasonable result 

because the photosynthesis effect on the phytoplankton was well represented. 

The blood echogenicity from porcine WB was decreased at higher flow speed and 

increased at low flow speed. However, the blood echogenicity from RBC suspension was not 

varied even though the flow speed was changed. These phenomena were explained by RBC 

aggregation in WB. At low speed, the shear rate was relatively low so that RBCs aggregated 

and then the blood echogenicity was increased. Based on these results, the cyclic variation of 

blood echogenicity in the RA can be explained. The blood echogenicity was increased 

because of RBC aggregation at low speed under pulsatile flow during a heartbeat cycle. The 

cyclic variation of blood echogenicity was observed by high-frequency ultrasound in the RA. 

The variation of blood echogenicity in the RA was similar with that in in vitro experiment 

due to low flow speed and small Womersley number. But this result was opposite with the 

CCA because of different dynamic characteristics. This means the relation between RBC 

aggregation and blood flow depends on the blood vessel. We confirmed that RBC 

aggregation was measured by acoustical method and hemodynamical phenomena can be 

analyzed by ultrasound. This would be helpful for the development of noninvasive blood 

research using acoustics. 
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6.2 Suggestions for future studies 

As mentioned in the experiment for C. polykrikoides, the change of C. polykrikoides 

volume should be measured for further analysis. To do this, chlorophyll a should be 

measured during cultivation. Photosynthesis was already reported to be proportional to 

chlorophyll a for phytoplankton (Marañón et al., 2007), which explains how the IBP from C. 

polykrikoides is increased during photosynthesis. As well as C. polykrikoides, other 

phytoplankton can be similarly studied by acoustic methods. 

The viscosity of blood depends on RBC aggregation, and RBC aggregation depends on 

shear rate and other factors such as viscosity, acceleration, and so on. Hence, a more accurate 

analysis would be possible for the variation of blood echogenicity in the radial artery. 

Moreover, the clinical application is needed for diagnosis such as a comparative study 

between experimental and control groups. The vessel motion and the blood flow make the 

unique pulse wave in the RA. And the unique pulse wave has been utilized for the diagnosis of 

various diseases by the oriental medical doctors. Hence the quantitative analysis of the pulse 

wave should be studied.
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