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ABSTRACT

Concentration measurement of particles in suspension is an important procedure performed in
biological and clinical laboratories. Existing methods based on instruments such as
hemocytometers, coulter counters, and flow cytometers are often laborious, destructive, and
incapable of in vivo measurements. An ultrasound-based method has several unique advantages.
It can be nondestructive and noninvasive, which allows a much larger portion of the sample to be
analyzed, improving the accuracy and decreasing required sample volume. Also, ultrasound
methods have the potential for in vivo measurement in the clinical setting, where cell
concentration in liquids such as cerebrospinal fluid can be measured noninvasively without
requiring a lumbar puncture. In this work, a new method is presented that estimates absolute
particle concentration from high frequency B-mode ultrasound images. The method is based on
the detection and characterization of the echoes from individual particles to estimate the effective
slice thickness of the image. Prior characterization of the sample is not required because the
estimation relies only on parameters that are measured directly from the image. The particle type
differential is also performed by using the backscatter coefficient. The method is demonstrated
by measuring microsphere suspensions as well as human T cell suspensions using a
mechanically scanned single element transducer imaging system and a VisualSonics Vevo 2100.
The proposed method has a wide range of potential clinical applications including noninvasive
measurement of cell concentration in biological fluids.
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1. Introduction

Concentration measurement of particles in suspension is an important procedure performed
in various industries including basic biology, pharmaceutics, and clinical medicine. In biological
and biotechnological laboratories, cell concentration is routinely measured to monitor cell
growth and the progression of experiments. In clinical laboratories, white blood cell (WBC) and
red blood cell (RBC) concentrations are key parameters measured for blood and cerebrospinal

fluid (CSF) samples.

In this chapter, we first describe existing methods for measuring the concentration of
particles in suspension in Section 1.1. The characteristics of the methods are discussed as well as
their key limitations. In Section 1.2, an overview of the framework developed in the field of
quantitative ultrasound for analysis of fluid and particle suspension is provided. In addition, a
literature review of some of the key publications in this field is provided including their key
achievements and limitations. The overview of the proposed method is discussed in Section 1.3
followed by an introduction of the key clinical application of the proposed method in

Section 1.4. Finally, the organization of the thesis is provided in Section 1.5.

1.1 Existing Particle Concentration Measurement Methods

Several existing instruments and methods for measuring particle concentration are available
including hemocytometers, also known as counting chambers, coulter counters, and flow
cytometers. Examples of these instruments are shown in Figure 1-1. The most often used method
in the laboratory setting utilizes a hemocytometer, a microscope slide with a precisely
manufactured chamber of a known volume. There are different types of hemocytometers
depending on the size of the chamber, and their applications differ depending on the range of
concentration of the sample being analyzed. An Improved Neubauer hemocytometer and its grid
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are shown in Figure 1-1 (a) and (b), respectively. The sample is placed in the chamber and
particles are counted under an optical microscope. The concentration is measured by dividing the
number of particles counted by the volume of the chamber. Measurements are repeated in order

to increase accu racy.

Another method involves the Coulter counter shown in Figure 1-1 (c), which is an automatic
particle counting and sizing instrument. It employs a technique based on impedance
measurement, referred to as the Coulter principle, and operates by passing individual particles
through a small orifice and sensing the impedance change caused by the presence of the particle

[1]-[3]. The impedance change can be also used to estimate the size of the particle.

A flow cytometer shown in Figure 1-1 (d) is another instrument that can automatically
measure particle concentration, although it has additional capabilities. A flow cytometer can
precisely align the particles in a single line using laminar fluid flow, and analyzes individual
particles for their impedance using the Coulter principle, or for their optical response using
lasers. Flow cytometers can also actively separate and sort the particles based on their response,
resulting in the flow cytometer’s status as an indispensable instrument for life science research.
Although powerful instruments, absolute particle concentration measurement in flow cytometers
is not straightforward; while they can precisely count the number of particles, they generally do
not track the total volume that is analyzed. To solve this issue, reference particles, also known as
absolute count beads, of a well-characterized concentration are added to the sample. By counting
the reference particles, the volume analyzed can be calculated, from which concentration of the

sample particles can be measured [4].
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Figure 1-1. (@) Improved Neubauer hemocytometer. (b) Grid for Improved Neubauer
hemocytometer (image source: http://www.marienfeld-superior.com). (c) Coulter counter,
Beckman Coulter Z2 (image source: www.bckmancoulter.com) (d) Flow cytometer BD
FACSVerse (image source: www.bdbioscience.com).

While these methods work well, they are not without limitations. The hemocytometer
requires substantial manual handling that makes measurement time-consuming and laborious,
and requires a well-trained technician to achieve accurate results. Also, due to its small analysis
volume, it is less accurate for low concentration samples such as CSF [5]-[7]. The Coulter
counter is automated and works well, but it is also less accurate for low concentration samples

due to background electrical noise [5], [8]. The flow cytometer is a powerful instrument, but
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expensive due to its many functions, and it requires the additional step of adding absolute count

beads, which becomes a source of additional cost and error.

Ultrasound, on the other hand, provides several unique advantages for fluid sample analysis.
At the typical level of acoustic energy used for ultrasound imaging, the method is nondestructive,
which allows analyzing biological samples such as cells without harming them [9]-[11]. It can
also be non-contact such that the sample can be analyzed while in the collection vial if the vial is
ultrasound transparent. This allows the sample to be analyzed without being contaminated, and
thus the same sample can be used for other analyses reducing the overall required volume to be
collected. Also, because the sample does not have to be discarded after analysis, a larger volume
of the sample can be analyzed, thus increasing accuracy, especially for lower concentration

samples.

1.2 Quantitative Ultrasound

Estimation of particle concentration using ultrasound is not a new idea. There has been a
significant amount of research in the field of quantitative ultrasound (QUS). QUS is a topic
within the field of ultrasound focusing on tissue characterization based on the theory that
ultrasound backscatter signal from a material has a specific spectral signature. One of the most
significant developments under QUS is the concept of backscatter coefficient (BSC), a parameter
derived by normalizing the backscatter intensity by the incident intensity. When normalization is
done correctly, the BSC is a function of only the material and independent of the transducer
characteristics, experimental setup, or the operator. The integrated backscatter coefficient (IBC),
an integration of BSC over the frequency band of interest, is another key parameter often used in

QUS. The BSC framework proposes that BSC and IBC can be used to characterize the size and

18



concentration of small scatterers contained within a material. The following discussion

introduces the key literature in QUS and fluid sample analysis based on BSC and IBC.

The theoretical framework for BSC was developed by Lizzi et al. [12], [13] and Insana et al.
[14]. The framework is based on fitting the BSC to a theoretical scattering model such as the one
developed by Faran [15] to extract parameters relevant to the population of scatterers within the
object. Since the initial development, there have been extensive studies on phantom as well as
biological tissues in pre-clinical and clinical settings using this approach. Some of these works

focus on individual cells [16], studies of blood [17], [18], and tissue-mimicking phantoms [19].

Tunis et al. [20] discuss experimental results using acute myeloid leukemia cells (OCI-
AMLS5) and prostate adenocarcinoma cells (PC-3) suspended in phosphate-buffered saline (PBS)
solution. A 20 MHz spherically focused transducer is used to measure the sample. Tunis and
coworkers show that the fit parameters, a and c/v, of a generalized gamma distribution have an
increasing trend with increasing cell concentration. However, they are able to show only a trend

with concentration, and do not provide any means to achieve an absolute measurement.

Leithem et al. [21] use glass beads and ultrasound contrast agents to demonstrate a BSC-
based concentration measurement technique. The measurements are made with a 20 MHz
spherically focused transducer. The concentration range studied is greater than 1000 particles/uL.
They use a Levenberg-Marquardt [22], [23] regression technique to fit the measured data to a
theoretical scattering model by Faran. Particle size distribution and concentration are extracted
from the fit. The result from the fit is compared against hemocytometer result, and the two show
close agreement. This work does provide a way to estimate the absolute concentration; however,

this method strongly depends on the accuracy of the model being used to fit the data. If the
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sample or the measurement condition changes such that the model does not accurately estimate

the attenuation, this method will not work.

Mercado et al. [24] estimate relative cell concentration in 3D engineered tissue using high-
frequency ultrasound. This work seeks to address the need in engineered tissue fabrication for
nondestructively characterizing and monitoring the cellular properties of the engineered tissue.
Mercado et al. use 30 and 38 MHz spherically focused single element transducers to scan the
sample, which have varying concentrations ranging from 10 to 1000 cells/uL. They calculate the
BSC and IBC from the measurements. Samples without any cells and with low concentration of
cells at 10 cells/uL are excluded from the analysis because the backscatter energy from the
sample is too low. IBC from higher concentration samples is found to increase linearly with cell
concentration. As in other works, this work is able to show only the relative measure of
concentration and does not provide any means to acquire absolute concentration. In addition,
their method fails at low concentrations because backscatter energy from a low concentration

sample is not high enough to be reliably detected.

More recently, Elvira et al. [25] and Jimenez et al. [26] present their work on measuring low
concentration cell suspension using the BSC method. Elvira et al. show concentration
measurement results of Saccharomyces cerevisiae suspension samples. They use a 50 MHz
transducer to measure the backscattered signal from the sample. The echoes from the cells are
detected by using the Non-negative Matrix Factorization denoising technique. They are able to

measure relative concentration for samples with concentrations from 10 to 1000 cells/puL.

Jimenez et al. show concentration measurement of WBC, with the goal of eventual CSF

analysis application. They use a 75 MHz transducer to measure the backscattered signal from the
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WBC suspension. The BSC of the samples are used to provide the relative concentration of the
samples. Although the work states that they are able to measure 0 to 50 cells/uL, the presented
results for the lower concentration range are not accurate, which is likely due to the fact that the
backscattered energy is too low. More importantly, neither Elvira et al., nor Jimenez et al., are
able to provide a measurement of the absolute concentration, which significantly limits the

applications.

The BSC and IBC based methods that have been developed so far can provide relative
concentration between different samples, but are not able to reliably measure absolute
concentration without some type of additional calibration or reference measurements. This
limitation is especially non-ideal for in vivo applications where accurate reference measurement
is difficult if not impossible. Model-based approaches as in [21] are challenging in in vivo
applications due to high intra- and inter-patient variability observed in biological parameters.
Also, BSC and IBC based methods are not suitable for samples with low concentration because
the backscatter energy is not high enough to be reliably detected. With any realistic amount of
attenuation expected in a real measurement setting, the backscattered energy from a low

concentration sample will likely be buried under noise.

1.3 The Proposed Method

The proposed method in this work departs from the traditional framework of QUS, which
relies on frequency domain analysis, and approaches the problem in the spatial domain. It has
been shown that when the particle concentration is low and the particle size is similar to the
wavelength of the ultrasound, individual particles can be distinguished in B-mode ultrasound
images [27], [28]. This is different from resolving particles, since resolution requires that the
wavelength of the ultrasound be smaller than the object being imaged. Rather, the particles are
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distinguished if there is no more than one particle per resolution cell of the ultrasound beam.
This allows for detection and counting of the particles visible in an image, making it possible to
obtain the number of particles per image. While this can be done relatively easily, measuring the
absolute concentration requires knowing also the volume being analyzed by the ultrasound
image, which is challenging because the out-of-plane thickness of the image, or the slice
thickness, is unknown. One might attempt to use the typical -6 dB beam width to estimate the
thickness, but as will be discussed in Section 2.1, the actual beam width interacting with the
particles in a sample is dependent on not only the imaging system, but also on the acoustic
characteristics of the sample. Therefore, using a fixed beam width as the slice thickness will lead

to an incorrect result.

This work proposes a method for using B-mode images to measure absolute concentration of
particles in suspension for low concentration samples. The method is based on detecting
individual particles in the image to acquire a particle count and using the characteristics of the
echoes to estimate the volume analyzed by the image. The method is entirely image-based and
does not require any prior characterization of the sample. A preliminary result from this work has
been published [29], which proposed a method for measuring particle concentration from B-
mode images acquired with a mechanically scanned radially-symmetric single element
transducer. In this thesis, the theoretical background for the proposed method is further
developed and the method is generalized to be applicable for other types of imaging systems

including arrays, which is essential for in vivo clinical use cases.
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1.4 In Vivo Clinical Application
While the proposed method is a general one that can be applied to a wide range of
applications, in vivo clinical application targeting neonatal bacterial meningitis (BM) is unique

and interesting and provides a strong motivation for this work.

BM is an acute inflammation of the meninges usually caused by bacterial infection of the
CSF. It is a serious condition that if untreated, can lead to neurological damage and even death
within 48 hours [30]. The prevalence of BM is generally low, although it is region-dependent,
with around 600 cases in the United States and around 4000 cases in the world annually [31].
Death rate is high at around 10%, with 30 — 50% suffering disabilities such as cognitive damage
and hearing loss [32], [33]. Newborns and young infants (1 to 3 months) are at a higher risk for
BM because their immune systems are not fully developed, so the initial diagnosis and

monitoring of the progress in these populations is extremely important [33].

Currently, when young infants present fever without source (FWS) and overall healthy
appearance, blood and urine analysis, and lumbar puncture (LP) are performed. Due to the
severity and rapid progression of the disease, treatment for BM using broad range antibiotics
typically begins immediately even without a conclusive diagnosis [34], [35]. Due to its low
prevalence, around 90% of LPs show negative result for BM in the United States [36]. This is
despite the fact that LP is a highly invasive and painful procedure even for adults and the fact
that treatment is a form of aggressive antibiotics that could have severe side effects. In addition,
due to procedural difficulty especially with young infants, the rate of traumatic LP, where the
procedure results in unsuccessful acquisition of CSF sample, is high. Therefore, there is a

significant need for a device that can provide clinicians with a way to screen and diagnose young
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Figure 1-2. A comparison between normal and infected CSF [37]. (a) Normal CSF should be
clear and water-like in appearance. (b) Infected CSF can become yellow and turbid due to
increased cellularity and protein.

infants with symptoms in order to reduce unnecessary LPs as well as avoid aggressive treatment

that may be unnecessary.

Once the CSF sample is acquired through LP, WBC type and concentration is measured
along with protein and glucose concentrations. Also, the CSF sample is cultured to identify the
bacteria causing the infection. CSF culture is the most accurate method of diagnosis, and
identification of bacteria helps target the treatment [35]. However, the culture requires relatively
long time (1 to 3 days) compared to the fast progression of BM. Therefore, although LP can
provide accurate diagnosis, the discomfort and difficulty of the procedure, as well as the long
wait time, renders LP a suboptimal diagnostic tool. In addition, due to the invasive nature of the

procedure, it cannot be done regularly, rendering LP a suboptimal monitoring tool as well.
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It is established that WBC, protein, and glucose levels in CFS are good indicators of
infection, although they cannot give conclusive diagnosis. These parameters are currently used to
assist clinicians’ decisions before the result of the culture. Figure 1-2 shows the change in color
and turbidity of CSF with infection due to changes in these parameters [37]. In case of BM,
increase in WBC and protein concentrations and decrease in glucose concentration are observed
in most cases. Although these parameters cannot replace CSF culture, they have the potential to
be used as a screening method or a monitoring method for BM. However, currently there is no

way to measure these parameters noninvasively without an LP.

The criteria for WBC, protein, and glucose levels differ for different countries, regions,
hospitals and clinicians [38], [39], but the consensus among the collaborating clinicians at Boston

Children’s Hospital is shown in Table 1-1.

Table 1-1. WBC, protein, and glucose concentration threshold for healthy and infected CSF.

WBC (cells/uL) Protein (g/L) Glucose (g/L)
Healthy 0-10 05-1 >4
Infected > 10 >1 <4

While an LP is unavoidable for CSF culture, a method that can measure WBC, protein, and
glucose concentrations easily and noninvasively has the potential to be used as a screening
mechanism to assist clinicians’ decision on LP and treatment. Also such method can also be used

as a monitor mechanism, which can provide an indication of the disease or treatment progress.

WBC concentration measurement has the potential to be done noninvasively with ultrasound
imaging. Newborns and young infants have a special advantage of having fontanels, also called
“soft spots” that are areas on the head where there is an opening in the skull. This provides an

acoustic window through which ultrasound imaging can be done. CSF is accessible through the

25



fontanelle, less than ~ 5 mm from the skin surface. In fact, transfontanel ultrasound imaging is

regularly done, but at a much lower frequency mainly to image the brain.

Two types of WBCs, neutrophils and lymphocytes, can be found in the CSF in case of BM.
The size of these cells is in the range of 10 — 15 um diameter while protein and glucose are much
smaller, in the nm range. The spatial resolution of high frequency ultrasound is in the same range
as the size of WBCs, which means that even imaging and detection of individual WBCs are
possible. Previous work indeed showed that 20 MHz ultrasound can image individual WBCs

(Figure 1-3) [27].
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Figure 1-3. Ultrasound images from [27] showing different concentration of AML cell solutions
(a) 0.0025%, (b) 0.05%, (c) 0.1% and (d) 0.8%. When concentration is low, the echoes from
individual cells can be clearly distinguished in the image. However, when the concentration is
high, individual echoes can no longer be distinguished. This occurs due to having more than one
cell in the resolution cell of the beam.

The ability to measure CSF WBC concentration noninvasively without an LP has the
potential to reduce the unnecessary LPs and enable the monitoring of the progression of the
disease. The proposed method in this work provides a way to achieve this, and thus has the

potential to affect the treatment of neonatal meningitis in a significant way.

27



1.5 Organization of Thesis

The thesis is organized as follows. The background and motivation for this work is discussed
in Chapter 0, including an overview of the in vivo clinical application involving neonatal BM. In
Chapter 2, the background and formulation of the proposed method are described in detail,
including an overview of our implementation of the proposed method. The details of the imaging
systems, samples, and the setup of the experiments are described in Chapter 3. Reference
measurement and statistical analyses methods are also discussed. In Chapter 4, the key findings
from six experiments using different sample types and imaging systems are presented to
demonstrate the success of the proposed approach. In Chapter 5, detailed discussion of key
aspects of the proposed method are presented. In Chapter 6, the contributions of this work is
summarized followed by the discussion of future work entailing possible improvements and

extensions to the proposed method.
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2. Method Description

In this chapter, we describe the proposed method in detail including the important principles
behind the method and the exact implementation of the method. First, an overview of the
proposed method and the fundamental principles behind the method are discussed in Section 2.1.
In Section 2.2, particle detection and parameter extraction steps necessary for the method are
discussed. This is followed by the derivation of the effective slice thickness calculation for
radially symmetric transducers in Section 2.3. The derived result is extended to a more general
case, including array transducers in Section 2.4 followed by the implementation of the method in
Section 2.5. In Section 2.6, the estimation of the uncertainty associated with different parameters

is discussed. The method is summarized in Section 2.7.

2.1 Overview

The coordinate system used throughout this work is shown in Figure 2-1 and is defined as
follows. The transducer is at the top of the image and the transmitted ultrasound beam propagates
downward. The axial direction (z-axis) and lateral direction (x-axis) are along the depth and the
width of the image, respectively. The elevational direction (y-axis) is perpendicular to the image
plane. The origin (x =0,y =0, z = 0) is located at the top left corner of the image. The image

plane is located at y = 0. The slice thickness refers to the out-of-plane thickness of the image.
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Figure 2-1. Coordinate system used in this work. It is assumed that the transducer is at the top of
the image and the direction of the transmitted ultrasound beam is downward. The axial direction
(z-axis) is along the depth of the image. The lateral direction (x-axis) is along the width of the
image. The elevational direction (y-axis) is perpendicular to the image plane (out-of-plane).

The goal of this work is to measure the concentration of particles in suspension using high
frequency B-mode ultrasound imaging. It has been shown that when the wavelength of the
ultrasound is on the order of the scatterer size and the concentration of scatterers is low such that
there is no more than one scatterer per resolution cell of the beam, individual scatterers can be
identified in the resulting B-mode image [11], [27], [28]. Figure 2-2 shows B-mode images of
monodispersed sample of 15 um polystyrene (PS) microspheres suspended in distilled water.

The image is acquired by mechanically scanning a single element transducer.
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Figure 2-2. B-mode images of 15 um PS microspheres suspended in distilled water acquired with
mechanically scanned single element transducer. Four concentrations are shown: (a) 0.9
particles/uL, (b) 1.7 particles/uL, (c) 3.4 particles/uL, and (d) 6.9 particles/uL. Individual
particles can be distinguished in the images because the particle concentration is low.
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Figure 2-3. Description of effective beam width. (a) Conventional -6 dB beam width defined in
reference to the peak intensity of the beam. (b) Effective beam width when the maximum echo
intensity is 10 dB above the detection threshold, and (c) 2 dB above the detection threshold.

Calculating the concentration requires quantifying both the number of particles and the
volume of the sample that is analyzed. Given the B-mode images of the sample, it is relatively
straightforward to determine the number of particles visible in the image by using various
existing particle detection methods. However, quantifying the volume being analyzed by the
image is difficult because the slice thickness of the image depends not only on the beam
characteristics, but also on the characteristics of the particles, the suspension media, and the
experimental setup. This means that the slice thickness cannot be estimated by using the beam

width calculated from the beam characteristics only, such as the -6 dB beam width.

In order to facilitate the discussion of the proposed method, the concept of effective beam
width is introduced here. The term effective is used to convey that the beam width is not referring
to a single quantity defined by the beam characteristics alone, but rather is a quantity that
depends on the entire setup of the measurement, including the imaging system and the sample.
The effective beam width can be defined as the extent to which a scatterer can deviate from the

axis of the transducer and still produce an echo that can be detected in the image.

32



There is an important distinction between the effective beam width and the typically quoted
-6 dB beam width. As shown in Figure 2-3 (a), -6 dB beam width is determined from the beam
profile and measured in reference to the maximum intensity of the beam at a given axial position.
Therefore, it depends only on the beam characteristics and is independent of the sample being
imaged. On the other hand, the effective beam width is determined from the pulse-echo beam
profile from a real physical scatterer, which means that it depends also on the characteristics of
the sample such as the size, shape, and echogenicity of the scatterer and the attenuation of the
medium. As shown in Figure 2-3 (b) and (c), depending on the echogenicity of the scatterer, the
resulting effective beam width can vary widely. Characterizing the effective beam width allows
capturing the aggregate effect of the interaction between the beam and the sample without having

to characterize each separately.

We suggest that the effective beam width in the lateral direction can be characterized directly
from the image. The proposed method utilizes the phenomenon of scatterer spreading in order to
quantify the effective lateral beam width, which is then used to estimate the effective elevational
beam width or equivalently, the effective slice thickness. The scatterer spread function (SSF),
which quantifies the extent of scatterer spreading, is similar in concept to the point spread
function (PSF). While the PSF describes the spreading observed in the resulting image from an
ideal point object and expresses the impulse response of the imaging system, the SSF describes
the spreading observed in the image due to a physical scatterer. Scatterer spreading occurs
because the echo from a scatterer is visible on multiple scan lines due to the nonzero lateral beam
width and the nonzero size of the physical scatterer. Since scatterer spreading is the consequence
of the interaction between the beam and the physical scatterer, quantifying the amount of

spreading provides information about the effective lateral beam width.
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The proposed method is based on detecting and characterizing the amplitude and SSF of
echoes from the particles and using them to estimate the effective slice thickness of the image.
Since the characterization is directly from the image of the sample, the method can adapt to each

measurement setup without the need for a calibration or reference measurement.

2.2 Particle Detection

Particle detection is performed on envelope-detected images by locating the echoes from
individual particles. The detection algorithm is run on all frames that are acquired during the
measurement. To improve detection accuracy, noise reduction is performed by using a median
filter and a 2D Gaussian filter. The particle detection is performed using an algorithm based on
template matching with a 2D Gaussian as the template. A more sophisticated template may be
used based on some general prior knowledge about the scatterers, or a template could be

extracted from training data.

In the following discussion, data acquired from a 15 um PS microsphere sample (55
particles/uL) by scanning a high frequency radially-symmetric single element transducer is used
as an example. Figure 2-4 shows the result of the particle detection and the parameter extraction
steps. Figure 2-4 (a) shows a B-mode image of the sample and the result of the detection marked
by red circles. For each echo, the corresponding location in the 2-dimensional (2D) radio
frequency (RF) data is extracted for BSC calculation as shown in Figure 2-4 (b). The echo
envelope is fitted to a 2D Gaussian as shown in Figure 2-4 (c) to estimate its amplitude, position,
and lateral standard deviation, which is used to characterize its SSF. The axial and lateral
positions of the particle are determined from the location of the centroid of the Gaussian fitting.
The BSC along the axial direction is calculated by averaging the magnitude of the Fourier
transforms of each scan line and dividing by the flat reflector measurement as shown in (1). N is
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the number of scan lines in the extracted RF data, Hi(f) is the Fourier transform of the i scan
line, and Hsat(f) is the Fourier transform of the flat reflector measurement . The magnitude of the
BSC is normalized with reference to the magnitude of the first peak since its absolute magnitude
is not needed. The BSC for the given echo is shown in Figure 2-4 (d). The frequency of the first
peak in the BSC is used for particle type clustering, which enables the measurement of

concentration of each type of particles present in the sample.

Lon mep|
N i=1 L
Hflat(f)

Normalized BSC = Normalize

@)

The detection results from all measured frames are shown in Figure 2-5. The scatter plot of
the detected echoes’ amplitude vs. lateral position and axial position are shown in Figure 2-5 (a)
and (b), respectively. Figure 2-5 (c) shows the scatter plot of the lateral standard deviation vs.
axial position. Each point in the scatter plots represents an echo that is detected in the image.

Figure 2-5 (d) shows the histogram of the peak frequency from the BSC of each echo.

As expected, Figure 2-5 (a) shows that the echo amplitude has no visible dependency on its
lateral position. This is because the scanning, whether done mechanically or electronically, is
along the lateral direction. Therefore, ignoring the effect near the edge of the transducer in the
case of array imaging, the characteristics of the beam should remain unchanged from one scan
line to another. However, at a given lateral position, a wide range of amplitudes is observed. This

variation is due to the differences in the axial and elevational position of the scatterers.
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Figure 2-4. (a) A B-mode image of 15 um PS microsphere suspension. The detected particles are
marked by red circles. (b) The corresponding 2D RF data for the echo marked by the yellow
circle. (c) 2D Gaussian fitting of the corresponding echo to extract its amplitude, position, and
lateral standard deviation. (d) Normalized BSC for the echo compared to the Faran model for a

15 pm diameter PS microsphere.
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On the other hand, as shown in Figure 2-5 (b), the echo amplitude shows a strong
dependence on its axial position (depth). The amplitude reaches a maximum around the focal
point of the transducer, which, in this case, is at 12.7 mm, because the acoustic energy is the
highest around the focal point. At a given axial position, a large range of amplitudes is observed.
This variation must result from the differences in the elevational position of the scatterers since it
has already been shown that the amplitude does not depend on the lateral position. The
elevational position of the scatterer has a strong effect on the echo amplitude. The amplitude
reaches its maximum when the scatterer is located on the imaging plane (y = 0), and decreases as

the scatterer location deviates away from the imaging plane.

The standard deviation also shows some dependency on the axial position as seen in
Figure 2-5 (c), but, at a given axial position, there is only a small range of variation. This shows
that while the echo amplitude is strongly affected by the elevational position, the lateral standard
deviation and therefore SSF remain relatively constant. This is an important observation that
supports the assumption required to derive the relationship between the echo amplitude and the

effective lateral and elevational beam width, discussed in the next section.

Finally, the histogram in Figure 2-5 (d) shows that the peak frequencies are distributed
around 50 MHz as predicted by the Faran model for 15 um PS microspheres [15], [40]. In
monodispersed samples, the peak frequencies are used to select only the particles of interest and
remove any echoes from unwanted scatterers such as microbubbles or other impurities in the
sample. In polydispersed samples, the peak frequencies are used to cluster the scatterers such that

the concentration of each particle type can be calculated.
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Figure 2-5. Results from running the particle detection algorithm on the entire set of frames.
(a) Echo amplitudes vs. lateral positions. (b) Echo amplitudes vs. axial positions. (c) Echo lateral
standard deviation vs. axial positions. (d) Histogram of the peak frequency in BSC.
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2.3 Effective Slice Thickness Calculation

The effective slice thickness is calculated using the echo amplitudes and the lateral standard
deviation measured from the image. The proposed method requires two assumptions: first, the
pulse-echo beam profiles in both lateral and elevational directions are modeled as Gaussian; and
second, the SSF is assumed to be constant for all echoes at a given axial position, independent of
their lateral or elevational position. The effective slice thickness calculation will be first derived
for imaging with a mechanically scanned radially-symmetric single element transducer and will

be then extended to a more general case including linear arrays.

Figure 2-6 shows a simplified diagram explaining the principle behind the proposed method.
Figure 2-6 (a) shows two identical scatterers, A and B, with equal axial positions, but unknown
elevational positions. After a long observation time and seeing sufficient number of echoes,
assume that A produces the maximum observed amplitude echo and B produces the minimum
observed amplitude echo. The resulting idealized B-mode image is shown in Figure 2-6 (b), and
the lateral cross-section of the image at the axial location marked by the red dotted-line in Figure
2-6 (b) is shown in Figure 2-6 (c). The echo from A has larger amplitude than that of B, but the

SSF is equal and modeled by a Gaussian function with standard deviation of ossex.

Since both scatterers have an equal axial position and the effect of the lateral position on the
echo amplitude is negligible, the difference in the echo amplitude of the two scatterers must
result from the difference in their elevational position. The acoustic energy is the highest on the
imaging plane (y = 0) and decreases away from it. Therefore, a scatterer positioned exactly on
the imaging plane will produce the highest amplitude echo and those that deviate from it will
produce lower amplitude echoes. The exact relationship between the echo amplitude and the
elevational position of a scatterer is determined from the effective elevational beam profile.
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Figure 2-6. Diagram describing the principle behind the proposed method. (a) Position of the two
ideal scatterers A and B who have an equal axial positions. (b) Resulting idealized B-mode
image from the two scatterers in (a). A produces a maximum echo and B produces a minimum
echo. (c) The cross-section of the B-mode image at the position marked by the red dotted line.
(d) The possible elevational positions of A and B deduced from the amplitude of their echoes.
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In the case where the imaging is performed using a radially-symmetric transducer, which has
a circular cross-sectional beam shape, the effective elevational beam profile is identical to the
effective lateral beam profile. Therefore, the effective elevational beam profile can also be
modeled by ossrx. With this information, the elevational position of A and B can be determined.
Since A produced the highest observed amplitude echo, it must have been located on the imaging
plane (y = 0) as shown in Figure 2-6 (d) marked by an X. On the other hand, B had lower
amplitude echo than A, which means that it must be deviated from the imaging plane. The exact
elevation position of B can be calculated by, first, modeling the effective elevational beam
profile Py as (2) where ascata is the amplitude of the echo from A.

y2
Py(y,2) = Gscqta €Xp (‘ m) 2

The amplitude of the Gaussian function is ascata since an echo amplitude of ascata is produced
when a scatterer is positioned at y = 0. The elevational position of B is calculated by finding y
when Py is equal to ascas as shown in (3) and (4). There are two possible positions, with B either

in front of or behind the imaging plane. The two positions are marked by Xs in Figure 2-6 (d).

_ Y scath
AscatB = Ascata €EXP | — 20_2—(2) (3)
SSFx

’ Ascata
YscatB = iUSSFx(Z) 2 ln< e > (4)
AscatB

Additionally, since B produced the lowest observed amplitude echo, it must have deviated

the farthest away from the imaging plane among all observed echoes. If this were not true and
there were another scatterer farther away from the imaging plane, that scatterer had to have

produced a lower amplitude echo, in which case, the echo produced by B would not be the
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lowest amplitude. Therefore, the two possible locations calculated by (4) also define the effective
slice thickness tsice(z) of the image at the given axial position as shown in (5) where Amax(z) is
substituted for ascata and Amin(z) for and ascas. Amax(z) and Amin(z) refer to the maximum and

minimum observed echo amplitude at a given axial position z, respectively.

Amax (Z)> (5)

tsiice (2) = ZO-SSFx(Z)\/Z In (A—(Z)

This is an important result because it enables the estimation of the effective slice thickness at
a given axial position by using just the observed maximum and minimum echo amplitudes and
the standard deviation of the spreading at the given axial position, which are parameters readily
available from the B-mode images of the sample. Once the effective slice thickness is found as a
function of the axial position, the image volume can be easily calculated, which can then be used

to calculate the absolute concentration.

2.4 Effective Slice Thickness Calculation — Generalization

In a more general case, such as imaging with a linear array, the transducer is not radially-
symmetric and the cross-sectional beam shape is not a circle but rather is an ellipse. This means
that the pulse-echo beam profile in the lateral direction is different than in the elevational

direction. To accommodate this, (5) can be modified to (6), where Rer is defined as in (7).

Amax
Lstice (Z) = ZReZ(Z)O_SSFx(Z)\/Z In (A—((ZZ))) (6)
_ Ossry (2)
Rei(2) = eore (@) (7)

The parameter Re is the ratio between the scatterer spreading in the elevational direction and
lateral direction. While the lateral SSF can be measured from the image, the elevational SSF
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cannot typically be directly measured as imaging would have to be performed while scanning in
the elevational direction, which is not routinely or easily done. Instead, in the proposed method,
Rel is estimated as in (8) by measuring the ratio between the elevational beam profile and the
lateral beam profile using either simulation or measurement of the beam profile. This is based on
the assumption that the elevational beam profile is affected by a physical scatterer in the same
fashion as the lateral beam profile. Therefore, while both lateral and elevational SSF depend on
the type of sample being imaged, the ratio of the two remains independent of the scatterer. It is
important to note that the estimation of Re and therefore the elevational SSF only requires
characterizing the imaging system, but not the sample.

_ Ossry(2) ~ ay(2)
Osspx(2) — 0x(2)

Rel (8)

For the experiments performed in this work using the Vevo 2100, the pulse-echo beam
profile is simulated with one transmit focal zone centered at 7 mm. The simulation is performed
with Field 11 [41], [42]. The simulated beam profiles are not provided due to the proprietary
information used in the simulation. However, the cross-sectional beam profile is an ellipse, as

expected, with an Re value of 1.2.

2.5 Algorithm Implementation

A MATLAB based algorithm for effective slice thickness and absolute concentration estimation
is implemented as follows. Since echo characteristics have a strong dependence on the axial
position of the scatterers, the detection results are first sliced along the axial direction (depth).
Figure 2-7 (a) shows the echo amplitude vs. axial position, with the different colors representing
the different axial slices. The length of the axial slices I siice and the amount of overlap between

the adjacent slices lzsiiceov are chosen depending on the characteristics of the transducer, such as
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the frequency and the f-number. The overlap is used to ensure the smoothness of the parameter.
For the example in Figure 2-7, axial slice length lzsiice of 100 pm and overlap length lzsiiceov OF 80
um are used. Figure 2-7 (b) shows the lateral standard deviation vs. axial position for different

axial slices.

For each axial slice, the number of detected echoes Nsiice(z) are first determined. From the
echoes in a given axial slice, the maximum and minimum observed amplitudes, Amax(z) and
Anin(z), and the lateral standard deviation ossrx(z) are determined. Amax(z) and Amin(z) are
determined by taking the 95% and the 5% echo amplitudes, respectively, instead of taking the
actual maximum and minimum amplitude. This is done in order to reduce the susceptibility to
outliers, which can drastically affect the resulting effective slice thickness. The value of ossex(2)
is determined by averaging the observed lateral sigma at a given axial position z. Using these
values, the effective slice thickness for the given axial slice is calculated according to (6). Since
the image width W and the slice window length Izsiice are now defined, the slice volume Vsiice(z)

and slice concentration Csiice(z) can be calculated as in (9) and (10).

Vstice (Z) =W X lzsiice X tsiice (Z) (9)
N lice(Z)

Cstice(2) = ———= (10)
stice Vslice (Z)

The calculation is repeated for all axial slices. Figure 2-7 (c) shows a plot of number of
detected echoes as a function of axial position, which is acquired by counting the total number of
detected echoes in the corresponding axial slice. Figure 2-7 (d) shows a plot of effective slice
thickness as a function of axial position. The plot shows that the effective slice thickness reaches
maximum around the focal point of the transducer and decreases moving away from it. This may

seem counter-intuitive at first since beam width is thought to be the narrowest at the focus of the
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transducer and one might expect that so should the slice thickness. This is true when -6 dB beam
width is considered where the width is calculated relative to the peak amplitude at that axial
position: since the beam is most converged at the focus of the transducer, the -6 dB beam width
is the narrowest at the focus. For the effective slice thickness, however, the beam width is
measured at an absolute amplitude determined by the dynamic range of the image and the
detection algorithm, and should be appropriately constant for all axial positions. Since the
intensity of the beam is the highest at the focus, a larger portion of the beam exceeds the
reference amplitude leading to a larger effective beam width. Away from the focus, even though
the beam spreads more, the intensity is lower, resulting in a smaller portion of the beam

exceeding the reference amplitude, which leads to a smaller effective thickness.

Figure 2-7 (e) shows the particle concentration for each axial slice. Ideally, the slice
concentration should remain constant over the entire range since the concentration should be
uniform throughout the sample. However, the slice concentration calculation varies depending
on the axial position, reaching a significantly higher concentration in the axial slices that are
farther away from the focus. This is due to noisy or faulty detections in those slices arising from
low beam intensity. Since the beam is diverged, the echoes are weaker but wider, which leads to
over-counting of the echoes. However, the amplitude of the echoes are still measured correctly
and the effective slice thickness is accurately estimated. Since the volume is estimated correctly,
but the number of particles is overestimated, this leads to overestimating the concentration in low
intensity axial slices. For this reason, the final concentration is calculated as an average of
Cslice(2) using only the axial slices within the -6 dB effective depth of focus (DOF) as determined
from the amplitude vs. axial position plot in Figure 2-7 (a). The term effective is used to

emphasize the fact that DOF in this context refers to a parameter that is not only dependent on
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Figure 2-7. Results from the particle detection sliced along the axial direction: (a) echo
amplitudes vs. axial positions and (b) echo lateral standard deviation vs. axial positions.
Calculated parameters: (c) number of detected echoes per frame vs. axial slices, (d) effective
slice thickness vs. axial slices, and (e) slice concentration vs. axial slices. The black dotted lines
in the plots (c) — (e) represent the estimated measurement uncertainty.
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the imaging system but also on the sample type. The effective DOF refers to the one that would
be measured from the pulse-echo beam profile produced by the given particle types present in
the sample, which is why it is determined from the measured data and not the transducer
specification. Because the effective DOF is particle type dependent, the axial region used for the
final concentration measurement will vary for each particle type, even when they are in the same
sample as is the case for a polydispersed sample, which will be shown in Section 4.3. The region

used in the calculation for this sample is shown by the two red dotted lines in Figure 2-7 (c) and

(d).

2.6 Estimation of Measurement Uncertainty
There are uncertainties associated with calculation of each parameter and it is important to

evaluate their contribution to the final concentration calculation.

In Figure 2-7 (c), the black dotted lines show the estimated error bounds in acquiring the
particle count for each axial slice. The error is mainly due to two causes: first, the error in
particle detection and second, the sampling nature of the measurement process. As discussed
previously, the particle detection error increases for echoes that are farther away from the focal
point of the transducer because the beam diverges and the intensity decreases leading to lower
echo amplitude. Therefore, the error in particle detection is a strong function of the echo
amplitude. While it is ideal if the particle detection algorithm could be characterized so that the
detection error as a function of the echo amplitude can be quantified, it is not straightforward
how this can be achieved. Instead, the detection error due to echo amplitude, Erramp(2), is
estimated empirically using (11), where Amax(z) is the maximum observed echo amplitude at
axial position z, « is the proportionality constant, and S is a term that sets how strongly the error
is affected by the echo amplitude. Both o and f are set empirically from the measured data. First,
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a is set such that the detection error is minimized at the axial position where the maximum echo
amplitude occurs. The value of a is dependent on the absolute value of the echo amplitudes and
thus is different for each experiment. Second, f is set such that the detection error is low within

the DOF. For this work, S is set to 0.2.

B

Erramy(2) = a (m) (11)

The error in particle count due to the sampling nature of the measurement is estimated by
assuming that the particle count at a given axial position follows a Poisson distribution. This
results from the assumption that the particles in the sample are uniformly distributed in the
three-dimensional space and each measurement samples a finite volume of that space. Since the
standard deviation of a Poisson distributed random variable is the square root of the mean of that

random variable, the standard deviation of the particle count can be estimated by (12).

Osampling (z) = Ngiice (2) (12)
Since each measurement consists of one sample, the standard error SEsampiing(z) is also equal
to osampling(2). Combining the two components, the total particle detection error can be estimated

by (13), where 1.645 is used to calculate the 90% confidence interval.

ErTgetection(2) = ET7amp(2) + 1.645 X SEsqmpiing (2) (13)
As expected, the resulting particle detection error shown in Figure 2-7 (c) increases
drastically for axial slices that are farther away from the focal point of the transducer. While this
is only an estimation, it provides useful insight into the underlying behavior and also enables the
estimation of the contribution of the particle detection error to the final concentration

measurement.
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Another important source of error is in the estimation of the effective slice thickness. The
black dotted lines in Figure 2-7 (d) represent the 90% confidence interval for the effective slice
thickness estimation, which captures the uncertainty due to the variation observed in the lateral
sigma measurement. As discussed before, the method assumes that the scatterer spreading is
independent of the elevational position. While the range of lateral sigma values at a given axial
position is relatively small, they still vary. This variation directly contributes to the error in
effective slice thickness estimation, and therefore it is important to evaluate its contribution to
the error in the final concentration calculation. The confidence interval is calculated from the top

95% and the bottom 5% value of lateral sigma in Figure 2-7 (b).

The resulting measurement error is shown in Figure 2-7 (e). The upper and lower bounds
represents the estimation of the 90% confidence interval and are calculated from the error
associated with determining the number of particles and the effective slice thickness. As
expected, the measurement error is low around the DOF, which is noted to be the region between

the two red dotted lines, but increases outside of this region.

2.7 Summary

A summary of the proposed method is shown in Figure 2-8. Given RF data acquired with an
imaging system, envelope detection is performed and the particle detection algorithm is run. The
detection algorithm measures the amplitude, the axial and lateral positions, the lateral standard
deviation, and the BSC of each echo. Using the BSC measurement, the echoes are clustered into
different particle types such that the concentration measurement can be performed for each type.
The detection data is sliced along the axial direction according to the slice window length and
window overlap length parameters. The effective slice thickness is calculated from the maximum
and minimum observed echo amplitudes, and the standard deviation of the SSF according to (6),
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where Re represents the ratio between the elevational and the lateral SSF. In the case of a
radially-symmetric transducer such as a disk transducer, Re is equal to 1. In a non-radially-
symmetric case, Re is estimated through either prior simulation or measurement of the beam
profile. Using the calculated effective slice thickness, the slice volumes and concentration are
calculated. The overall sample concentration is calculated by averaging the calculated

concentration in each of the slices in the depth of field of the transducer.
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Figure 2-8. Summary of the proposed method. The sample is imaged with an imaging system.
The particle detection algorithm is run on the data from the measurement, which provides the
location, amplitude, SSF, and BSC of each detected echo. Using the BSC, the particles are
classified into different types, and concentration is calculated for each particle type.
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3. Experimental Work

In this chapter, a description of the experimental work performed to demonstrate the
proposed method is provided. The imaging systems and the samples used in the experiments are
discussed in Sections 3.1 and 3.2, respectively. An overview of the six experiments performed is
provided in Section 3.3. A method for providing the reference measurements and the statistical

analyses are discussed in Sections 3.4 and 3.5, respectively.

3.1 Imaging systems

High frequency B-mode images are acquired with two imaging systems: a mechanically
scanned single element transducer and a VisualSonics Vevo 2100. The mechanically scanned
single element transducer imaging system (MS) is shown in Figure 3-1 (a). The system consists
of a high frequency ultrasound transducer, a high frequency pulser-receiver (P/R), a digitizer,
and a 3-axis scanning stage driven with stepper motors. Figure 3-1 (b) shows the 75 MHz
spherically focused single element disk transducer (V3320, Olympus NDT, Waltham, MA). The
diameter of the transducer is 6.35 mm and the focal distance is 12.7 mm (f-number of 2). The -6
dB bandwidth of the transducer is 81%. There is a 20 us silica delay line attached to the front of
the transducer because there is no matching layer. A double shielded cable (BCM-74-x DS,
Olympus NDT, Waltham, MA) is used to connect to the transducer in order to reduce noise
coupling in from other instruments. The pulse-echo imaging is performed with a high frequency
square wave-based pulser-receiver (P/R) (UT340, UTEX Scientific Instruments, Ontario,
Canada). The amplitude of the excitation pulse is 250 V and the width is 10 ns, which is chosen
to maximize the amplitude of the echo from the sample. The low pass and high pass filter in the
P/R is turned off. Rather, filtering is performed digitally during post processing. The RF signal

from the P/R is digitized with a PicoScope 5444b oscilloscope (Pico Technology,
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Cambridgeshire, United Kingdom) shown in Figure 3-1 (c). The PicoScope 5444b is a USB-
based digitizer that has an on-board memory of 512 Mbyte and is capable of sampling rates up to

2 Gsps. For this setup, the sampling rate is set to 500 Msps at 12-bit resolution.

Linear scanning is performed with a 3-axis scanning stage driven with stepper motors. The
stage is built from ShapeOko 2, a low-cost, open source Computer Numerical Control (CNC)
mill [43] shown in Figure 3-1 (d). The stage has four stepper motors (NEMA 23), which are
driven with low-noise linear stepper motor drivers (CLD, Phytron Inc., Williston, VT) shown in
Figure 3-1 (e) to minimize the motors and the drivers from emanating electrical noise, which can
be detrimental to the signal-to-noise ratio (SNR) of the ultrasound signal. The motor on the
scanning direction is microstepped at 1/10 ratio to achieve a lateral resolution of 10 um. The
stage control and the trigger signal for the P/R and the digitizer generation are done with an
FPGA board (XEM3010-1000, Opal Kelly, Portland, OR) [44] that is connected to the computer
and interfaced through MATLAB (MathWorks, Natick, MA). An image is constructed by
stacking 350 scan lines spaced by 10 um, resulting in an image width of 3.5 mm. Images are

acquired on both scanning directions. RF data is acquired and processed using MATLAB.

The VisualSonics Vevo 2100 (Vevo) (VisualSonics, Toronto, Canada), a high frequency
ultrasound imaging system using linear arrays, is shown in Figure 3-2 (a). The Vevo is currently
the only commercially available array-based high frequency imaging system and is used widely
for animal studies in life science and clinical research laboratories [45], [46]. It is capable of
imaging up to center frequency of 50 MHz with solid-state linear array probes. For this work, an
MS550D probe shown in Figure 3-2 (b) is used that has a center frequency of 40 MHz with
-6 dB bandwidth of 82.5% spanning 22 to 55 MHz and a geometric focus at 7 mm. The

maximum image depth and width of MS550D are 14.1 mm and 15.0 mm, respectively. The
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resolution in the axial and lateral direction measured at the geometric focus is 40 um and 90 pm,

respectively. Each scan line is spaced by 36 um.

Figure 3-1. (a) Mechanically scanned single element transducer imaging system. (b) V3320, a 75
MHz spherically focused single element transducer. (c) PicoSope 5444b used to digitize the
output signal from the P/R. (d) 3-axis scanning stage built from an open source CNC mill kit.

(e) CLD, a low-noise linear stepper motor driver.
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Figure 3-2. (a) VisualSonics Vevo 2100 high frequency array-based imaging system.
(b) MS550D, a solid-state linear array probe with center frequency of 40 MHz. (c) Imaging setup
with the transducer in direct contact with the sample. The sample is contained in a polypropylene

cryogenic vial.
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3.2 Samples

Both non-biological and biological samples are used to demonstrate the proposed method.
The non-biological samples consist of microspheres suspended in distilled water. Three different
size and type combinations of microspheres are used: 10 pm and 15 pum polystyrene (PS)
(Sigma-Aldrich, Natick, MA), and 10 um silica (Corpuscular Inc., Cold Spring, New York) [47].

The particle sizes are chosen to emulate the size of human WBC.

The biological samples consist of human peripheral blood mononuclear cells (PBMC)
cultured with 50 IU/mL of rHu-IL2 for six to eight days before the measurement. The culture
condition is set to ensure that 99% of the cells are T cells, which are a type of WBC. More
specifically, these T cells (named after the thymus, the specialized lymphoid organ in which they
mature) are lymphocytes that play an important role in cell-mediated immunity. The T cells used
in this work are around 10 — 15 pm in diameter. The concentration measurements are made with

cells suspended in PBS.

For the non-biological samples, preparation and handling are done in a disposable
borosilicate glass culture tube shown in Figure 3-3 (a). This is chosen to minimize the
microspheres from adhering to the wall of the vial. The microspheres showed too much
adherence to the polystyrene and polypropylene centrifuge tubes widely used in life science
laboratories, causing the concentration to decrease over time. This was especially severe for high
concentration samples. For the biological samples, polypropylene centrifuge tubes are used,

which is the recommended vial for the cell type.

For both non-biological and biological samples, the actual measurement is made ina 2 mL

polypropylene round bottom cryogenic vial shown in Figure 3-3 (b). Polypropylene is chosen
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despite the fact that microspheres adhere to the surface because glass tubes of the required size
were not available. In order to reduce adherence, the measurement vial is first rinsed with a
medium concentration sample to coat the surface. This improves the stability of the

concentration of the actual sample being measured.

For the non-biological samples, the transducer is in direct contact with the sample in order to
maximize the acoustic coupling as shown in Figure 3-2 (d). For the biological samples, a similar

setup is used but the probe is covered with an ultrasound probe cover to avoid contamination.

Figure 3-3. Vials used for manipulating samples. (a) Disposable borosilicate glass culture tube,
16 x 100 mm, 14 mL. (b) Polypropylene round bottom cryogenic vial, 2 mL.
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3.3 Overview of the Experiments
In order to demonstrate the proposed method, six experiments are performed using different
types of samples consisting of both non-biological and biological particles. The key parameters

of the experiments are summarized in Table 3-1.

Table 3-1. Experiments performed to demonstrate the proposed method.

Experiment Imaging System Particle Type Suspension Fluid
1 MS 10 pm PS dH20
2 Vevo 10 um PS dH20
3 MS 15 um PS dH20
4 MS 10 um silica dH20
5 MS 10 um PS + 15 pm PS dH20
6 Vevo T cells PBS

* MS: mechanically scanned single element transducer imaging system
* Vevo: VisualSonics Vevo 2100 imaging system
* dH20: distilled water
* PBS: phosphate-buffered solution

In experiments 1 through 4, monodispersed samples of non-biological particles of different
types are measured using the MS and Vevo to demonstrate that the proposed method works for
different particle types as well as with different imaging systems. In experiment 5, polydispersed
samples consisting of 10 um and 15 pm PS microspheres are measured to demonstrate the ability
to distinguish and cluster particle types using BSC and the type-dependent concentration

measurement. To demonstrate that the proposed method can work with non-ideal biological

samples, T cells suspended in PBS are measured in experiment 6.

3.4 Reference Measurement

The reference concentration measurements are performed using disposable Fuchs-Rosenthal
(FR) hemocytometers (DHC-FO1, INCYTO, South Korea) [48] shown in Figure 3-4 (a). There
are two counting chambers per slide, marked by A and B in the photograph. A microscope view

of the FR is shown in Figure 3-4 (b). A 1 mm x 1mm grid is shown in the photograph. The
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sample shown in the figure is a 10 pm PS microsphere sample with concentration of

450 particles/uL. The FR hemocytometer can analyze up to 3.2 pL of fluid sample (4 mm x 4
mm x 0.2 mm) per chamber and is used to analyze samples with low particle concentration such
as CSF. It is chosen for this work since the target particle concentration range is low (< 200
particles/uL). To make a measurement, the sample is first well-mixed to re-suspend the particles
and 20 pL of the sample is pipetted into the chamber. After waiting a few minutes to ensure that
the sample has settled, particles are counted under an optical microscope. Each sample is
measured four times, consistent with the standards used in clinical laboratories for CSF cell

counts [6], [49]. The concentration is calculated by averaging the four measurements.

Figure 3-4. (a) DHC-F01 disposable Fuchs-Rosenthal hemocytometer. There are two chambers
of 3.2 uL per slide. 20 pL of sample is pipetted into the chamber and examined under an optical
microscope after some time to let the particles settle down. (b) Photograph of microscope view
of a 1 mm? region of the DHC-F01 hemocytometer with 10 pm PS microsphere sample (450
particles/uL).

3.5 Statistical Analysis
Since the goal of this work is to compare the proposed method to the hemocytometer-based
methods, it is important to accurately estimate the measurement error associated with both. A

straightforward way of estimating the error for the hemocytometer is to calculate the standard
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error from the four measurements. While this works and is often done, it is not an accurate
estimation of the best achievable error of the method because it is strongly affected by the user-
dependent variability, especially when the user is not a trained technician [6], [8]. Therefore,
rather than using the statistics of the measurements, other established methods of calculating

achievable error is used to estimate the error.

There are two established methods of estimating the measurement error associated with a
hemocytometer measurements. The first method is based on the fact that counts made from a
well-mixed sample follows the Poisson distribution. With this assumption, the standard deviation
of the counts can be estimated by the square root of the mean. The second method is empirical
and based on the typical error achieved by trained technicians. It has been shown that
measurement error as low as 10 to 15% can be achieved. This value applies to cases where the
concentration is relatively high such that there are sufficiently large counts. For low

concentrations, the error increases [50]-[52].

In this work, the two methods are combined to estimate the error associated with the
hemocytometer measurements. For lower concentration samples where the count is below 32 per
3.2uL, which corresponds to 10 particle/uL, the first method is used, where the standard
deviation is estimated by the square root of the mean count. The error bars for this range of
concentrations denote the 95% confidence interval. For higher concentration samples, the second

method of 15% error is applied.

For ultrasound based concentration measurement, the error is estimated by using the

bootstrap method. Each measurement consists of 500 frames in the case of MS and 250 frames in
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the case of VVevo. Bootstrap is performed by resampling the frames 1,000 times with

replacement. The error bars for the proposed method depict the 95% confidence interval.
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4. Results

In this chapter, the results of the six experiments described in Chapter 3 are provided. In
Section 4.1, the results from experiments 1 and 2, in which 10 um PS microsphere samples are
measured with MS and the Vevo, respectively, are presented. In Section 4.2, the results from
experiments 3 and 4, in which 15 pm PS microsphere and 10 pum silica microsphere samples are
measured with MS, respectively, are presented. The results from experiment 5, where
polydispersed samples of 10 pum and 15 um PS microsphere samples are measured with MS, and
experiment 6, where human T cells samples are measured with the Vevo, are discussed in

Sections 4.3 and 4.4, respectively.

4.1 Experiments 1 and 2

In experiments 1 and 2, ten samples with different concentrations of 10 um PS microspheres
are measured with MS and the Vevo, respectively. The purpose of these experiments is to
demonstrate that the proposed method can accommodate images acquired with a radially-
symmetric transducer as well as a linear array as described in Section 2.4. The same set of
samples are measured with both imaging systems within a few hours of each other in order to
ensure that the concentration of the samples does not change due to the particles settling or

adhering to the wall of the vial. The concentrations range from 0.5 to 200 particles/pL.

4.1.1 Experiment 1

The B-mode images acquired with MS are shown in Figure 4-1. The concentrations of the
four samples are (a) 5 particles/uL, (b) 10 particles/uL, (c) 20 particles/uL, and (d) 50
particles/uL. As can be seen in the figure, there is an increase in the number of echoes in the
image as the sample concentration increases. Due to the relatively low concentration, each echo
is far apart from all others, allowing individual echoes to be distinguished. The result from the
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particle detection is shown in Figure 4-2. The particle detection results show the same trend as
the example measurement presented in Chapter 2. One notable difference is the echo amplitude
vs. axial position shown in Figure 4-2 (b). While the overall trend of maximum amplitude echoes
occurring around the focal point of the transducers is the same, the peak around the focal point is
narrower in this case compared to Figure 2-5 (b). This is due to the difference in the particle size.
Since the particle size is smaller in this case, the frequencies involved in backscattering are
higher and the wavelengths smaller. This means that the DOF also becomes smaller, which
results in a narrower peak. Another feature to note is the peak frequency in the BSC shown in
Figure 4-2 (d), which occurs around 70 MHz. This is in agreement with the Faran model for

10 pum PS microspheres.

The axial slices as well as the number of detected echoes, calculated effective slice thickness,
and slice concentration are shown in Figure 4-3. These also follow the same trend as the example
in Chapter 2. However, it is worth noting the slice concentration in Figure 4-3 (). The region
that is used for final calculations indicated by the two red dotted lines is much narrower than the
region used in Figure 2-7 (). This is again due to the smaller particle size, which leads to a

smaller DOF.
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Figure 4-1. B-mode images of 10 pum PS microspheres suspended in distilled water acquired with
MS (experiment 1). Four concentrations are shown: (a) sample 4, 5 particles/uL, (b) sample 5, 10
particles/uL, (c) sample 6, 20 particles/uL, and (d) sample 7, 50 particles/uL.
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Figure 4-2. Results from particle detection for 10 um PS microsphere samples imaged with MS
(sample 6, 20 particles/uL). (a) Echo amplitudes vs. lateral positions. (b) Echo amplitudes vs.
axial positions. (c) Echo lateral standard deviations vs. axial positions. (d) Histogram of the peak

frequency in BSC.
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Figure 4-3. Results from the particle detection sliced along the axial direction for 10 pm PS
microsphere samples imaged with MS (sample 6, 20 particles/uL): (a) echo amplitudes vs. axial
positions and (b) echo lateral standard deviations vs. axial positions. Calculated parameters: (c)
number of detected echoes per frame vs. axial slices, (d) effective slice thickness vs. axial slices,
and (e) slice concentration vs. axial slices. The black dotted lines in the plots (c) — (e) represent
the estimated measurement uncertainty and the red dotted lines represent the DOF.
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4.1.2 Experiment 2

Figure 4-4 shows the B-mode images acquired with the VVevo for the same four samples
shown in Figure 4-1. There are many more echoes visible in Figure 4-4 compared to Figure 4-1
even though they are the same samples, because the measurements made with the Vevo have a
larger effective slice thickness. The results from the particle detection are shown in Figure 4-5.
The axial slices as well as the number of detected echoes, calculated effective slice thickness,
and slice concentration are shown in Figure 4-6. These measurements also follow the same trend
as the ones with MS. The plot of echo amplitude vs. axial position behaves similarly in the sense
that the amplitude peaks around the focal point of the transducer, which is at 7 mm. However,
the shape of the plot is significantly different from that of Figure 4-2 (b). This is because the
pulse-echo beam profile of the linear array used in the Vevo is drastically different from the
radially-symmetric transducer used in MS. Due to the dynamic receive focusing done in Vevo,
the DOF is larger. The fact that this difference is captured by the characteristics of the echo

demonstrates that the interaction between the beam and the sample is being captured as intended.

It is important to note that Figure 4-5 (d) is not showing the peak frequency in the BSC, but
rather in the raw frequency spectrum. This is because the bandwidth of the transducer used with
the Vevo does not cover the frequency range where the peak is expected to occur. The bandwidth
of MS550D, the probe used with the Vevo, spans 22 to 55 MHz while the expected frequency of
the first peak in the BSC is around 70 MHz. Therefore, the backscatter energy in the 70 MHz
range is too low to be visible in the BSC. This is why the peak frequency is much lower

compared to experiment 1 in Figure 4-2 (d)

The effect of the difference seen in the echo amplitudes vs. axial positions is also present in

the number of detected echoes, the calculated effective slice thickness and slice concentration
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shown in Figure 4-6. The three plots have different shapes compared to the MS measurements,

and the valid region for the final calculation is much wider as well.

Figure 4-4. B-mode images of 10 um PS microspheres suspended in distilled water acquired with
Vevo (experiment 2). Four concentrations are shown: (a) 5 particles/uL, (b) 10 particles/uL, (c)
20 particles/uL, and (d) 50 particles/uL. The difference in the concentration can be clearly seen

from the images.
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Figure 4-5. Results from particle detection for 10 um PS microsphere samples imaged with Vevo
(sample 6, 20 particles/uL). (a) Echo amplitudes vs. lateral positions. (b) Echo amplitudes vs.
axial positions. (c) Echo lateral standard deviation vs. axial positions. (d) Histogram of the peak
frequency in the raw frequency spectrum of the echo.
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Figure 4-6. Results from the particle detection sliced along the axial direction for 10 pm PS
microsphere samples imaged with the Vevo (sample 6, 20 particles/uL): (a) echo amplitudes vs.
axial positions and (b) echo lateral standard deviations vs. axial positions. Calculated parameters:
(c) number of detected echoes per frame vs. axial slices, (d) effective slice thickness vs. axial
slices, and (e) slice concentration vs. axial slices. The black dotted lines in the plots (c) — (e)
represent the estimated measurement uncertainty and the red dotted lines represent the DOF.
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The concentration measurement results from all three measurement methods, including using
a hemocytometer, are shown in Figure 4-7. As seen in the figure, the MS measurements show
good agreement with the hemocytometer up to 200 particles/uL, while the Vevo measurements
show good agreement up to 50 particles/uL. The main reason for failure in the higher
concentration range is faulty particle detection. When the concentration is so high that there are
too many echoes visible in the image, the detection algorithm undercounts the particles, which
directly leads to underestimating the concentration. The maximum measurable concentration is
different for the measurements made with MS and the Vevo because the effective slice thickness
of the image is larger for the Vevo than for MS due to various factors, including differences in
the acoustic output energy, signal-to-noise ratio of the system, and beam shape. Since a larger
volume is analyzed, for the same concentration, more echoes are visible in the image acquired
with the Vevo and the detection algorithm starts to fail at a lower concentration. The maximum

measurable concentration is further addressed in Section 5.2.
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Figure 4-7. Concentration measurement results for experiment 1 and 2. The measurements made
with MS show good agreement with the hemocytometer up to 200 particles/uL while the
measurements made with Vevo show good agreement up to 50 particles/uL. The Vevo starts to
fail at lower concentration because its effective slice thickness is larger, and thus, there are more
echoes visible in the image.
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4.2 Experiment 3 and 4

In experiment 3, seven samples of 15 um PS microspheres with concentration ranging from
0.5 to 60 particles/uL are measured with MS, while in experiment 4, nine samples of 10 um
silica microspheres with concentration ranging 0.5 to 120 particles/uL are measured with MS.
These experiments are performed to demonstrate that the proposed method works for different
particle sizes and types. It is important to note that the parameters for the algorithm are not

calibrated for different samples prior to the measurement.

4.2.1 Experiment 3: 15 pm PS microspheres

Figure 4-8 shows the B-mode images of four samples of 15 um PS microspheres imaged
with MS. The concentrations of the samples are (a) 0.9 particles/uL, (b) 1.7 particles/uL, (c) 3.4
particles/uL, and (d) 6.9 particles/uL. The echoes are visibly wider than the 10 pm PS
microspheres in Figure 4-1. The shape of the echoes in the axial direction is also different with
more reverberation-like pattern. These differences are due to the larger particle size. This will be

confirmed by the larger lateral standard deviation and the lower peak frequency in the BSC.

The results from the particle detection are shown in Figure 4-9. The lateral sigma shown in
Figure 4-9 (¢) is about 30 um, which is larger compared to the 20 pum lateral sigma for the 10 um
PS microspheres measured with MS in Figure 4-2 (c), despite the fact that the measurement is
performed with the same transducer. This is because, as discussed previously, the lateral sigma,
which is used to model the SSF depends not only on the beam, but also on the sample being
imaged. The larger lateral sigma confirms that the interaction of the beam with larger particles is

being captured correctly.
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Figure 4-8. B-mode images of 15 um PS microspheres suspended in distilled water acquired with
MS (experiment 3). Four concentrations are shown: (a) 0.9 particles/uL, (b) 1.7 particles/uL, (c)
3.4 particles/pL, and (d) 6.9 particles/pL.
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Figure 4-9. Results from particle detection for 15 um PS microsphere samples imaged with MS
(sample 5, 13.7 particles/uL). (a) Echo amplitudes vs. lateral positions. (b) Echo amplitudes vs.
axial positions. (c) Echo lateral standard deviation vs. axial positions. (d) Histogram of the peak

frequency in the BSC.
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Figure 4-10. Results from the particle detection sliced along the axial direction for 15 pm PS
microsphere samples imaged with MS (sample 5, 13.7 particles/uL): (a) echo amplitudes vs.
axial positions and (b) echo lateral standard deviation vs. axial positions. Calculated parameters:
(c) number of detected echoes per frame vs. axial slices, (d) effective slice thickness vs. axial
slices, and (e) slice concentration vs. axial slices. The black dotted lines in the plots (c) — (e)
represent the estimated measurement uncertainty and the red dotted lines represent the DOF.
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The larger particle size is also reflected in the peak frequency in the BSC as shown in
Figure 4-9 (d). The peak frequencies are around 50 MHz, which is consistent with the prediction
by the Faran model for 15 um PS microspheres. This is significantly different than the peak
frequencies from 10 um PS microspheres, which is what allows clustering to be performed for

the polydispersed samples in experiment 5.

The axial slices, and the number of detected echoes, the calculated effective slice thickness,
and the slice concentration are shown in Figure 4-10. While they follow the same trend as in
experiment 1, the valid axial region for final concentration calculation is significantly larger due
to the larger effective DOF caused by the larger particle size. Another way to understand this
phenomenon is by noting that the ultrasound frequency that is involved in backscattering from a
larger particle is lower than that from a smaller one. Since the frequency is lower and thus the
wavelength larger, the effective DOF should also be larger, which is what is observed in the

amplitude vs. axial position plot in Figure 4-10 (a).

As shown in Figure 4-11, the 15 um PS microsphere samples show similar results compared
to the 10 um PS microsphere samples. The proposed method shows good agreement with the
hemocytometer in the lower concentration range but fails in the higher concentration range. The
maximum measurable concentration is 60 particles/puL for the 15 pm PS microspheres measured
with MS. As in experiments 1 and 2, the difference in maximum measurable concentration is due
to the difference in the effective slice thickness, which, in this case, is from the difference in
echogenicity caused by the larger particle size. The higher echogenicity results in a larger
number of echoes being visible in the image, for the same concentration, which leads to the

detection algorithm failing at a lower concentration.
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Figure 4-11. Concentration measurement results for experiment 3, 15 pm PS microspheres
measured with MS. The ultrasound method show good agreement with the hemocytometer up to
about 60 particles/um.

4.2.2 Experiment 4: 10 pm silica microspheres

Figure 4-12 shows the B-mode images of four samples of 10 um silica microspheres imaged
with MS. The concentrations of the samples are (a) 3.8 particles/uL, (b) 7.5 particles/uL, (c) 15
particles/uL, and (d) 30 particles/uL. The results from the particle detection are shown in
Figure 4-13 and the axial slices as well as the number of detected echoes, calculated effective
slice thickness, and slice concentration are shown in Figure 4-14. While the width of the echoes
are similar to the 10 um PS microspheres in Figure 4-1, the shape along the axial direction is
different in the sense that there is less reverberation-like pattern present. This is due to the

difference in the acoustic properties between silica and PS.

The amplitude vs. axial position plot shown in Figure 4-13 (b) is much noisier compared to
the PS microspheres. While the dark region in the plot does show a similar trend to that observed
in both PS microsphere samples, there are outliers with larger amplitudes. This is likely due to
the adhered particles. Unlike PS microspheres that rarely adhere to each other because they are

slightly negatively charged, the silica microspheres have some tendency to adhere to each other.
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This is also observed during the hemocytometer measurement where a small fraction (< 10 %) of

microspheres are adhered together.

The lateral sigma is about 30 um as shown in Figure 4-13 (c), which is similar to that of the
15 um PS microspheres. This is likely due to the fact that the silica microspheres are more
echogenic than PS microspheres. The peak frequency in the BSC is around 40 MHz as shown in
Figure 4-13 (d), which is consistent with the Faran model for a 10 um silica microsphere. The
spread of the frequencies is larger than for the PS microspheres, which is likely from the fact that

some of the particles are adhered together.

The calculated effective slice thickness shown in Figure 4-14 (d) is much more uniform
across axial positions than for PS microspheres. This is because the echo amplitudes do not
follow the clear trend that is seen with PS microspheres. Since there are high amplitude echoes at
axial positions away from the focal distance, the resulting depth is also larger. The calculated
slice concentration shown in Figure 4-14 (e) is also noisier compared to the PS microspheres due
to the outliers observed in Figure 4-14 (a), but it does not severely affect the overall

concentration calculation.

The calculated concentrations for the 10 um silica microsphere samples measured with MS
are shown in Figure 4-15. Despite the likely particle adherence, the proposed method shows
good agreement with the hemocytometer up to about 120 particles/uL. This is because the
particles that are adhered to each other are only a small fraction of the entire sample. The result
of experiment 4 is significant because it shows that the proposed method works with a different
particle type that has a completely different acoustic properties. It is able to adapt to the different

particle type because the resulting echoes reflect these properties.
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Figure 4-12. B-mode images of 10 pum silica microspheres suspended in distilled water acquired
with MS (experiment 4). Four concentrations are shown: (a) 3.8 particles/uL, (b) 7.5
particles/pL, (c) 15 particles/pL, and (d) 30 particles/pL.
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Figure 4-13. Results from particle detection for 10 um silica microsphere samples imaged with
MS (sample 8, 60 particles/uL). (a) Echo amplitudes vs. lateral positions. (b) Echo amplitudes
vs. axial positions. (c) Echo lateral standard deviations vs. axial positions. (d) Histogram of the

peak frequency in the BSC.
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Figure 4-14. Results from the particle detection sliced along the axial direction for 10 um Silica
microsphere samples imaged with MS (sample 8, 60 particles/uL): (a) echo amplitudes vs. axial
positions and (b) echo lateral standard deviations vs. axial positions. Calculated parameters: (c)
number of detected echoes per frame vs. axial slices, (d) effective slice thickness vs. axial slices,
and (e) slice concentration vs. axial slices. The black dotted lines in the plots (c) — (e) represent
the estimated measurement uncertainty and the red dotted lines represent the DOF.
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Figure 4-15. Concentration measurement results for experiment 4, 10 um silica microspheres
measured with MS. The ultrasound method show good agreement with the hemocytometer up to
about 120 particles/pum.

4.3 Experiment5

In experiment 5, polydispersed samples of 10 um and 15 um diameter PS microspheres are
measured with MS. The objective of this experiment is to demonstrate the performance of BSC-
based particle type clustering and concentration measurement. The B-mode images of the
samples are shown in Figure 4-16. The 10 um PS microsphere concentration ranges from 1 to 12
particles/pL, while the 15 um PS microsphere concentration is held constant at 2.5 particles/pL.
Although it is possible to tell from the B-mode images that the overall concentration is
increasing, it is not easy to tell how it is changing for the different particle types because it is

difficult to identify visually which echoes belong to which particle.

The results from the particle detection are shown in Figure 4-17. The results shown in the
figure are after the BSC-based clustering. The red marks are for the 10 um PS microspheres and
the black marks indicate for the 15 pm PS microspheres. Figure 4-17 (a) shows the echo
amplitudes vs. axial positions. The two populations are clearly separated and each follows the

same trend that has been observed in monodispersed samples in experiment 1 and 3. It resembles
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what it would have been if Figure 4-2 (b) is overlaid on top of Figure 4-9 (b). The lateral sigma

shown in Figure 4-17 (b) also show a similar result.

The calculated effective slice thickness shown in Figure 4-17 (c) is an important
demonstration of the key concept behind the proposed method. Despite experiencing the same
measurement conditions, and despite both particle populations being in the same at the same
time, the effective slice thickness for the two particle types are different due to their different
echogenicity. The different echogenicity results in different echo shapes, which is captured by
the proposed method to result in accurate estimation of the different slice thickness. For the 10
um PS microspheres, the effective slice thickness is around 70 um and for the 15 um PS

microspheres, the effective slice thickness is around 100 um.

The concentrations measured for each particle type in the samples after classification are
shown in Figure 4-18 (a). As seen in the figure, the concentrations measured for each particle
type show good agreement with the hemocytometer measurement. This demonstrates that the
clustering and the estimation of the type-dependent effective slice thickness works as expected.
The histogram of the peak frequency in the BSC of all detected particles after classification are
shown in Figure 4-18 (b). Despite the fact that the 15 pm PS microspheres have lower
concentration, they show larger counts because the effective slice thickness is larger for 15 um

PS.
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Figure 4-16. B-mode images of polydispersed samples of 10 um and 15 um PS microspheres
suspended in distilled water acquired with MS (experiment 5). Four sets of concentrations are
shown (10 um PS:15 um PS): (a) 1.5:2.5 particles/uL, (b) 3:2.5 particles/uL, (¢) 6:2.5
particles/uL, and (d) 12:2.5 particles/pL.
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Figure 4-17. Results from particle detection for polydispersed samples of 10 um and 15 pm PS
microspheres suspended in distilled water acquired with MS (experiment 5) (sample 4, 12:2.5
particles/uL). (a) Echo amplitudes vs. lateral positions. (b) Echo lateral standard deviation vs.
axial positions. (c) Calculated effective slice thickness vs. axial slices. (d) Calculated slice

particle concentration vs. axial slices.
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Figure 4-18. Concentration measurement results for experiment 5. Four polydispersed samples of
10 um and 15 pum PS microspheres are measured with MS. (a) Concentration of 10 um PS
microspheres (top) and 15 pm PS microspheres (bottom) for each samples. (b) Histogram of the
peak frequency in BSC of detected echoes after classification for each sample.

4.4 Experiment 6

In experiment 6, the samples consisting of T cells suspended in PBS are measured with the
Vevo. The purpose of this experiment is to determine how the method performs for non-ideal
particles such as human cells. The previous experiments used ideal microspheres that are

manufactured with tight control of their shapes and sizes. In contrast, biological cells, even of the
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same type, can vary widely in terms of their size and shape depending on various factors, such as
environment, cell cycle, etc [28]. Therefore, it is important to evaluate the performance of the

method for realistic particle types and identify any key challenges.

Figure 4-19 shows the B-mode images of four samples of T cells imaged with the Vevo. The
concentrations of the samples are (a) 9.4 particles/uL (b) 18.8 particles/uL, (c) 37.5 particles/uL,
and (d) 75 particles/uL. The number of visible echoes correlates well with the concentration,
although the density of the echoes is high in Figure 4-19 (d) where it is starting to become
difficult to distinguish the individual echoes. As discussed, this leads to detection failure and

error in calculating the concentration.

The results from particle detection are shown in Figure 4-20, and the axial slices, the number
of detected echoes, calculated effective slice thickness, and slice concentration are shown in
Figure 4-21. The detection results show a similar trend as for the PS microspheres. The echo
amplitude vs. axial positions shown in Figure 4-20 (b) is much noisier compared to the 10 pm PS
microspheres in Figure 4-2 (b), which is likely due to the variability in the shape and size of the
cells. The lateral sigma is about 80 pwm, which is close to the 10 um PS microspheres measured
with the Vevo. While the lateral sigma is also noisier compared to the PS microsphere
measurements, its range is relatively tight, which suggests that the extent of the variation in cell

size and shape is not excessive.

It is important to note that as in experiment 2, Figure 4-20 (d) is not showing the peak
frequency in the BSC but in the raw frequency spectrum, because the bandwidth of the

transducer does not cover the frequency range where the peak should occur.
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Figure 4-19. B-mode images of human T cells suspended in PBS acquired with the Vevo
(experiment 6). Four concentrations are shown: (a) 9.4 cells/uL, (b) 18.8 cells/uL, (c) 37.5
cells/uL, and (d) 75 cells/uL.
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Figure 4-20. Results from particle detection for human T cell samples imaged with MS (sample
7, 37.5 particles/uL). (a) Echo amplitudes vs. lateral positions. (b) Echo amplitudes vs. axial
positions. (¢) Echo lateral standard deviation vs. axial positions. (d) Histogram of the peak
frequency in the raw frequency spectrum of the echo.
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Figure 4-21. Results from the particle detection sliced along the axial direction for human T cell
samples imaged with MS (sample 7, 9.4 particles/uL): (a) echo amplitudes vs. axial positions
and (b) echo lateral standard deviation vs. axial positions. Calculated parameters: (c) number of
detected echoes per frame vs. axial slices, (d) effective slice thickness vs. axial slices, and (e)
slice concentration vs. axial slices. The black dotted lines in the plots (c) — (e) represent the
estimated measurement uncertainty and the red dotted lines represent the DOF.
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The concentration measurement results are shown in Figure 4-22. The results show good
agreement with the hemocytometer up to 20 cells/uL. As in other experiments, the method fails

at higher concentrations due to particle detection failure.

This experiment is a promising result because it demonstrates that the proposed method
works with human cells that are much more non-ideal compared to the microspheres. It should
be noted that while the T cells have larger variability compared to the microspheres, the echo
amplitude and the lateral sigma measurements suggest that the variability in their shapes and

sizes are not excessive, which allows the concentration measurement to be successful.
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Figure 4-22. Concentration measurement results for experiment 6. T cells suspended in PBS are
measured with the Vevo.
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5. Discussion

In this chapter, three key concepts related to the proposed method are discussed. In Section
5.1, the dependence of image volume on various measurement parameters is discussed in detail.
In Section 5.2, the concept of maximum measurable concentration for a given measurement
setup is discussed as well as ways to increase the measurable concentration. Finally, in Section

5.3, the effect of the number of detections on measurement accuracy is discussed.

5.1 Image Volume Dependencies

An important principle behind the proposed method is that the volume being analyzed by the
image depends not only on the imaging system but on the entire imaging setup including the
particle type and the suspension medium of the sample. This is because the effective slice

thickness is determined by the interaction between the ultrasound beam and the sample.

The imaging system, of course, has a large effect. The beam characteristics determined by
the geometry of the transducer and beam formation are major factors in particle detection and
concentration estimation. Having a different beam shape even for the same imaging system will
result in different effective slice thickness. In addition, other settings such as focusing, gain, and
filtering all contribute to controlling the effective slice thickness. For example, setting the gain
larger to increase the SNR will result in a larger effective slice thickness, because a particle can

deviate farther from the imaging plane and still be detected.

In terms of particle type, the more echogenic the particle, whether due to size, shape, or
acoustic impedance, the larger the effective slice thickness and thus the larger the image volume.
This is because a more echogenic particle can be farther away from the image plane and still

produce a high enough echo such that it can be detected in the resulting B-mode image.
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Therefore, the effective slice thickness and the image volume are larger. A less echogenic
particle must be closer to the image plane for its echo to be detected in the image, which means

that the effective slice thickness is smaller.

Considering the suspension medium, a less attenuative medium results in a larger image
volume, while a more attenuative medium results in a smaller volume. This is because
attenuation of the medium results in decreased incident and reflected acoustic energy, and thus a
particle has to be closer to the image plane for it to be detected in the resulting image. Following
the same logic, any additional attenuative layers in the path of the ultrasound wave result in

reducing the image volume.

When it comes to in vivo clinical applications, this dependency of image volume on
numerous factors become a more critical issue. Because there are many parameters that can vary
between one measurement and another, it becomes difficult, if not impossible, to replicate the
setup. Therefore, it would likely be impossible to achieve an accurate result by using a model or

a calibration scheme alone.

For example, imaging of bodily fluids such as CSF needs to be performed through skin and
fat layers. The effective slice thickness is affected by the attenuation due to these layers; the
higher the attenuation, the smaller the effective slice thickness. At the extreme where the
attenuation is too high, the effective slice thickness becomes zero and detection becomes
impossible. It is not realistic to measure and model all the components that can contribute to the
overall attenuation of the ultrasound signal because there are too many variables. For example,

even the ultrasound gel applied for imaging can significantly affect the image volume. The
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thickness of the ultrasound gel varies not only between different sonographers, but also during a

given procedure because the gel gets spread out while imaging.

Our findings show that a constant image volume derived from the beam profile alone cannot
be used. The proposed method works because it relies on the image that already encompasses the
effect of the key parameters involved in the measurement. Therefore, the volume estimation is
tailored to an individual measurement and can adapt to the specific set of parameters, both

controllable, such as beam focus, and uncontrollable, such as skin and fluid attenuation, for that

measurement.
Table 5-1. Calculated effective slice thickness and
maximum measurable concentration for different measurements.
Experiment Type Effective slice Maximgm measgrable
thickness (um) concentration (particles/ul)
1 10 um PS + MS 62 200
2 10 um PS + Vevo 163 50
3 15 um PS + MS 128 60
4 10 um Silica + MS 76 100
6 T cells + Vevo 139 25

Table 5-1 shows the effective slice thickness and the maximum measurable concentrations
for different sample types and imaging systems used in our experiments. Comparing experiment
1 and 2, where the same set of samples of 10 um PS microspheres are measured with MS and
with the Vevo, respectively, the effective slice thickness for the Vevo measurement is almost
three times larger than for the MS measurement. Since the samples are the same for both
imaging systems, the difference in effective slice thickness is mostly due to the difference in the

imaging system, which, as expected, is significantly different.

Comparing experiment 1 and 3, where 10 um and 15 pm PS microspheres are measured with

MS, respectively, the effective slice thickness for 15 um PS is about twice larger than for 10 um
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PS. Since both samples are measured with the same transducer, the difference in the effective
slice thickness is mostly due to the difference in the particle types. The 15 um PS microspheres

are more echogenic due to their larger size, which results in larger effective slice thickness.

5.2 Maximum Measurable Concentration

The dependency of image volume results in different maximum measurable concentration for
different measurement setups. As shown in Table 5-1, the larger the effective slice thickness, the
lower the maximum measurable concentration. As noted previously, this is because a larger
effective slice thickness results in more echoes being visible in the image for the same
concentration, which leads to the particle detection algorithm failing to distinguish separate

particles, starting at a lower concentration.
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Figure 5-1. Plot of counts per area (counts/mm?) vs. sample concentration for different
measurements showing the points where the particle detection starts to fail. (a) 10 um PS
microspheres measured with MS. (b) 15 um PS microsphere measured with MS. (c¢) 10 um silica
microsphere measured with MS. (d) 10 pm PS microsphere measured with the Vevo.

Since the maximum measurable concentration is limited by particle detection, it is insightful
to look at the number of detected echoes in the image in addition to the absolute concentration of
the sample. While a wide range of concentration is observed as shown in Table 5-1, ranging from
25 particles/pL for T cells imaged with the Vevo to 200 particles/uL for 10 um PS microspheres
imaged with MS, the range of corresponding counts per area of the image is much smaller.
Figure 5-1 shows the plot of counts per mm? of the image area vs. sample concentration for

different measurements. The straight line in the plot is a linear fit using only the low
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concentration samples while enforcing a (0, 0) condition, and represents the ideal counts/mm? if
the detection works perfectly. This is because the detection is accurate when the concentration is
low. As seen in the figure, across different particle types and imaging systems, the detection
starts to fail at around 5 counts/mm?. Although this value varies somewhat due to the fact that the
size and shape of the echo are not exactly the same, the extent of the variation in counts/mm? is
much smaller than the variation in the maximum measurable concentration. The fact that the
method starts to fail at such similar values of counts/mm? confirms that the large range of

maximum measurable concentration is due to the failure in particle detection.

Before moving forward, it is important to address the seeming discrepancy between
Table 5-1 and Figure 5-1. The maximum measurable concentration, according to Table 5-1, is
higher than the concentration at which the detection starts to fail in Figure 5-1. For example, the
maximum measurable concentration for the 10 um PS microsphere sample imaged with MS is
200 particles/uL according to Table 5-1, but Figure 5-1 shows that the detection starts to fail
around 130 particles/uL, which is significantly lower. While this appears to be a discrepancy, it
is not: the particle detection does start to fail at a lower concentration, in the sense that it starts to
undercount. The particles that are detected are those with higher amplitude, which increases the
minimum observed echo amplitude in (6). A higher minimum echo amplitude results in smaller
effective slice thickness. Since the echoes are undercounted but the effective slice thickness also
decreases, the concentration can still be estimated correctly. This compensatory behavior

eventually ceases when the particle detection completely fails.

The observation of the relationship between the effective slice thickness and the maximum

measurable concentration in Table 5-1 and the counts/mm? in Figure 5-1 provides an important
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insight into two issues: first, how to estimate the maximum measurable concentration for a given

measurement and second, how to increase the maximum measurable concentration.

For a given measurement, it is important to know what the maximum measurable
concentration is. Figure 5-2 shows the plot of maximum measurable concentration vs. effective
slice thickness for experiments 1 through 4 and 6. An exponential fit with R? of 0.857 is
achieved. The maximum measurable concentration decreases exponentially as the effective slice
thickness increases. This is because, under the Gaussian assumption, the pulse-echo beam
intensity drops off exponentially as the slice thickness increases. Therefore, when the effective
slice thickness is small, increasing it leads to detecting many more echoes in the image, which, in
turn, leads to a significant decrease in the maximum measurable concentration. When the
effective slice thickness is large, increasing it leads to diminishing increase in the number of
echoes since the beam intensity is already low, which, in turn, leads to a less significant decrease

in the maximum measurable concentration.

It is important to remember that the data in Figure 5-2 is not from a single measurement, but
multiple ones with different imaging systems and sample types. There are many parameters that
vary across the five experiments including the imaging frequency, transducer types, nature of the
particles, size of the particles, etc. Therefore, the exponentially decaying behavior observed in

the figure is largely independent of the measurement parameters.
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Figure 5-2. Plot of maximum measurable concentration vs. effective slice thickness for
experiments 1 through 4 and 6 and the exponential fit to the data. R? of the fit is 0.857. The
maximum measurable concentration decreases exponentially as the effective slice thickness
increases.

Given the previous discussion, the second issue of increasing the maximum measurable
concentration can be addressed. First, the curve shown in Figure 5-2 needs to be changed by
improving the particle detection algorithm. A better detection algorithm will shift the curve up,
which means that for a given effective slice thickness, the maximum measurable concentration is

larger. A poorer detection algorithm will shift the curve down producing an opposite result.
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Therefore, the best detection algorithm available should be used in order to shift the curve up as
much as possible. However, this approach is limited because if the concentration is so high such
that the echoes turn into a complete speckle pattern, individual particle detection will become

impossible.

Once the best possible detection algorithm is chosen, measurements should be performed
with the smallest effective slice thickness or at the left-most side of the curve. This means that, to
measure the highest concentration possible, the settings of the imaging system should be such
that the effective slice thickness is minimized. This will achieve the highest maximum
measurable concentration. To enable this, a systematic way to adjust the effective slice thickness

needs to be developed and this remains as an important area for future work.

5.3 Tradeoff between Accuracy and Number of Detections

Given that the particle detection is working correctly, the accuracy of the proposed method
depends on accurate estimation of the effective slice thickness, which is derived from the
characterization of the detected echoes. The detected echoes can be thought to be sampling the
amplitude vs. axial position space and the lateral sigma vs. axial position space. The more
detections the algorithm sees, the more confident the estimation of the spaces will be. Therefore,
there is a trade-off between the measurement accuracy and the number of particle detections.
Since increasing the number of detections increases the measurement time, the trade-off extends

to the measurement time.

It is instructive to look at the dependence of accuracy on the number of detections. Figure 5-3
shows the measurement error and the coefficient of variation as a function of the number of

detections for 10 um PS microsphere samples measured with MS (experiment 1). The relative
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measurement error &; for a measured concentration Cn=i using N = i echoes is defined by (14),

where the result for Cn=10000 With 10,000 detected echoes is taken as the reference value.

— CN=i - CN=10000 (14)

&
CN=10000

As seen in Figure 5-3, the measurement error as well as the uncertainty decrease as the number
of detections increases. The mean deviation is below 5% and the coefficient of variation is below

15% when the number of detections is 500.

Due to the dependence of measurement accuracy on the number of detections, for a given
measurement, the number of detections should be decided based on the target measurement
accuracy. This means that a lower concentration sample will require a longer measurement time
compared to a higher concentration one given that everything else is the same. This trade-off can
be improved if the effective slice thickness can be modified as discussed previously. For samples
with lower concentration, increasing the effective slice thickness by appropriately setting the
parameters of the imaging system will allow increasing the number of detections per image,
thereby decreasing the measurement time. Having the capability to adjust the effective slice
thickness would provide an important flexibility to decrease the measurement time for low
concentration samples and increase the maximum measurable concentration for high

concentration samples.
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Figure 5-3. Mean deviation and coefficient of variation for 10 um PS microsphere samples for
varying numbers of detections used in particle concentration calculation. Mean deviation is
calculated in reference to the measurement that uses 10,000 detections.
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6. Contributions and Future Work

In this chapter, the contributions of this work is first summarized in Section 6.1 followed by
the discussion of potential future work in Sections 6.2 — 6.9. In Section 6.2, potential ways to
improve particle detection algorithm are discussed. In Section 6.3, the idea of using the
transducer model as an a priori estimate in order to reduce the measurement time and improve
the accuracy is discussed. Sections 6.4 discusses the limitation of the proposed method to
spherical particles and suggests an approach to working with non-spherical particles. Section 6.5
discusses the challenges of analyzing cells and the aspects of the methods that can be improved
to analyze cells more robustly. Along the line of cell analysis, Section 6.6 discusses the idea of
creating a library of BSCs that can be used for classification of different types of cells as well as
other particles. In Sections 6.7, 6.8, and 6.9, key potential applications of the proposed method
are discussed. In Section 6.7, a pilot clinical study for investigating the application of the method
to neonatal meningitis is discussed. In Section 6.8, an in vitro application as a potentially lower
cost and lower complexity cytometry instrument is discussed. Finally, in Section 6.9, the idea of

using a previously characterized sample to model a transducer is discussed.

6.1 Contributions

In this work, we have proposed a method for measuring the concentration of particle
suspensions using high frequency B-mode ultrasound images of the sample. The method is based
on individual detection of the particles from the image and characterization of their scatterer
spreading to estimate the effective slice thickness. By using a completely image-based approach,
the method does not require prior knowledge of the sample. Individual particle detection also
enables the measurement of BSC for the individual echoes, which is used to classify the particle

types and quantify the type-specific concentrations. The method has been demonstrated using
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monodispersed and polydispersed samples of microspheres imaged with both mechanically
scanned single element imaging system and VisualSonics Vevo 2100. Results from human T cell
measurements have also been presented to demonstrate the capability of the method to work with
non-ideal biological samples. The proposed method has a wide range of exciting potential
applications, including a clinical one for infants where cell concentrations in bodily fluids such

as CSF can be measured noninvasively using high frequency B-mode transfontanel imaging.

6.2 Particle Detection Algorithm

In this work, a simple spatial filter-based particle detection algorithm is used. While particle
detection is an active area of research and there are many sophisticated algorithms available, it is
not the main focus of this work. For this reason, a simple and straightforward algorithm has been
chosen that allows us to focus on the main topic of this work, which is the estimation of the

effective slice thickness of B-mode ultrasound images.

However, there are many potential improvements that can be made in regards to particle
detection in the context of this work. First, while there are various particle detection algorithms
that are applicable to optical microscopy, there is limited work specifically targeting particle
detection in ultrasound images. Due to the substantially different imaging issues between
ultrasound and optical microscopy, the nature of the resulting shape of the particle is
significantly different when the image is acquired with ultrasound. Therefore, a particle detection
algorithm that is specifically designed with an understanding of ultrasound imaging could

drastically improve the accuracy and robustness.

Another way to improve particle detection is to employ particle tracking using adjacent

frames. Particle tracking or cell tracking is not a new idea, and has been used widely in other
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fields such as computational biology. It can be similarly applied to ultrasound images by taking
advantage of the motion of the particles, which can be created by an inherent flow in the sample
or by the acoustic streaming and acoustic radiation force produced by the ultrasound beam. By
tracking the echoes in the image, it may be possible to reduce the number of erroneous detections

and achieve more accurate detection even at low SNR.

6.3 Transducer Model Based Estimation

As discussed in Section 5.3, the measurement accuracy depends on having a high enough
number of detections to accurately characterize the range of echo amplitude vs. axial position
and lateral sigma vs. axial position. Since lateral spreading varies only by a small amount at a
given axial position, the measurement accuracy mainly depends on accurately characterizing the

amplitude vs. axial position space.

In the current implementation of the proposed method, the characterization of the echo
amplitude space is done entirely based on the detected echoes. Except for the parameter Re used
to relate the elevational SSF to the lateral SSF, knowledge about the beam profile is not utilized.
One way to improve the trade-off between the measurement accuracy and measurement time
might be to use a beam profile model, whether analytical or from simulation, as a starting point
in characterizing the echo amplitude space. Using the model as an a priori estimate, each of the
detected echoes can be used to update the model. This way, with fewer detections a comparable
or even a better result may be achieved. This approach would be especially advantageous for low
concentration samples since it takes a longer measurement time to acquire the desired number of
detections. Such speed enhancements would be especially useful in in vivo applications where

measurement time is a key criteria.
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6.4 Non-spherical Particles

One of the important requirements for the proposed method is that the particle can be
modeled as a sphere. In the case where this is not true, as it is for many types of cells, the current
implementation of the method may fail because the echo from a particle depends on its angular
position. This leads to larger variation in the observed echo amplitude as well as scatterer
spreading. However, due to the randomness in the angular position of the particles, there will be
an inherent averaging process that takes place during measurement, which could allow modeling
the particle as a sphere with an effective diameter and effective acoustic properties. This could be
an important extension to the proposed method, especially in the context of cell analysis because

of the non-ideal shape of the cells as well as the large inherent variability in their shape and size.

6.5 Variability in Cell Size and Shape

We showed that the proposed method is able to measure non-ideal particle samples such as
human T cell suspensions, where the particle shapes and sizes are not as tightly controlled as in
the case of microspheres. While the method is able to accurately estimate the concentration of
the T cell samples, there are expected challenges in characterizing the echoes from biological
samples due to the inherent variability in their shape and size, even when the sample consists of a
single cell type. Variability in the echoes due to the variation in the shape and size of the cells
could result in errors in volume estimation and type classification, which, in turn, could lead to
errors in concentration measurement. Potential extensions to this work include analyzing a wider
range of cell lines, and developing more robust methodologies for echo characterization that take
into account the inherent variability within a cell type to improve accuracy of volume estimation

and classification.
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6.6 Library of BSCs

Clustering of particles based on the BSC is a powerful technique because it enable particle
type differential and type-specific concentration measurement. However, in order to enable
classification beyond simply clustering and attempt to identify a specific particle or cell type, a
library of pre-measured BSCs of different particles is needed. Having a library of BSCs would
enable employing machine learning techniques to predict the type of particles in the sample
based on the labeled BSCs. A library of BSCs of non-biological particles such as polystyrene,
polyethylene, and silica microspheres will be useful in industrial applications as well as in the
life science applications. A library of BSCs of different cell types could enable identifying the
cell types in in vitro as well as in vivo applications. This creation of such a library would ideally
be an inter-laboratory effort where different research laboratories could measure BSCs of
different particle types and add to a central database that can be used by the community of
researchers. There has been significant effort in inter-laboratory validation of BSC measurements
[19], [53], which have shown good agreement between different transducers, operators, and

experimental setup. Extensions of such effort toward BSC library creation would be useful.

6.7 Application: Clinical Study for Neonatal Meningitis

As discussed in Chapter 0, a key potential application for the proposed method is in
screening and monitoring neonatal meningitis. The current clinical protocol requires acquiring
CSF through an LP, which is analyzed for WBC concentration, glucose and protein level, and
culture. Infants younger than one year old have an openings in their skull called the fontanel. In
this region, CSF is directly below a relatively thin skin layer, providing an acoustic window that

can be used for ultrasound imaging. Applying the proposed method to the high frequency
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ultrasound images acquired through the anterior fontanel has the potential to provide absolute

WBC concentration without having to perform an LP.

While this work has shown that the proposed method can measure absolute concentration of
biological particles such as human cells in vitro, application of the method to the in vivo setting
has a number of potential challenges that must be carefully examined and resolved. First and
foremost, the most critical issue is the attenuation from the skin layer. The backscattered energy
from the cells that is already low is further reduced by the skin. As discussed previously, this has
the effect of reducing the effective volume of the image and if the attenuation is too high,
detection becomes impossible. The high frequency required to image the micrometer-scale sized
cells make the attenuation even more severe because attenuation is typically exponentially
related to the frequency. For this reason, the feasibility of applying the proposed method to in
vivo application relies on characterizing the attenuation of the skin layer and choosing the

appropriate frequency.

A pilot clinical study was planned to be carried out at Massachusetts General Hospital
(MGH), Boston, MA in 2015. The study was planning to recruit ten pediatric patients who were
to undergo an LP for suspected CSF cellularity (not limited to BM) and ten control patients. The
study was to be performed with a Vevo with MS250S, a linear array probe with 21 MHz center
frequency. The goal of the study was to determine if WBC in CSF can be detected when imaged
through the anterior fontanel and if so, estimate the absolute concentration and compare it to the
cell count from the LP. The study would have provided some initial knowledge about the
attenuation of the skin over the anterior fontanel region and assess the possibility of in vivo

absolute cell concentration measurement.
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Unfortunately, the study did not happen due to concerns raised by the Internal Review Board
(IRB) at MGH over the potential risk of applying high frequency ultrasound on developing
neonatal brain. Despite the Vevo being the only commercially available array-based high
frequency imaging system and its being used widely in research labs as well as for clinical
studies, it has not yet been approved by the United States Food and Drug Administration (FDA).
VisualSonics is currently in the process of getting FDA approval for their new model, the Vevo
MD [54]. For the work on neonatal meningitis to continue, it is critical that a preliminary clinical

study be done as soon as possible to characterize the attenuation through the anterior fontanel.

6.8 Application: In vitro Cell Analysis

There are a number of interesting in vitro applications of the proposed method in the context
of cell analysis. Due to the nondestructive and noncontact nature of ultrasound imaging, it is
especially attractive for in vitro analysis of cells where the sample can be analyzed without being
taken out of the collection vial. Since the sample does not have to be discarded after the analysis,
it allows a much larger volume of the sample to be analyzed, thus increasing the accuracy of the
analysis. A potential analysis that fits the proposed method well is measuring the absolute or
relative concentration of different cell types in suspension, which is analogous to experiment 5 in
this work. This is a procedure that can be performed by using a flow cytometer where a
fluorescent beads are used to tag different types of cells. The optical scattering produced by the
fluorescent beads under a laser is used for differentiating. Although flow cytometers work well,

they are typically bulky and expensive, making it difficult to be widely available.

The proposed method has the potential to perform the same procedure at reduced cost and
complexity. The particle type differential based on BSC has already been demonstrated in this
work in experiment 5 using microspheres of different sizes. However, whether this technique can
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work with different cell types is not yet certain. Different cell types may not have enough
difference in their size, shape, or acoustic properties to produce differences in their BSCs that
can be detected. A similar technique as in flow cytometry may be adopted where cells are tagged
with beads in order to produce BSCs that can be differentiated from cells that are untagged.
While the range of functionality of such a device will certainly be less than a flow cytometer, it
can be much lower in cost and more compact, even making a table-top device a possibility.
Figure 6-1 shows a conceptual diagram of an ultrasound-based cytometry instrument.

Ultrasound
y transparent vial

High

Frequency
Linear
Array

Ultrasound Imaging
dH,O System

Figure 6-1. Ultrasound-based cytometry. The fluid sample under analysis is contained in an
ultrasound transparent vial. The sample vial is inserted into a water bath. A high frequency
ultrasound transducer images the sample through the water. The images are processed to perform
type differential and type-specific concentration measurement.

6.9 Application: Transducer Characterization

As shown in this work, the characteristics of the detected echoes are determined by the
characteristics of both the imaging system and the sample. This work utilize this dependency in
order to characterize the sample. An interesting idea that stems from this is to use this

dependency, in an inverse fashion, to characterize the transducer instead of the sample.
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The idea is to characterize a transducer using a monodispersed sample that has been well-
characterized, such that its particle concentration, the acoustic properties of the particles as well
as the suspension media are all known. It is likely that it will be difficult to do a complete
characterization of the transducer with this approach since there are limited parameters that can
be extracted from the echoes. However, starting from a well-informed model it could be possible

to fit the model using this approach.

A possible characterization process is depicted in Figure 6-2. The transducer being
characterized is placed in a scanning system. A characterization fluid sample consisting of
monodispersed particles of known size and concentration is chosen based on the expected
frequency of the transducer. Images are acquired by linearly scanning the transducer, and echoes
are detected and analyzed as described in this work to produce similar plots as in Figure 2-5. The

detection results are used to fit the parameters of transducer model.
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Figure 6-2. Transducer characterization method based on particle suspension measurement.

This idea is even more interesting for high frequency transducers because they are generally
more difficult to characterize using a conventional method, since such characterization requires

measurement instruments also working at higher frequency with higher spatial resolution.
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