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摘要
近幾年來，小動物模式被廣泛的運用在臨床前人類疾病治療、基因體研究以
及藥物開發等生物醫學領域；在這些研究中，想要立即觀察到效果，非侵入式影
像系統便顯得重要，而非侵入式的影像系統中，結合結構性以及功能性兩大類的
多重影像系統能同時獲得不同的影像資訊，而使研究觀察層面更加深入及徹底。
本論文主要是結合高頻超音波影像系統以及微正子兩套影像系統，並建立兩
者結合時的醫學影像定位方式，以壓克力以及瓊膠分別作為製作植有體表腫瘤的
小動物定位固定裝置和仿體的材質，然後在相同定位點位置上，放置六個直徑
0.43~0.60 mm 的玻璃球和 0.1 μl [18F]FDG 核醫藥物在腫瘤上方，作為能同時成像
於兩種影像上的定位點；並使用 orthogonal Procrustes algorithm，作為本研究剛
體定位的演算法，我們得到的定位點平均誤差為 0.31 mm，並進一步呈現融合影
像，最後設計測試仿體，將誤差分為定位點誤差以及標的點誤差來評估實驗結果。
結合這兩套系統在小動物腫瘤研究中，我們以非侵入式的高頻超音波影像
系統獲得腫瘤活體內的生長曲線，另一方面在腫瘤生長的每個時期，同時進行微
正子造影。本研究使用[18F]FDG 進行腫瘤功能性微正子造影，所使用之動物腫
瘤模式為植有 WF-3 卵巢癌細胞的 C57BL/6J 小黑鼠。在獲得兩種影像資料後，
接著進行影像區隔(Tumor Segmentation)以及三維影像重建腫瘤影像並運算體
積，最後；由腫瘤的生長曲線獲得腫瘤活體內的體積倍增時間為 7.46 天，此結
果我們將與傳統文獻上直接以尺量測腫瘤大小的結果予以比較。而另一方面，我
們由腫瘤的微正子造影獲得的核醫藥物放射線比活度曲線獲得腫瘤每週對周遭
組織的藥物比率在第五週到達最高，綜合這些資訊，期能提供更多藥物治療癌症
時機的資訊。
為了使高頻超音波造影亦具有功能性影像資訊，使兩者影像能不但在結構與
功能上互補，亦能比對其功能性的效果，本研究使用自製的高頻超音波對比劑進
行肝腫瘤內對比劑的變化週期，以開發高頻超音波影像的功能性影像效果。在這

部分，本研究使用本實驗室團隊研發之高頻率超音波影像系統以及研究團隊所合
成的高頻超音波對比劑進行對比劑注射 B 型肝炎基因轉植小鼠超音波造影來診
斷肝腫瘤三個血管脈相時期。本研究成功的辨識對比劑注射後腫瘤區塊影像明顯
增強的肝腫瘤動脈期以及緊接著門脈期的快速減退，以時間影像強度曲線量化各
時期影像強度，並成功的判讀辨識出 13 隻疑似有肝腫瘤病變的 B 型肝炎基因轉
植小鼠其肝腫瘤類型、良性或惡性，最後以病理組織切片鑑定結果做為標準，計
算高頻超音波對比劑成像結果對偵測小鼠肝腫瘤的靈敏度、特異性以及準確度，
提供進入臨床前的小動物肝腫瘤研究良好而準確的鑑定造影工具以及技術，並探
討微正子影像與高頻超音波影像的結合在腫瘤研究與技術開發之可行性。
最 後 ， 本 研 究 使 用 整 合 型 經 驗 模 態 分 解 法 ( Ensemble Empirical Mode
Decomposition, EEMD )來增強超音波對比劑影像上對血流灌流區的偵測能力，並
加入白色噪音(white noise)方式可以產生濾波的效果，解決模態混合的問題得到
模態一致的內建模態函數( Intrinsic Mode Function, IMF )，結果發現原始訊號經
過整合型經驗模態分解法運算後產生的部分本質模態函數相較於傳統之脈衝反
相(pulse inversion)影像，能提升血流灌流區和周遭組織的對比度(contrast-to-tissue
ratio)。本研究以模擬組織與對比劑訊號和實驗影像來實現經驗模態分解法在非
線性成像增強的效果，實驗影像架構也適當的修正移動雜訊對於分解過程中雜訊
的放大的問題，並期此方法能提升超音波對比劑影像之效能。
本研究以結合高頻超音波影像系統以及微正子兩套影像系統為基礎，未來將
延伸建構兩套影像系統結合模式，實現各種影像系統(如磁振掃描、光學冷光、
光學螢光、自動放射顯影術)影像資訊結合，以目前開發出之超音波對比劑為基
礎，研發多模式影像造影劑，實現多模式腫瘤影像之開發。

關鍵詞 : 高頻超音波影像系統、微正子斷層掃瞄小動物影像、三維影像定位、
多模式小動物影像、小動物腫瘤、高頻超音波對比劑成像、經驗模態分解法、脈
衝反相。

Abstract
Small-animal models are used extensively in disease research, genomics research,
drug development, and developmental biology. The development of noninvasive
small-animal imaging techniques with adequate spatial resolution and sensitivity is
therefore of prime importance. In particular, multimodality small-animal imaging can
provide complementary information.
This paper presents a method for registering high-frequency ultrasonic (microUS)
images with small-animal positron-emission tomography (microPET) images.
Registration is performed using six external multimodality markers, each being a
glass bead with a diameter of 0.43–0.60 mm, with 0.1 μl of [18F]FDG placed in each
marker holder. A small-animal holder is used to transfer mice between the microPET
and microUS systems. Multimodality imaging was performed on C57BL/6J black
mice bearing WF-3 ovary cancer cells in the second week after tumor implantation,
and rigid-body image registration of the six markers was also performed. The average
registration error was 0.31 mm when all six markers were used, and increased as the
number of markers decreased. After image registration, image segmentation and
fusion are performed on the tumor. Our multimodality small-animal imaging method
allows structural information from microUS to be combined with functional
information from microPET, with the preliminary results showing it to be an effective
tool for cancer research.
In this study, we used a microUS system that we developed in-house as an
alternative method for tumor growth calipers. In addition, microUS was combined
with small-animal positron-emission tomography (microPET) for tumor metastatic
assessment. MicroUS provides anatomical information that can be used for tumor
volume measurements while microPET is a functional imaging method with

positron-emitting radiophamaceuticals, such as

18

F-labeled deoxyglucose, [18F]FDG.

In this study, microUS and microPET were performed in a mouse tumor longitudinal
study (2-8 weeks), both with 3D tumor segmentation and volume measurements. The
average tumor volume doubling time as determined during the exponential phase was
7.46 days by microUS. MicroUS and microPET are complementary to each other as
microUS has superior spatial resolution and microPET provides functional
information such as hypoxia or necrosis in the progression of the tumor. With image
registration and fusion, the combination can be a valuable tool for cancer research.
To investigate the feasibility of the functional information which provided from
microUS, we used the contrast enhanced ultrasound (CEUS) techniques to
characterize liver focal lesions and detect three vascular contrast phases in Hepatitis B
virus X (HBx) transgenic mice. Specifically, high-frequency ultrasound liver imaging
with albumin-shelled microbubbles was employed to detect three vascular contrast
phases and characterize focal liver lesions that developed in thirteen HBx transgenic
mice at around 14 to 16 months of age. In the thirteen mice, the arterial phase ranges
from 2 to 60 seconds post contrast injection. The time period from 10 to 30 minutes
post contrast injection was defined as the parenchyma phase in this study. Comparing
the imaging and the pathology results, the sensitivity, specificity and accuracy of
CEUS for the detection of malignant focal liver lesion in HBx transgenic mice were
91%, 100% and 92%. To characterize the features of the focal liver lesion and detect
the three vascular contrast phases of malignant focal liver lesions, the results were
arranged according to the guidelines of European Federation of Societies for
Ultrasound in Medicne and Biology. Histopathology investigations confirmed the
development of the lesion in these thirteen mice.
Finally, we propose to use a novel technique, called the ensemble empirical
mode decomposition (EEMD) for contrast nonlinear imaging, to improve the contrast

in CEUS imaging. Compared with the results based on the traditional nonlinear
imaging technique, the new approach obtains improved performance for tissue
components removal from the mixed signals effectively and objectively, and provides
us with more accurate contrast nonlinear signals.
These results demonstrated that high-frequency CEUS imaging is potentially for
characterizing malignant focal liver lesions in mice and is valuable to provide
functional information for preclinical study. The CEUS technique can combine with
microPET imaging in the future. The combing methods of microUS and microPET
multimodality imaging systems could be extended and other imaging modalities (ex:
MRI, in vivo bioluminescent imaging, in vivo fluorescent imaging, autoradiography)
integrate into these new techniques. The homemade microbubbles could be
constructed as a multimodality contrast agent. A multiplicity of ligands may be
coupled to microbubbles directly via covalent bonds or indirectly through
avidin-biotin interactions. Ultrasonically reflective particles can be complexed to
paramagnetics for MR or radionuclide for nuclear or D-luciferin for bioluminescent or
fluorescence for microscope multimodal imaging. The new technique provides an
alternative method for cancer research in small animal.

Key words ： High frequency ultrasound, MicroPET, 3-D reconstruction,
Multi-modality small animal imaging, WF-3 ovary cancer, Hepatocellular Carcinoma,
Contrast enhanced ultrasound, Empirical mode decomposition, Pulse inversion.
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CH 1. INTRODUCTION
Cancer is a disease caused by normal cells changing so that they grow in an
uncontrolled way. The uncontrolled growth causes a lump called a tumor to
form. There are over 200 different types of cancer because there are over 200 different
types of body cells. One in eight deaths worldwide is due to cancer. Cancer is the
second leading cause of death in economically developed countries (following heart
diseases) and the third leading cause of death in developing countries [1]. Figure 1-1
shows that there will be more than 12 million new cancer cases in 2007 worldwide, of
which 5.4 million will occur in economically developed countries and 6.7 million in
economically developing countries. By 2050, the global burden is expected to grow to
27 million new cancer cases and 17.5 million cancer deaths simply due information
on survival.

Fig. 1-1 Estimated number of new cancer cases by world area, 2007.
(American Cancer Society, http://www.cancer.org/downloads/STT/Global_Cancer_Facts_and_Figures_2007_rev.pdf)
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Prevention, early diagnosis and treatment are the three broad challenges for cancer.
The early diagnosis of cancer improves the prognosis for treatment. Medical and
diagnostic imaging equipment includes MRI, PET, ultrasound and CT scans that allow
us to diagnose cancer and plan medical treatment for the patient. Early diagnosis has
also made a significant contribution to the reduced number of deaths from cancer. It
provides a greater chance that treatment will be successful [2]. The early-diagnosis
technique requires high sensitivity and specificity. To the purpose, a combined
molecular–functional–anatomic approach will provide the highest benefit and would
probably require a combination of multiple imaging modalities because each has its
own strengths and weaknesses (Table 1-1).
Table 1-1. Sensitivity, spatial resolution and clinical translation of molecularfunctional imaging modalities.
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For example, Positron Emission Tomography/Computed Tomography (PET-CT)
helps physicians provide an accurate and automatic diagnosis for the staging and
treatment of cancer. It is to be able to successfully treat cancer, and several promising
molecular-targeted therapies are already being tested in the clinic [3]. Create a useful
imaging modality with greater accuracy for cancer detection is very important. Figure
1-2 shows examples of imaging modalities and their ability to image processes
ranging from the subcellular level up to intact tissue in vivo [2].

Fig. 1-2. The wealth of multi-modality imaging techniques currently available for
studying various aspects of cancer.
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1.1 Multimodality Small Animal Imaging
Small-animal models are used extensively in disease research, genomics research,
drug development, and developmental biology [4], which has resulted in the evolution
of many clinical imaging modalities in recent years for imaging small laboratory
animal models [5]. For example, small-animal positron-emission tomography
(microPET) and single-photon-emission tomography have become essential tools for
evaluating new therapeutic approaches in animal models of human disease [6]. A
combined positron-emission tomography (PET)/computed tomography scanner has
also triggered substantial interest in the noninvasive imaging of small laboratory
animals [7]. These noninvasive imaging techniques can be divided into two categories:
structural imaging and functional imaging. Combining these two types of imaging
methods (i.e., multimodality imaging) can provide complementary information that is
especially beneficial to cancer research [8]. In this dissertation, a method for
registering

high-frequency

ultrasonic

(microUS)

images

with

small-animal

positron-emission tomography (microPET) images is presented. MicroUS and
microPET were also performed in a mouse tumor longitudinal study, both with 3D
tumor segmentation and volume measurements.
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1.2 High Frequency Ultrasound Imaging System
High frequency ultrasound refers to the frequency range higher than 20 MHz
[9]-[11]. High frequency ultrasonic micro-imaging (microUS) is an important tool for
obtaining non-invasive real-time images of small animals. A spatial resolution of less
than 100 μm can be achieved when high-frequency ultrasound is used. The center
frequency used in this study was 40 MHz and the corresponding spatial resolution is
around 75 μm at the focus [12]. MicroUS system has been applied to imaging the eye
and skin. It has also been used in anatomical and hemodynamic studies on small
animals, such as mouse development from the early embryonic period to adulthood, in
vivo transgenic mouse disease models, and image-guided interventions on mice. Three
dimensional (3D) microUS imaging and segmentation were reported and shown to be
a reliable tool in the early detection and longitudinal growth analysis of xenograft
tumor in mice. Figure 1-3 shows a block diagram of the microUS system briefly.
B-mode ultrasound image was displayed in this study. The pulse echo signal
processing is showed in Fig. 1-4. In Fig. 1-4, the ultrasonic impulse signal propagates
into the object and reflected by the differences in acoustic impedance. The received
signal is also converted into an electrical signal. Typically, only the envelope of the
received signal is displayed and demodulated down to baseband. The demodulated
signal is selected by low pass filter and converted into the dB data. For B-mode
images, a two-dimensional image consists of many one-dimensional dB data signals.
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Fig. 1-3. MicroUS system block diagram.

Fig. 1-4. Pulse-echo imaging processing.
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1.3 MicroPET Imaging System
Positron-emission tomography (PET) provides 3D distribution of positron-emitting
radiopharmaceuticals. Using radiolabeled biomolecules and kinetics models, PET can
be used for quantitative measurements of many metabolic functions in living animals,
such as brain, heart and tumors. PET requires radioactive tracers to generate
annihilation photons signals which are detected by instrumentation. The theory of
PET is described in Fig. 1-5. In Fig. 1-5, positron-emitting radioisotopes have an
excess of protons. This unstable state ends once the excess positron (β+) is emitted. It
travels a certain distance (1-3 mm) before it undergoes an annihilation with an
electron (β-) creating a pair of collinear gamma rays. While the emmitted positrons
travelling in tissue, a positron loses energy in collisions with atomic electrons. It
eventually annihilates with an atomic electron, resulting in the emission of two 511
keV photons leaving in opposite directions. In a PET camera, each detector generates
a timed pulse when it registers an incident photon. These pulses are then combined in
coincidence circuitry, and if the pulses fall within a short time-window, they are
deemed to be coincident (Fig. 1-5).
For small animal studies, microPET [13]-[14] was designed with improved spatial
resolution over clinical PET. The spatial resolution of microPET used in this study
(R4, Concord Microsystems, Knoxville, TN, USA) is about 1.8 mm at the center of
the field of view and dropped to 2.5 mm (radial component) at 25 mm off-center.
Such resolution is inferior to that of microUS. Although microPET is unable to obtain
anatomical information of small animals, it is an ideal tool for assessing tumor
metabolism. The microPET R4 has a detector material for both scanner models LSO.
The ring diameter is 148 mm and the axial FOV is 80 mm. Photograph of the
microPET R4 scanner is shown in Fig. 1-6.
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Fig. 1-5. Positron annihilation and coincidence detection in a PET camera.

Fig. 1-6. A photograph of the Concorde microPET R4 system installed at the
Taipei Veterans General Hospital.

8

1.4 Imaging Registration for MicroUS/MicroPET
Image registration refers to bringing two or more sets of image data into geometric
congruence through spatial transformation [15], and is a necessary step prior to
performing image fusion. In order to transform the source to match the reference, it is
necessary to determine a mapping from each voxel position in the reference to a
corresponding position in the source [16]-[19]. The present study employed
rigid-body transformation [20] combined with a multimodality phantom containing
six image markers. These six markers were matched in the microUS and microPET
images using three image processing steps: (1) making the voxel size the same in the
two imaging systems, (2) rigid-body image registration, and (3) fusing the images
from the two systems.

1.5 Basics of Ultrasound Contrast Agents
The clinical use of ultrasound contrast agent started in the 1960s, the microbubble
enhancement after injection of indocyanine into a cardiac catheter during M-mode
scanning of the aortic valve was observed by Gramiak and Shah [21].

In 1984, a

method of producing smaller bubbles with a reasonably narrow size distribution was
developed. The principal characteristic of microbubble-based ultrasound contrast
media is their backscatter effect. Many contrast agents are either air-filled or contain
gases that dissolve poorly in the blood with a mean diameter on the order of 1 to 10
µm. The high echogenicity feature of microbubbles is useful in increasing the
backscattered signal intensity (15-20 dB) from blood. Moreover, the echogenicity of a
contrast media, or degree of backscatter, is dependent on the medium’s scattering
strength. This can be expressed in terms of a parameter known as its scattering cross
section: an index of the efficiency of a scattering medium defined as the power
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scattered from a single source (bubble) divided by the intensity of the incident
ultrasound.
In this dissertation, home-made microbubble coated with albumin is similar to the
commercial ultrasound contrast media, OptisonTM. The gas enclosed in the
microbubbles is perfluoropropane (C3F8). The microbubbles are in the mean size of
1.2 µm in diameter. Figure 1-7 shows the diagram of the microbubble composition
used in this study.

Fig. 1-7. A diagram of the home-made microbubble used in this study.

1.6 Contrast-Enhanced Ultrasound of HCC
Contrast-enhanced ultrasound (CEUS) has been used to evaluate known or
suspected focal liver lesions. In this technique, the contrast between the lesion and
normal liver parenchyma was evaluated during three vascular contrast phases, i.e.
arterial, portal-venous and late phase [22]. Hepatocellular carcinoma (HCC) is a
primary liver malignancy in humans that most often occurs in association with
cirrhosis or chronic hepatitis [21]. The portal vein carries most (75%) of the afferent
blood volume in the normal liver, where HCC results in cirrhosis-induced arterial
neoangiogenesis [23] and thus hypervascularity. The increased arterial supply in HCC
is proportional to its size and grade. In contrast, the blood supply of the portal vein
decreases during the early steps of carcinogenesis [24]-[25]. CEUS imaging plays an
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important role in the clinical diagnosis of this disease, providing information on the
hemodynamic changes of the HCC and aiding detection of the blood supply peculiar
to HCC. The real-time scanning capabilities of ultrasound also allow the evaluation of
small lesions that are unclear on computed tomography or magnetic resonance
imaging [26]-[27]. Previous studies have found that HCC can be characterized by
rapid intensity enhancement in the arterial phase (15–25 seconds after contrast
injection), a rapid washout in the portal phase (45–90 seconds after contrast injection),
and intensity enhancement of liver parenchyma in the parenchyma phase (90–240
seconds after contrast injection) [21].

1.7 Contrast Improvement in Ultrasound Nonlinear
Imaging Using EEMD
Ultrasound harmonic imaging with contrast agents takes the advantage of the
nonlinear response of the contrast agent. However, the contrast-to-tissue ratio (CTR)
is still limited because significant harmonic echoes are also present in surrounding
tissues. Hilbert-Huang transform (HHT) is a data analysis designed specifically for
analyzing nonlinear and non-stationary data. Ensemble empirical mode decomposition
(EEMD) method is a new part of HHT which allows decomposing the non-stationary,
nonlinear data into a finite number of intrinsic scale modes accurately. In this paper,
we propose EEMD as an alternative technique for ultrasound contrast imaging, to
extract the contrast agent components from the harmonic echoes. Compared to the
significantly better contrast detection than fundamental and second harmonic imaging
obtained using pulse-inversion (PI) based nonlinear imaging, the CTRs in
fundamental and second harmonic bands are improved by 5.2 and 6.5 dB after EEMD
decomposing. The contrast-to-noise ratio (CNR) is improved by 9 dB in fundamental
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band after EEMD decomposing. The new approach obtains improved performance for
contrast agent components extracts either in fundamental band or in second harmonic
band.

1.8 Scope and Organization of the Dissertation
The purpose of this dissertation is to investigate performance and relevant issues of
ultrasound multimodality tumor imaging in small animal. The feasibility of contrast
enhanced 40 MHz ultrasound to characterize hepatocellular carcinoma in small
animal is also demonstrated. Three major topics are discussed in this dissertation.
In chapter 2, the potential of three-dimensional registration method for
microUS/microPET multimodality small animal imaging is explored. In this chapter,
rigid body registration is performed using six external multimodality markers, each
being a glass bead placed in each marker holder for microUS, with 0.1 μl of [18F]FDG
placed in each marker holder for microPET. Multimodality imaging was performed on
C57BL/6J black mice bearing WF-3 ovary cancer cells in the second week after tumor
implantation, and rigid-body image registration of the six markers was also performed.
Section 2.1 introduces the small animal model used in this study. The registration
phantom and small animal holder design is illustrated in section 2.2. In section 2.3,
the experimental procedure is described. Data processing and three-dimensional
image reconstruction is demonstrated in section 2.4. The test phantom design and
estimation for the registration method is described in section 2.5. Section 2.6
introduces the rigid body registration algorithm used in this study and the error
estimation of this registration method. The brief concludes in section 2.7.
In chapter 3, the microUS/microPET tumor imaging was applied for long term
observation in small animal. The tumor growth was observed by microUS and
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microPET system at the same stage. Chapter 4 introduces the feasibility of the
contrast enhanced ultrasound technique applied for liver focal lesion characterization
in small animal model. Chapter 5 evaluates EEMD method for contrast improvement
in nonlinear imaging. Chapter 6 includes the overall discussion and future works of
this dissertation.
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CH 2. A THREE-DIMENSIONAL REGISTRATION METHOD FOR MICROUS/MICROPET
MULTIMODALITY SMALL ANIMAL
IMAGING
The present study combined high-frequency ultrasound imaging, which provides
real-time and high-resolution anatomical information, with microPET, which provides
functional information. An effective registration method is necessary since it is
difficult to perform both imaging procedures simultaneously with a known geometry
relationship between them. In addition, the fundamental differences in the information
provided by ultrasonic imaging and PET require external multimodality markers to
the small animal to be used for registration, rather than a mutual information approach
[28]. Such multimodality markers need to be both acoustically and radioactively
active.
High-frequency ultrasound (microUS) imaging is an emerging tool that employs
frequencies above 20 MHz to provide resolutions of less than 100 µm, and has been
applied to imaging the eye and skin [29]-[31]. It has also been used in anatomical and
hemodynamic studies on small animals, such as mouse development from the early
embryonic period to adulthood, in vivo transgenic mouse disease models, and
image-guided interventions on mice [9]-[11]. The present study combined ultrasound
with microPET, which was used to obtain the three-dimensional (3D) distribution of
positron-emitting isotopes with an improved spatial resolution relative to clinical PET
[13].
Image registration refers to bringing two or more sets of image data into geometric
congruence through spatial transformation [15], and is a necessary step prior to
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performing image fusion. In order to transform the source to match the reference, it is
necessary to determine a mapping from each voxel position in the reference to a
corresponding position in the source [16]-[18].The present study employed rigid-body
transformation [19] combined with a multimodality phantom containing six image
markers. These six markers were matched in the microUS and microPET images
using three image processing steps: (1) making the voxel size the same in the two
imaging systems, (2) rigid-body image registration, and (3) fusing the images from
the two systems. The orthogonal Procrustes algorithm [32] was used for rigid-body
transformation, with the “fiducial registration error” (FRE) and the “target registration
error” (TRE) used to quantify the registration precision. Finally, the tumors in the
images were segmented for the reconstruction of 3D volume data.

2.1 Small-Animal Model
C57BL/6 mouse peritoneal cells were collected and transfected with the HPV-16
E6 and E7 and activated human c-Ha-ras gene. This tumor cell line has been named
WF-3 [33]. In this study, female C57BL/6J black mice were anesthetized using ether,
and WF-3 cells (5×104 in 0.1 ml of phosphate-buffered saline) were injected
subcutaneously into the right shoulder of each animal. MicroUS and [18F]FDG
microPET imaging were subsequently performed during the second week after
injection.

2.2 Registration Phantom and Animal Holder Designed
A registration phantom with six markers was designed so that it could be placed in
a small-animal holder, as shown in Fig. 2-1. The small-animal holder was
80×80×40 mm. The procedure for constructing the registration phantoms is outlined
in Fig. 2-2. The phantom was constructed from 2% agarose solution (2 g of agarose
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powder mixed with 98 ml of pure water in a beaker). The clear agarose solution was
heated in a microwave oven and then poured into the small-animal holder. After
waiting 2 hours to allow any bubbles that may have formed to rise to the surface, the
agarose phantom was molded into the appropriate shape for fixing the animal. To
prepare the alignment markers, six glass beads with a diameter of 0.43–0.60 mm
(Sigma-Aldrich, MO, USA) were placed inside six holes created in the phantom. The
holes were created with a diameter of 1 mm. The length of the column was around 3
mm. The six markers were positioned around the tumor surface and were separated by
at least 4–5 mm. In addition, 0.1 μl of [18F]FDG was injected into each hole using a
microinjector, and the tumor-bearing mouse was fixed in the holder with the
registration phantom. After microPET imaging, the agarose liquid was used again to
seal the six holes for microUS. Once the registration phantom within the small-animal
holder was set up, the spatial relation between the images of these two modalities was
fixed and hence its transformation matrix remained constant.
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Fig. 2-1. Schematic (a) and photograph (b) of the registration phantom and the
small-animal holder.

Fig. 2-2. Flow chart of the procedure for constructing the registration phantom.
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2.3 Experimental Setup for MicroPET and MicroUS
The flow chart for image acquisition and processing is shown in Fig. 2-3. The
tumor-bearing mouse was fixed in the animal holder 30 minutes after 200–300 μCi
[18F]FDG was injected into the lateral tail. For microPET scans, the tumor-bearing
mouse was anesthetized with halothane vapor using a vaporizer system (Fluosorber,
Market Supply, London, UK), with the scans being performed for 10 minutes. The
small-animal PET imaging system was a microPET system (R4, Concord
Microsystems, Knoxville, TN) with an axial extent of 7.8 cm, a field of view of 9.4
cm, and an animal port with a diameter of 12 cm. In the microPET system, the spatial
resolution slowly decreased as the istope was moved away from the center of the field
of view. The spatial resolution of the x, y, z axes is around 1.6–1.8 mm FWHM in the
center of the field of view. At 5 mm radial offset, these values decreased to 2.2–2.5
mm FWHM. The system consisted of 96 detector modules, each comprising an 8×8
array of 2.2×2.2×10 mm3 lutetium oxyorthosilicate crystals, arranged as 32 crystal
rings in a diameter of 14.8 cm. The peak sensitivity of this system is 2.1% at the
center of the field of view with a 250–750 keV energy window [34].
After microPET imaging was performed, the six holes in the registration phantom
were filled with agarose solution. Meanwhile, the C57BL/6J black mouse bearing
WF-3 tumor cells was also fixed and laid down in the small animal holder. After the
agarose solution had solidified, the holder was filled with warm water (38°C).
MicroUS imaging was performed using a personal computer (PC)-based imaging
subsystem (CLI 1500Ti, Capistrano Labs, San Clemente, CA). In our measurements,
the sound velocity of 98 wt% agarose phantom is around 1519 m/s at 38 °C. The
sound velocity of graphite-agarose phantom (graphite 0.2 wt%, agarose 98 wt%) is
around 1532 m/s at 38 °C. The default ultrasound velocity is set at 1.519 or 1.532 mm
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per microsecond from CLI's UltraView software. The transmit frequency was 20 MHz,
the transducer had a diameter of 7 mm and a fixed focus at 12 mm, and the lateral
scanning range was 35° in sector format. 3D volume data were acquired with an
elevational spacing between frames of 0.15 mm.

Fig. 2-3. Flow chart of microUS/microPET image acquisition and processing.

2.4 MicroUS/microPET Data Processing and 3D

Reconstruction
As outlined in Fig. 2-3, the microPET system was operated in full 3D mode,
permitting coincidence between any two detector rings. The list-mode data were
sorted into full 3D sinograms, and all image data were reconstructed using a filtered
backprojection method with a 256×256×63-voxel matrix [35]. The voxel size was
0.42×0.42×1.2 mm3.
For microUS imaging, the received echoes were sampled and stored on a PC. The
envelope signal was detected, and the B-mode image was displayed using MATLAB
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(MathWorks,

MA,

USA).

The

3D

image

data

were

obtained

with

a

2089×1401×160-voxel matrix, with a voxel size of 0.0187×0.01875×0.15 mm3. Both
microUS and microPET images were then adjusted to the same voxel size of
0.075×0.075×0.075 mm3 before image registration (Fig. 2-4).

Fig. 2-4. Making the voxel size the same in the two imaging systems.

The boundaries of six markers were contoured and the center of gravity of each
marker was calculated, and then the center of gravity of the six markers was used to
perform the rigid-body registration transformation. The microUS/microPET images
containing markers and tumors were fused and visualized using Amira software
(version 3.1.1, Template Graphics Software, CA, USA). 3D image reconstruction was
performed using Amira software, which required manual contour detection on each
2D image. A typical example is shown in Fig. 2-5. Fig. 2-5(a) shows a cross-sectional
image and three projections on the x-y, y-z, and x-z planes, and Fig. 2-5(b) shows the
corresponding results for contour detection.
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Fig. 2-5. 3D image reconstruction using Amira software: (a) selection of central slices
for the three orientations, and (b) detection of the contours of the tumor boundary
(white).

Fig. 2-6 shows typical transverse (top), sagittal (middle), and coronal (bottom)
views of a second-week tumor with registration markers. The left, middle, and right
panels in Fig. 2-6 show the microUS, microPET, and microUS/microPET fused
images, respectively. Fig. 2-7(a), (b) and (c) show the results for contour detection for
microUS, microPET, and both registration and image fusion, respectively, and Fig.
2-7(d) shows the three projections onto x-y, y-z, and x-z planes.

21

Fig. 2-6. MicroUS (a) and microPET (b) transverse (top), sagittal (middle), and
coronal (bottom) images of the tumor region with the registration markers. (c) The
microUS/microPET fused images.

Fig. 2-7. 3D reconstruction of the tumor (bottom) and the six registration markers (top)
for (a) microUS, (b) microPET, and (c) microUS (white blobs)/microPET (dark blobs)
fused images after registration. The three projection images are shown in (d).
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2.5 Test Phantom Design and Estimation
In principle, TRE is a direct measure of the registration performance. However, due
to microUS and microPET images containing distinctly different information, in
practice it is difficult to compute TRE. We therefore used FRE to quantify the
performance of our technique. In addition, a test phantom was built with a known
object for TRE calculations. The test phantom, including the target point and the six
markers, is shown in Fig. 2-8. The test phantom consisted of a graphite-agarose region
and an agarose region. The purpose of the graphite-agarose region was to hold a glass
capillary for microUS imaging. The target point in the test phantom was fixed by
positioning the end point of the glass capillary at the boundary between the two
regions. Also, three markers were placed in each of the graphite-agarose and agarose
regions. Three such test phantoms were constructed to allow three sets of independent
experiments to be performed.

Fig. 2-8. Design of the test phantom containing six markers. The phantom consisted
of a graphite-agarose region and an agarose region. The glass capillary tube was held
within the graphite-agarose region. Each region contained three markers.
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2.6 Rigid-Body Transformation and Error Estimation
A rigid-body transformation algorithm was used for the image registration between
microUS and microPET using only rotations and translations (i.e., no deformations).
In other words, a point pi = (xt, yt, zt) in the test image was transformed into a point qi
= (xr, yr, zr) in the reference image using

q i = T(p i ) = Rp i + t ,

(Eq. 2-1)

0
0 ⎤ ⎡ cos(φ) 0 sin(φ) ⎤ ⎡ cos(θ ) sin(θ ) 0 ⎤
⎡1
⎡t x ⎤
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where i = 1–6 (since there were six markers), t = (tx, ty, tz)T is the translation vector,
and R is the rotation matrix for angles σ, ϕ, and θ about the x, y, and z axes,
respectively. The geometry is also shown in Fig. 2-9, where tx, ty, tz, σ, ϕ, and θ are the
six unknowns to be solved by the following least-squares method:
.

N

min ∑ qi − (Rpi + t ) ,
R, t

2

(Eq. 2-3)

i =1

R and t in (Eq. 2-3) were solved using the orthogonal Procrustes algorithm [36]-[37]
with the following steps. First, the new coordinates q’ and p’ are obtained by
subtracting the coordinates of the center of gravity from the markers:
qi ' = q i − q,

(Eq. 2-4)

p i ' = p i − p,

(Eq. 2-5)

where p and q are the coordinates of the center of gravity calculated from all
markers. Second, the correlation matrix H is obtained by calculating the correlation
coefficients of q’ and p’:
N

H = ∑ pi'qi ' T ,
i =1
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(Eq. 2-6)

Third, singular value decomposition is performed on H:

H = UDVT ,

(Eq. 2-7)

where U and V are orthogonal matrices and D is the diagonal matrix with singular
values. Fourth, the rotation matrix is obtained using
R = VU T ,

(Eq. 2-8)

and finally the translation matrix is obtained as

t = q − R p.

(Eq. 2-9)

The purpose of the above registration method was to minimize the FRE, defined as
the root-mean-square distance between corresponding fiducial points (i.e., markers),
before and after registration. The other important error measure was the TRE, which
is the distance between target points before and after registration [38].

Fig. 2-9. Geometry of the transformation matrix.
The calculated values of FRE and TRE are listed in Tables 2-1 and 2-2. Table 2-1 lists
the FRE values of a tumor-bearing mouse from all six registration markers after
registration, and their mean value. The FRE ranged from 0.12 to 0.58 mm, with a
mean of 0.31 mm. These results demonstrate the efficacy of the proposed method,
given the size of the image markers and the resolution of the imaging systems. Table
II summarizes the FRE and TRE results by listing the mean values for the three
testing phantoms. The mean FRE and TRE of the three phantoms are 0.68 and 1.05
mm, respectively. TRE is generally larger than FRE, which is due to the registration
being performed based on the markers rather than the target. Finally, Fig. 2-10 plots
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FRE and TRE as functions of the number of markers used in registration. As expected,
FRE increases with the number of markers; however, TRE decreases as the number of
markers increases.

Table 2-1. FRE values after image registration.
Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 Marker 6 Mean±SD
FRE (mm)

0.21

0.34

0.58

0.36

0.27

0.12

0.31±0.11

Table 2-2. FRE and TRE values for the test phantoms (means from all six markers).
Phantom 1
Phantom 2
Phantom 3
Overall mean

FRE (mm)

TRE (mm)

0.49
0.80
0.76
0.68

0.75
0.94
1.46
1.05

Registration error (mm)

1.4

TRE
FRE

1.2

1.0

0.8

0.6

0.4
2

3

4

5

6

7

Number of markers
Fig. 2-10. FRE and TRE values as functions of the number of markers used in
registration.
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2.7 Discussions
Several factors influence the performance of our proposed method. First, the
[18F]FDG may have diffused into the surrounding agarose, which would affect the
results of contour detection in microPET imaging. Second, in microUS, because the
transducer had a fixed geometric focus and this was where the tumor was placed, the
markers were out of focus and hence exhibited a degraded point spread function.
Image deconvolution could be applied to improve the point spread function and the
registration performance [39]. Similarly, ordered-subset expectation maximization
could be used instead of the filter backprojection technique for microPET imaging.
However, although alternative image reconstruction methods may improve the
imaging of the markers, the additional benefits are limited by only the center of
gravity being used to define the marker positions.
Third, the registration error (0.31 mm) is less than the image resolution of
microPET system (1.6–2.5 mm) and more than the image resolution of microUS (0.15
mm). It seems that the resolution limits the usefulness of the registration system.
However, the fused image can help us to observe the accurate position of the tumor. It
can improve the limits of the image resolution of microPET. Fourth, observed error is
an important factor which would magnitude the experimental errors. To mechanize the
constructed process of the registration system is a way to reduce the observed errors.
On the other hand, the accurate of the measuring instrument is important as
mechanization.
Fifth, the markers should ideally be distributed around the tumor, whereas in
practice they can be placed only on one side of the tumor and between the transducer
surface and the tumor, which resulted in lower TRE values in our simulations. Finally,
the minimum distance between any two markers needs to be set whilst considering the
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finite marker size and the resolution of the imaging systems. Moreover, interference
will occur if the markers are placed too close to a tumor. These factors together limit
the number of markers that can be placed in the registration phantom. In our method
there are six unknowns to solve, and hence there should be at least six markers to
ensure that the problem is not underdetermined. The use of smaller markers would
allow more markers to be included, and if the signal intensity remains sufficient this
should improve the performance (see Fig. 2-10).
We have developed an effective method for the 3D registration of combined
microUS and microPET imaging. The distinct differences between the natures of
these two imaging methods makes it necessary to utilize external markers. In addition,
rigid-body transformation is employed to ensure adequate performance. FRE can be
used to quantify the effectiveness of the method, and we constructed test phantoms
with a known image target so that TRE values could also be determined. Such
methods could also be applied for the registration of other small-animal imaging
modalities.
The primary application of the proposed method is in cancer research on
small-animal models. In such applications microUS provides excellent anatomical
information, whereas microPET provides information on glucose metabolism. Future
studies could add ultrasonic color Doppler imaging to evaluate angiogenesis. Since
cancer drugs are delivered to the tumors via the vessels, such a multimodality
approach represents an effective tool for both drug development and cancer research.
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CH 3. NONINVASIVE TUMOR IMAGING
WITH HIGH FREQUENCY ULTRASOUND
AND MICROPET IN SMALL ANIMALS
Small-animal models have been widely used in the biomedical sciences to study
human diseases and evaluate treatment effectiveness. Conducting small-animal
experiments more efficiently has also become a key factor to the success and
timeliness of the related studies. For example, the periodic caliper measurement is
frequently used for the evaluation of treatment efficacy for superficial tumors.
However, overestimation of tumor size was a disadvantage of manual caliper
measurements [40]. Recently, multimodalities of molecular imaging for non-invasive
tumor volume analysis have been of research interest [41]-[43]. Such methods can be
used to assess tumor growth and treatment effectivenes.
High frequency ultrasound refers to the frequency range higher than 20
MHz.[9]-[11] High frequency ultrasonic micro-imaging (microUS) is an important
tool for obtaining non-invasive real-time images of small animals. A spatial resolution
of less than 100 μm can be achieved when high-frequency ultrasound is used. The
center frequency used in this study was 40 MHz and the corresponding spatial
resolution is around 75 μm at the focus [12]. Three dimensional (3D) microUS
imaging and segmentation were reported and shown to be a reliable tool in the early
detection and longitudinal growth analysis of xenograft tumor in mice [40]. A
biomicroscopy system (VS40, Visualsonics Inc., Toronto, Ontario, CA) was used.
Ellipsoidal formulas are typically used for the volume estimation. The application of
3D microUS to prostate cancer in mice showed advantages, such as high spatial
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resolution and contrast in soft tissue. 3D microUS also may be particularly well suited
for the quantitative assessment of metastatic progression and the evaluation of
chemotherapeutics in preclinical liver metastasis models [44]-[46].
Optical imaging, such as fluorescent or bioluminescent imaging, is another
alternative for monitoring tumor growth and progression [43], [47] In vivo confocal
microscopy and bioluminescent imaging systems are able to monitor the molecular
processes associated with carcinogenesis. They have also been used to study the role
of specific genes in cancer progression and viral vector targeting of metastasis. In
spite of these advantages, these methods are difficult to be applied in clinics and thus
are limited to preclinical research.
Positron-emission tomography (PET) provides 3D distribution of positron-emitting
radiopharmaceuticals. Using radiolabeled biomolecules and kinetics models, PET can
be used for quantitative measurements of many metabolic functions in living animals,
such as brain, heart and tumors. For small animal studies, microPET [13]-[14] was
designed with improved spatial resolution over clinical PET. The spatial resolution of
microPET used in this study (R4, Concord Microsystems, Knoxville, TN, USA) is
about 1.8 mm at the center of the field of view and dropped to 2.5 mm (radial
component) at 25 mm off-center. Such resolution is inferior to that of microUS.
Although microPET is unable to obtain anatomical information of small animals, it is
an ideal tool for assessing tumor metabolism. The purpose of this study is to explore
the potential of combining microUS and microPET for small animal tumor imaging.
The microUS system was developed in-house. MicroUS and [18F]FDG microPET
imaging were performed on C57BL/6J black mice bearing WF-3 ovarian cancinoma.
For each mouse, tumor growth was monitored in vivo by traditional caliper
measurement, microUS and [18F]FDG microPET. 3 D tumor segmentation and
volume estimation were applied on tumors from 2 to 8 weeks. The intercomparison
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between the three modalities was performed.

3.1 Small-Animal Model
All animal experiments were performed under an approved animal care protocol of
the National Animal Center of R.O.C. MicroUS (n=5) and microPET (n=3) female
C57BL/6 mice weighting 18–22 g were used in this study. Detailed methods to
construct the small animal model have been described previously (Section 2.1). The
tumor cells were injected subcutaneously into the right shoulder of the mouse. After 2
weeks, microUS and [18F]FDG microPET imaging were performed on a weekly basis.
Vernier caliper measurements were also made before microUS, in which we measured
the lengths of the three dimensions of the tumor and the tumor volume was calculated
according to the ellipsoid model [40]:
V =

π
6

w2l ,

(Eq. 3-1)

where V is the tumor volume, w is the short axis, and l is the long axis along the three
spatial coordinates.

3.2 Small-Animal High-Frequency Ultrasound
Imaging
MicroUS was performed 2 weeks after tumor implantation. C57BL/6J black mice
bearing WF-3 mouse ovarian carcinoma cells were anesthetized and laid down in
warm water (38oC). The 8-bit, 200-Msamples/s arbitrary-function generator (DAC200,
Signatec, CA, USA) was used to generate the desired transmit waveform, which then
was sent to a power amplifier (25A250A, Amplifier Research, PA, USA) to drive the
lithium-niobate focused transducer. The scan-line data acquired at each position were
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sent to an ultrasonic receiver (5900 PR, Panametrics, MA, USA). Finally, the signal
was sampled with a 500-MHz digitizer (PDA500, Signatec). The center frequency of
the single-crystal lithium niobate transducer (NIH Resource Center for Medical
Ultrasonic Transducer Technology, PA, USA) was 45 MHz. The −6dB beam width at
the focus at this frequency is 75 µm [9], [12]. The focus was placed in the centre of
the tumour. All experiments employed the transmission of three cycles of a 40-MHz
sinusoid. The transducer had a fixed focus at 12 mm. The lateral scanning range of
2 cm was controlled by a 4-axis mechanical scanning system (CSI, Taipei, Taiwan).
The spacing between scan lines was 40 µm, and the pulse repetition interval was 1 ms.
The elevational spacing between frames was 200 µm, and the tumor volume was
measured after 3D image reconstruction.

Fig. 3-1. MicroUS system block diagram.
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3.3 Small-Animal MicroPET Imaging
After microUS was performed, the mice were sent to the National PET and
Cyclotron Center in Taipei Veterans General Hospital for microPET scanning. The
microPET Primate four-ring system (R4, Concord Microsystems, Knoxville, TN,
USA) is an animal PET device with a 7.8-cm axial extent, a 9.4-cm field of view, and
a 12-cm-diameter animal port. The system consisted of 96 detector modules, each
comprising an 8×8 array of 2.2×2.2×10 mm3 lutetium oxyorthosilicate crystals,
arranged as 32 crystal rings in a 14.8-cm diameter. The peak system sensitivity is
2.1% at the center of the field of view with a 250–750 keV energy window [34]. For
microPET scans, each tumor-bearing mouse was anesthetized with halothane vapor
using a vaporizer system (Fluosorber, Market Supply, UK) and laid on a table. About
200−300 μCi of [18F]FDG was injected through the lateral tail vein, and then
microPET scans were performed continuously for 2 hours. All images were
reconstructed using a filtered back-projection method17 with a 256×256 matrix. Data
acquisition by microPET scanning was initiated at the first minute after drug injection.
Dynamic microPET imaging data were acquired using one 15-min frames, three
10-min frames and nine 5-min frames, followed by 10-min frames up to 2 h after
injection. Finally, time-activity curves (TACs) were derived from the mean values in
the region of interest in the tumor and the contralateral normal tissue by ASIpro
VMTM (Concorde Microsystems).
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3.4 MicroUS/microPET Data Acquisition, 3D Tumor
Reconstruction, and Volume Measurement
The microUS/microPET image acquisition/processing technique is outlined in Fig.
3-2. It was less than one day between microUS scanning and microPET scanning. The
microPET system was operated in full 3D mode, permitting coincidences between any
two detector rings. The list-mode data can be sorted into full 3D sinograms, or
rebinned with single-slice rebinning or Fourier rebinning algorithms [35]. A rebinned
data set mimics the data from a conventional 2D system, resulting in a total of 63
sinogram planes with an axial sampling distance of 1.2 mm that can be reconstructed
by standard 2D filtered back-projection.

Fig. 3-2. MicroUS/microPET image acquisition and processing.

Pulse-echo image formation was used for microUS, with the same transducer used
for both transmission and detection. The received echo signals were sampled and
stored in a personal computer. The envelope signal was detected, and the B-mode
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image was displayed using MATLAB (MathWorks, MA, USA).
The tumors in microUS 3D small-animal images were segmented and 3D volume
data were reconstructed. The volume of the tumor was measured by Amira3.1
software (Template Graphics Software, CA, USA), which required manual contour
detection on each 2D image. The central slices for three orientations were selected,
and the tumor boundary was contoured by a radiologist. A typical example is shown
in Fig. 3-3. Fig. 3-3(a) shows a microPET cross-sectional image and three projections
on the x-y, y-z, and x-z planes, and Fig. 3-3(b) shows the corresponding results for
contour detection (red). Fig. 3-3(c) shows the selection of central slices for the three
orientations in microUS, and Fig. 3-3(d) shows the detection of the contours of the
tumor boundary (red).

Fig. 3-3. 3D image reconstruction using Amira software: (a) selection of central slices
for the three orientations in microPET, and (b) detection of the contours of the tumor
boundary (red). (c) selection of central slices for the three orientations in microUS,
and (d) detection of the contours of the tumor boundary (red).
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Fig. 3-4(a) shows the parenchyma of an 8th-week tumor. Fig. 3-4(b) shows a
B-mode high-frequency ultrasound image, tumor segmentation, and the 3D volume
reconstruction of a tumor. This image was also obtained at the 8th week after tumor
cells implantation. Since this method is noninvasive, the tumor volume was measured
every week after tumor implantation. Fig. 3-4(c) shows a microPET image, tumor
segmentation, and the corresponding 3D reconstruction. To allow comparisons, the
image was again obtained at the 8th week after tumor cells implantation. With
microPET, the TACs of [18F]FDG in the tumor and the normal tissue were also
obtained for 2 hours after the injection of [18F]FDG (Fig. 3-5). The uptake of
[18F]FDG in WF-3 mouse ovarian carcinoma reached a plateau before or at 4000
seconds

postinjection.

The

tumor-to-normal-tissue

ratios

at

4000

seconds

postinjection were 1.84, 2.15, 2.57, 4.16, 3.20 2.71, and 1.79 at 2, 3, 4, 5, 6, 7 and 8
weeks

after

tumor

cell

implantation,

as

shown

in

Table

3-1;

tumor-to-normal-tissue ratio was maximal at 5 weeks after tumor implantation.
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the

Fig. 3-4. (a) Parenchyma of a tumor at the 8th week after tumor implantation. (b)
B-mode microUS image (left, partial transverse section), tumor segmentation
(middle), and the corresponding 3D representation (right) at the 8th week. (c)
MicroPET image (left, whole-body transverse section), tumor segmentation (middle),
and the corresponding 3D representation (right) of the 8th-week tumor.
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Fig. 3-5. Time–activity curves obtained by microPET of [18F]FDG for C57BL/6J mice
bearing WF-3 mouse ovarian carcinoma.
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Table 3-1. Tumor volumes and radioactivity measurements.
Caliper
Time

n

(weeks)

MicroUS imaging

MicroPET imaging

Tumor
volume
(mm3)

n

Tumor
volume
(mm3)

MicroUS
to
caliper
ratio (%)

n

3D
reconstruction
of radioactive
region (mm3)

microPET
to caliper Tumor-to-normal-tissue
ratio (%)
ratio

2

5

28.74±6.99

5

16.79±4.75

58.42

3

33.96±7.65

118.16

1.84±0.27

3

5

45.66±13.16

5

31.09±12.94

68.09

3

46.78±5.93

102.45

2.15±0.36

4

5

65.92±19.33

5

50.21±19.52

76.17

3

90.68±17

137.56

2.57±0.40

5

5 326.80±58.22

5 225.55±21.62

69.02

3

245.12±47.03

75.01

4.16±0.63

6

5 476.18±22.99

5 264.98±28.44

55.64

3 400.44±100.66

84.09

3.20±0.39

7

5 554.89±54.36

5 428.06±22.36

77.14

3

427.99±90.4

77.13

2.71±0.44

8

5 724.38±44.63

5 530.95±13.53

73.30

3

478.29±88.6

66.03

1.79±0.58
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3.5 In Vivo Growth Curve
The growth curve of the WF-3 mouse ovarian carcinoma was obtained by microUS
and compared with the microPET radioactivity data. The lag time, population
doubling time, and plateau level were determined from the growth curve [48]-[49].
The doubling time (T) of WF-3 ovarian carcinoma cells in vivo was calculated as
[48]
T=

(t-t0 ) × log 2
log N − log N 0 ,

(Eq. 3-2)

where t is a time point during the exponential phase, N is the tumor volume at time t,
and N0 is the tumor volume at another time point t0.
The typical growth curve shown in Fig. 3-6 (data in Table 3-1) exhibits a lag period
(2–4 weeks) and an exponential phase (4–8 weeks). This was possibly followed by a
plateau phase, resulting in a sigmoid-shaped curve (data not shown). In Fig. 3-6, the
in vivo tumor growth curves by microUS and vernier caliper are shown. Means and
standard deviations are also shown in this figure. The average tumor volume doubling
time as determined during the exponential phase was 7.5 days by microUS. The result
was compared with 7.8 days calculated by caliper measurement. In Fig. 3-7, 3D tumor
volume reconstruction by microPET imaging based on the radioactivity at various
stages is shown. The caliper measurement, microUS and microPET imaging data are
compared in Fig. 3-6, Fig. 3-7 and Table 3-1. In Fig. 3-6 and Fig. 3-7, the slopes of
the curves are parallel before 6 weeks after tumor cell injection. During 6 to 8 weeks,
the slope of the curve in Fig. 3-7 decreases, and the standard deviations increase at
this period. In Table 3-1, the tumor volumes obtained from vernier caliper
measurements were used as the denominator for tumor volume comparisons. The
ratios of tumor volumes obtained from microUS and caliper varied from 58 %-76 %,
but were 102 %-138 % for microPET, from week 2-4. From the results, the tumor
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volume obtained from microPET was larger than caliper measurements at early stages.
At late stages (5-8 weeks), standard deviations of microUS and caliper tumor volume
measurements were from 14-58 mm3, but were 47-101 mm3 for microPET. In our
study, tumor-bearing mice begin to die after 7 weeks.

Fig. 3-6. In vivo tumor growth curve by microUS and vernier caliper. Means and
standard deviations are shown.
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Fig. 3-7. 3D tumor volume reconstruction by microPET imaging based on the
radioactivity.

3.6 Discussions
The vernier caliper technique is noninvasive and commonly adopted for tumor
volume measurements in the literature. Although “overestimation” is a disadvantage
of this technique, the measurement errors are generally consistent. An actual
measurement of tumor volume after excision is invasive and thus cannot be used in
the longitudinal study as reported in our manuscript. Furthermore, actual
measurements of tumor volume after excision may also be inaccurate when the tumor
is not removed completely. Recently, some researchers have done through
comparisons of 3D microUS and 3D histology [44]-[46] The histological correlations
with microUS and microPET may improve the measurement errors.
The evaluation for cancer treatment efficacy using tumor volume measurements is
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often impeded by the irregular shape of tumors and necrosis, such as the caliper
measurement; or due to the invasive nature of the analysis, such as tumor incision.
MicroUS and microPET are two non-invasive imaging techniques developed recently
for long-term observation and quantitation of tumor treatment efficacy based on
tumor volume or metabolism in small animal studies. We combined each modality
with the caliper measurement, respectively, in order to compare these two imaging
methods [41]. In table 1, the ratios of tumor volumes obtained from microUS and
caliper were varied from 58 %-76 %, but were 102 %-138 % for microPET, from
week 2-4. Manual caliper measurements were affected by skin layers and surrounding
nontumoral tissue, leading to an overestimation of tumor size. Nonetheless, the tumor
volumes obtained from microPET imaging were even larger due to its insufficient
spatial resolution. The over-estimation was primarily due to inadequate spatial
resolution. In other words, the large extent of the point spread function of the imaging
system caused the over-estimation. These results suggest that microUS is more
reliable than microPET in tumor volume measurements at early stages. Moreover, at
late stages (5-8 weeks), standard deviations of microPET tumor volume
measurements were large. The tumor boundary in microPET imaging is generally not
clear after 5 weeks, possibly due to the hypoxia and/or necrosis when the tumor grows
bigger. The hypoxic or necrotic tumor areas do not uptake radiopharmaceuticals, thus
making it difficult to define the contour in microPET imaging [50]. The
tumor-to-normal-tissue ratio from microPET was maximal at 5 weeks after tumor
implantation and decreased after the fifth week. It was obvious that the tumor volume
measurement before this time point was not significantly affected by the factors of
tumor hypoxia or necrosis.
Non-invasive imaging using various modalities, including PET, ultrasound and
optical imaging, is playing an increasing important role in understating disease
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progression, physiology and pathology. The characteristics of microUS and microPET
are tabulated in Table 3-2 [51]-[52]. MicroPET imaging allows both the temporal and
the spatial biodistribution of a molecular probe to be determined in a single living
animal model. [18F]FDG, a PET reporter probe, has been able to provide both
functional and metabolic information for the process of tumor growth in oncology
[53]. However, a PET cyclotron is required to produce radioisotope. The radiation
needs to be carefully shielded. The real-time nature of microUS, on the other hand, is
facilitating in anatomical and hemodynamic studies on small animals, such as mouse
embryonic development, in vivo transgenic mouse disease models, and image-guided
interventions on mice [9]-[11]. Targeted contrast ultrasound may be a particularly
effective method for studying the processes of tumor angiogenesis [52]. It detects the
molecular imaging of vessel phenotype with information on both perfusion and
microvascular blood volume. Bioluminescent imaging has introduced a sensitive,
rapid and high throughput alternative for monitoring and tracking tumor development
and metastasis in small animals [43]. Bioluminescent imaging is good with very high
sensitivity for low levels of signals. However, it is limited mainly for translational
research and difficult to be applied in clinical settings. In addition, the tumor volume
obtained from bioluminescent imaging is relatively surface weighted and not
appropriate to be compared with microUS and microPET.
There are several factors that need to be taken into consideration when using
microPET for tumor volume measurements. Firstly, the tumor contour for 3D
reconstruction in microPET imaging is difficult to be defined due to tumor necrosis
which does not uptake [18F]FDG. Secondly, the spatial resolution (1.8-2.5 mm) of
microPET limits the tumor volume accuracy. Both factors resulted in large tumor
volume variations in microPET imaging approach as shown in Fig. 7. Although
[18F]FDG microPET is not adequate for tumor volume measurements under the
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situation of hypoxia and/or necrosis developed in large tumor, it does provide
information on whole-body metabolism. In addition, high-frequency ultrasonic blood
flow measurements, which provide information on tumor vascularity, will allow the
applications of microUS/microPET imaging to be extended from the morphological
level to the functional and molecular levels.

Table 3-2. Characteristics of microUS and microPET imaging modalities.
Imaging
methods
microUS

Image
generation
high
frequency
sound

Spatial
resolution
50–500
µm

Temporal
resolution
seconds to
minutes

microPET

high energy γ
rays

1–2 mm

10 sec to
minutes

Depth

Translational

millimeters
to
centimeters

yes

no limit

yes

.
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Probe for
molecular imaging
microbubbles,
acoustically active
liposomes,
nanoscale
emulsions,
direct
Radiolabeled,
molecular marker,
direct or indirect

Application
morphological,
hemodynamic
studies,
tumor angiogenesis,
image-guided
interventions
whole body
metabolism,
gene expression,
reporter enzyme
targeting

Advantage

Disadvantage

Real time,
hemodynamic

limited spatial
resolution, mostly
morphological

high sensitivity,
isotopes can
substitute
naturally
occurring
atoms,
quantitative
translational
research

PET cyclotron or
generator needed,
relatively low
spatial resolution,
radiation to
subject
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4.1 Hepatocellular Carcinomas in Human
Hepatocellular carcinoma most often occurs in association with cirrhosis or chronic
hepatitis. The Hepatitis B virus (HBV) infection is one of the major risk factors for
the development of HCC in humans. Given the wide range of treatment options
currently available for cirrhotic patients affected with HCC, including surgical
resection , transplantation, transarterial chemoembolization (TACE) and percutaneous
methods such as ethanol injection, laser and radiofrequency (RF) ablation, timely
detection and accurate staging are mandatory so as to determine the best therapeutic
outcome. The clinical case shows significant variability, and prognosis is affected by
tumor features (such as number and size of nodules, presence of capsule, degree of
differentiation, vascular invasion) as well as severity of the underlying chronic liver
disease and portal hypertension.

4.1.1 Pathology and Hepatocarcinogenesis
It is currently accepted that hepatic carcinogenesis in the cirrhotic liver is a
stepwise process in clinical study [24]. Pathology studies have identified a spectrum
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of nodular hepatocellular lesions that occupy an intermediate position between
regenerative nodules and well-differentiated HCC. A regenerative nodule is a
well-defined region of parenchyma that has enlarged in response to necrosis, altered
circulation, or other stimuli. The blood supply is nearly identical to the normal hepatic
tissue in the regenerative nodule. Dysplastic nodules are lesions arising in the
cirrhotic liver and may be single or multiple. The histological features are cellular
atypia without frank malignant changes and development of small arteries without
accompanying bile ducts. The premalignant nature of dysplastic nodules has been
extensively demonstrated. In pathology, dysplastic nodules are identified at about
8-10 mm and may sometimes reach 15-20 mm. During the process of
hepatocarcinogenesis, intranodular hemodynamic changes also occur: whereas
regenerative and dysplastic lesions maintain portal blood supply (in normal liver, the
portal vein carries most of the afferent blood volume), development of HCC means
the appearance of arterialization of the liver parenchyma and capillarization of the
sinusoids. In Fig. 4-1, the contrast-enhanced ultrasound can detect hypervascular
period of HCC and the histopathology can confirm the features of HCC development.
The histopathology can help us to understand the stages of HCC development.

Fig. 4-1. The features of HCC development.
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4.1.2 Unenhanced Sonography
Ultrasound (US) is the most common examination in screening of patients at high
risk of developing hepatocellular carcinomas such as alcoholic, hepatitis B and C
patients. Small tumors (< 3 cm in diameter) in liver are hypoechoic and uniform in
appearance, but some lesions may appear hyperechoic due to fatty change. Larger
HCCs are usually heterogeneous with mixed hyper- and hypoechogenicity. The
reported detection rate of HCCs measuring less than 2 cm in diameter has been
variable, ranging from 46% to 95% [54]-[55], with accurate detection of 82%–93% of
HCCs measuring between 2 and 3 cm. For HCCs smaller than 1 cm, the detection rate
by US is considerably lower and ranges between 13% and 37% [55].

4.1.3 Contrast Enhanced Sonography
Contrast-enhanced ultrasound (CEUS) has been used to evaluate known or
suspected focal liver lesions. In this technique, the contrast between the lesion and
normal liver parenchyma was evaluated during three vascular contrast phases, i.e.
arterial, portal-venous and late phase [22]. Hepatocellular carcinoma (HCC) is a
primary liver malignancy in humans that most often occurs in association with
cirrhosis or chronic hepatitis [21]. The portal vein carries most (75%) of the afferent
blood volume in the normal liver, where HCC results in cirrhosis-induced arterial
neoangiogenesis [23] and thus hypervascularity. The increased arterial supply in HCC
is proportional to its size and grade. In contrast, the blood supply of the portal vein
decreases during the early steps of carcinogenesis [24]-[25]. CEUS imaging plays an
important role in the clinical diagnosis of this disease, providing information on the
hemodynamic changes of the HCC and aiding detection of the blood supply peculiar
to HCC. The real-time scanning capabilities of ultrasound also allow the evaluation of
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small lesions that are unclear on computed tomography or magnetic resonance
imaging [26]-[27]. Previous studies have found that HCC can be characterized by
rapid intensity enhancement in the arterial phase (15–25 seconds after contrast
injection), a rapid washout in the portal phase (45–90 seconds after contrast injection),
and intensity enhancement of liver parenchyma in the parenchyma phase (90–240
seconds after contrast injection) [21].
High-frequency ultrasound (i.e., higher than 20 MHz) [9]-[11] has been used for
noninvasive real-time imaging of small animals, and can achieve a spatial resolution
of less than 100 μm. In preclinical liver metastasis models, high-frequency ultrasound
imaging has been used to measure the tumor volume, assess metastatic progression,
and evaluate chemotherapeutics [45]-[46]. The main purpose of this study was to
determine the potential of assessing malignant focal liver lesion using contrast
enhanced high-frequency ultrasound imaging on small animals for preclinical
research. Moreover, three vascular contrast phases were characterized and identified.
The center frequency used in this study was 40 MHz, for which the spatial resolution
is approximately 75 μm at the focus [12]. Albumin-shelled microbubbles were used as
the contrast agent and imaging was done at low MI (0.14-0.18). The imaging system
and contrast agent were used to characterize focal liver lesions in Hepatitis B virus X
(HBx) transgenic mice.
After injecting microbubbles, the intensity enhancement in the vessels within a
suspected malignant focal lesion during the arterial phase is potentially for the
detection of HCC angiogenesis. In addition, the decrease in the intensity of the
suspected HCC lesion during the venous phase is also an important characteristic of
HCC because typical tumors lack a portal venous supply [27]. It has also been shown
that microbubbles with albumin shells were likely to be phagocytosed by Kupffer
cells, and hence the delayed parenchymal-phase images of CEUS imaging can also
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reflect the number and function of Kupffer cells in cirrhosis [56]. The time–intensity
curve (TIC) has been used with CEUS imaging in clinical settings [57]. In the present
study, the TICs were acquired for 30 minutes after contrast injection for identifying
and characterizing malignant focal liver lesions in HBx transgenic mice. TICs of
suspected HCC lesions and liver parenchyma were calculated. The results were also
arranged according to the guidelines of European Federation of Societies for
Ultrasound in Medicine and Biology (EFSUMB) [58] and histopathology findings.
According to the guidelines of EFSUMB, the arterial phase is important for
demonstrating hypervascularity of HCC and hypervascular metastases. Benign solid
lesions are characterized by persistence of contrast enhancement during the
portal-venous and late phase. The typical enhancement patterns are summarized
according the features in different types of lesions in the guidelines of EFSUMB.

4.2 Transgenic Mouse Model
The generation of HBx transgenic mice that develop HCC has been described
previously [59]. A liver-specific transgenic vector, pAlb-In-pA-HS4, containing the
mouse albumin promoter, a 0.33-kb synthetic intron, and a 0.28-kb bovine growth
hormone poly(A) signal was constructed. The albumin-HBx transgenic plasmid was
constructed by placing the X gene of the HBV ayw subtype into the SalI and PmeI
sites of the pAlb-In-pA-HS4 vector. The albumin-HBx transgenic mice were made by
microinjecting the DNA into the pronucleus of fertilized eggs of C57BL/6 mice. The
HBx transgenic mice started to develop HCC at around 14 to 16 months of age. At
19-20 months, the incidence of HCC in HBx transgenic male mice was about
90-100%. Pathological examination revealed that HCC was present in 27% of the
female HBx transgenic mice [59]. The suspected focal liver lesions in the livers were
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imaged in ten male, HBx transgenic mice using a 40 MHz ultrasound imaging system
and confirmed by surgery inspection. To investigate gender differences, 40 MHz
ultrasound imaging was also performed for the suspected focal liver lesions in three
female, HBx transgenic mice. The CEUS imaging was performed on the HBx
transgenic mice between 13 and 22 months of age. During 16-22 months of age, the
suspected focal liver lesions were detected.

4.3 Microbubbles for High-Frequency Ultrasound
Imaging
The ultrasound contrast agent used in this study comprised microbubbles with
albumin shells, and is similar to the commercial ultrasound contrast media OptisonTM
[60]-[61]. The gas enclosed in the microbubbles is perfluoropropane (C3F8). The
homemade albumin-based microbubbles were produced by sonication of 10-mL
solution containing 0.9% sodium chloride, 6.6% human serum albumin (Octopharma
AG, Switzerland) and perfluorocarbon (C3F8) gas. The solution was sonicated by
ultrasound sonicator (Branson, USA) for 2 min. The number of microbubbles in each
solution was measured with MultiSizer III (Beckman Coulter) with 30 µm aperture
probe, whose measurement boundary is between 0.6 to 20µm. The concentration of
the microspheres ranges 4.24−8.43x108/ml. The mean diameter number size is
0.7−2.0µm. Phantom experiments were performed to characterize the microbubbles.
The cylindrical phantom was made of 2% agarose gel (2 g of agarose powder mixed
with 98ml of pure water in a beaker) with a chamber to load the contrast agents and at
its center contained a region of 2 × 2 × 20 mm3 with injected microbubbles that were
diluted to a concentration of 1% by volume in saline. The 8-bit, 200-M samples/s
arbitrary-function generator (DAC200, Signatec, CA, USA) was used to generate the
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desired transmit waveform, which then was sent to a power amplifier (25A250A,
Amplifier Research, PA, USA) to drive the lithium-niobate focused transducer. The
scan-line data acquired at each position were sent to an ultrasonic receiver (5900 PR,
Panametrics, MA, USA). Finally, the signal was sampled with a 500-MHz digitizer
(PDA500, Signatec). The center frequency of the single-crystal lithium niobate
transducer (NIH Resource Center for Medical Ultrasonic Transducer Technology, PA,
USA) was 45 MHz. The −6dB beam width at the focus at this frequency is 75 µm [9,
12]. All experiments employed the transmission of three cycles of 20, 25, 40, and 50
MHz MHz sinusoid. The transducer had a fixed focus at 12 mm. The acquired signals
were recorded on the hard disk of a personal computer and processed using Matlab
(Mathworks, Natick, MA, USA). The RF data were processed and were used to
calculate the image intensity before the images were normalized. The contrast
between the background (phantom) and the microbubble region was measured to
determine the optimal imaging frequency for in vivo studies.
Images obtained using high-frequency ultrasound imaging with the contrast
phantom at 20, 25, 40, and 50 MHz are shown in Fig. 4-2(a), (b), (c), and (d),
respectively. The contrast values of the 100-fold-diluted microbubbles relative to the
background were 16.1, 18.8, 24.8, and 20.2 dB at 20, 25, 40, and 50 MHz,
respectively, and hence 40 MHz was used in subsequent in vivo imaging.

Fig. 4-2. Ultrasound B-mode images of the region in the agarose phantom containing
albumin-shelled microbubbles using ultrasound at 50 MHz (a), 40 MHz (b), 25 MHz
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(c), and 20 MHz (d).

4.4 Small-Animal High-Frequency Ultrasound
Imaging
Figure 4-3 shows a block diagram of the custom-made real time high frequency
ultrasound scanner consists of a scanning head, a pulser/receiver, ADC/DAC and
FPGA. The center frequency of the system can be varied from 20 to 50MHz and
frame rate from 1 Hz to 10 Hz. In our experiments, 3-cycle pulse wave with center
frequency of 40 MHz was used, and the frame rate was 2 to 5 Hz. For real time
ultrasound system, 400 images were recorded as a binary data set. Images were
obtained before and after contrast agent administered. The RF data were processed
and were used to calculate the image intensity before the images were normalized by
Matlab (Mathworks, Natick, MA, USA).

Fig. 4-3. Block diagram of the 40 MHz ultrasound imaging system.
The protocol of the high-frequency ultrasound imaging is illustrated in Fig. 4-4.
HBx transgenic mice bearing focal liver lesions were anesthetized and laid down in an
animal holder. The abdominal hair of the HBx mouse was clipped, and acoustic gel
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was applied to the abdomen. High-frequency ultrasound imaging was applied to the
entire livers of HBx mice. After identifying suspected focal liver lesions by a
radiologist, about 0.85-1.69x108 (0.15-0.2 ml) microbubbles were injected through the
lateral tail vein, and post-contrast-injection imaging of the suspected focal liver
lesions was immediately performed for 30 minutes. All of the data were used for the
measurement of TICs and characterization of suspected focal liver lesions.

Fig. 4-4. Protocol for CEUS imaging of HBx transgenic mice.

4.5 Contrast-Enhanced Ultrasound Imaging at 40
MHz
Contrast-enhanced 40 MHz ultrasound B-mode imaging was applied to the thirteen
mice. The mechanical index (MI) was measured from the equation as following:
MI =

P0.3
fc

where P0.3 is the peak rarefactional pressure derated by 0.3 dB/cm/MHz and f c is
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the center frequency. The acoustic pressure of the transducer was calibrated by a
needle-type hydrophone (MHA150, FORCE Technology, Brøndby, Denmark). The
acoustic peak pressure induced by the 40-MHz transducer was measured at 1.19 MPa
in water. In this study, the MI was 0.188 used to perform contrast enhanced imaging.
Hence, no microbubble destruction was expected during imaging. Each mouse was
anesthetized with halothane vapor using an anesthesia system (Surgivet, WI, USA).
B-mode imaging was first performed before injecting the microbubbles. One
transverse section of the suspected focal lesion in the liver was selected. Image
acquisition started within 1 second of microbubble injection. Regions of interest
(ROIs) were selected in the suspected focal lesions (shown in figure 4-5(a)), vessels
within the lesions (shown in figure 4-5(b)), and liver parenchyma (shown in figure
4-5(c)) by a radiologist. The image intensity was calculated in each ROI using Matlab
(Mathworks, Natick, MA, USA), with the mean constituting a data point in the TIC.

Fig. 4-5. Regions of interest (ROIs) were selected in the suspected focal lesions (a),
vessels within the lesions (b), and liver parenchyma (c).
The size of ROIs depended on the lesion size, and ranged from 1 × 1 to 1 × 0.5
mm2. In this study, the arterial phase was defined as the time period in which the TIC
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in the suspected focal lesion exhibited a distinct peak within 90 seconds after contrast
injection. The image intensity within 30 minutes of contrast injection was calculated
for suspected focal lesions, vessels within the lesions, and liver parenchyma. And
finally, the contrast between the suspected focal lesion and liver parenchyma within
30 minutes was measured.
The mean image intensity of focal liver lesions in the ten male mice increased by
5.4 dB during the arterial phase. Characteristics of liver lesions in the thirteen mice
were summarized in table 4-1. In table 4-1, CEUS of the liver provides different
parenchymal or tumoral enhancement on the different phases of contrast enhancement
of the liver, which are summarized. The incidence of malignant lesions in HBx
transgenic male mice was about 90-100%. However, only one of the three female
HBx transgenic male mice developed HCC. In Fig. 4-6(b), the image intensity of the
hypervascular metastases lesion in mouse 2 increased to a peak at 19 seconds. The
surrounding vessels of the suspected HCC lesion were enhanced at 61 seconds, as
shown in Fig. 4-6(c). Figure 4-6(d) shows that the washout phase was reached at
about 2 minutes, and also that the image intensity of the liver parenchyma began to
increase. Figure 4-7(a) and 4-7(b) show images of mouse 2 acquired before and 3
minutes after contrast injection, respectively. The arrows in Fig. 4-7(c) point to the
margin of the tumor, with enhancement clearly evident at 30 minutes after contrast
injection. The box in Fig. 4-7(c) shows that enhancement of the vessels in the
malignant lesion was clearly evident at 30 minutes after contrast injection. And it is
compared with the histology results shown in Fig. 4-7(d). In table 4-1, the complete
chaotic vessels were revealed during the arterial phase in mouse 2. The chaotic
vessels were shown in different area of HCC lesion during the three vascular contrast
phases. During arterial phase, the focal liver lesion shows hyper-enhancing. The
iso-enhancing and hypo-enhancing properties were shown during portal and late
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phase. The tumor entity was defined as the hypervascular metastases lesion by the
image property and histology.
Figure 4-8 shows images of a HCC lesion (mouse 5) before contrast injection (a)
and at 14 seconds (b), 16 seconds (c) and 2 minutes (d) after contrast injection. Panels
(c) and (d) also show characteristics of chaotic vessels. In table 4-1, the uncomplete
chaotic vessels were revealed during the three phase in mouse 5. During the three
phases, the hyper-enhancing, iso-enhancing and hypo-enhancing were also shown.
The tumor entity was defined as the typical hepatocellular carcinoma by the image
properties and histology. Figure 4-9(a) shows the HCC lesion in mouse 6 before
contrast injection and Fig. 4-9(b) shows the hyper-enhancing feature in HCC lesion
after contrast injection at 13 seconds. In Fig. 4-9(c), the HCC lesion shows the
hypo-enhancing feature at 30 minutes after contrast injection. In table 4-1, no chaotic
vessels were revealed during the three phase in mouse 6. However, during the three
phases, the hyper-enhancing, iso-enhancing and hypo-enhancing properties were
shown. The tumor entity was defined as the hepatocellular carcinoma by the image
properties and histology. Figure 4-10(a) shows the hypovascular metastases lesion in
mouse 9 before contrast injection. In Fig. 4-10(b) and table 4-1, the hyper-enhancing
and rim enhancing features were shown during arterial phase. The hypo-enhancing
feature at 30 minutes after contrast injection is shown in Fig. 4-10(c). The tumor
entity was defined as the hypovascular metastases lesion by the image properties and
histology. In three female HBx transgenic mice, the malignant lesion was detected
only on mouse 13 (Fig. 4-11). Figure 4-11(a) shows the HCC lesion before contrast
injection and Fig. 4-11(b) shows the hyper-enhancing feature in HCC lesion after
contrast injection at 10 seconds. In mouse 13, the uncomplete chaotic vessels were
revealed during the three phase and were arranged in table 1. During the three phases,
the typical properties of hyper-enhancing, iso-enhancing and hypo-enhancing were
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shown. The tumor entity was defined as the hepatocellular carcinoma by the image
properties and histology. Figure 4-12 shows non-enhancing features in focal lesion of
mouse 11 before (Fig. 4-12(a)) and after (Fig. 4-12(b)) contrast injection. In mouse 11,
the enhancement patterns were similar during the three phases. The tumor entity was
defined as the focal nodular hyperplasia (FNH) by the image properties and histology.

Fig. 4-6. Hypervascular metastases lesion in mouse 2 before contrast injection (a), at
19 seconds (b), at 61 seconds (c), and 2 minutes (d) after contrast injection.

Fig. 4-7. Hypervascular metastases lesion in mouse 2 before contrast injection (a) and
at 2 minutes (b) and 30 minutes (c) after contrast injection. Arrows point to margins of
lesion enhancement as clearly evident at 30 minutes after contrast injection. Box
indicates the vessels in the hypervascular metastases lesion. Panel (d) shows the
anatomy of the hypervascular metastases lesion after fixation in 10% formalin.
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Fig. 4-8. Images of HCC lesion in mouse 5 before contrast injection (a) and at 14
seconds (b), 16 seconds (c) and 2 minutes (d) after contrast injection. Panels (c) and
(d) show the characteristics of chaotic vessels. Panel (d) shows the histology result of
the HCC lesion.

Fig. 4-9. HCC lesion in mouse 6 before contrast injection (a) and the hyper-enhancing
feature during the arterial phase (b). Panel (c) shows the hypo-enhancing feature at 30
minutes after contrast injection.

Fig. 4-10. The hypovascular metastases lesion in mouse 9 before contrast injection is
shown in panel (a). Panel (b) shows the hyper-enhancing, rim enhancing, and
non-enhancing (necrosis) features during the arterial phase. Panel (c) is the
hypo-enhancing feature at 30 minutes after contrast injection.
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Fig. 4-11. HCC lesion in mouse 13 before contrast injection (a) and the
hyper-enhancing feature during arterial phase (b).

Fig. 4-12. The focal nodular hyperplasia (FNH) lesion in mouse 11 before (a) and
after (b) contrast injection.
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Table 4-1. Characterization of focal liver lesions according to the guidelines of
EFSUMB (E: Enhancement).
Mouse

Arterial Phase

Age /

Lesion

Vessels

gender

Diameter

in

Time

Enhancement

(month/

(mm)

Tumor

period

pattern

Portal Phase
Time period

Late Phase

Tumor Entity

Enhancement

Time

Enhancement

pattern

period

pattern

male (M),
Female
(F))
1

18/M

2.3

no

5-40s

hyper-enhancing

40s-10min

iso-enhancing

10-30min

hypo-enhancing

HCC

2

18/M

3.2

yes

5-40s

hyper-enhancing,

40s-10min

iso-enhancing

10-30min

hypo-enhancing

Hypervascula

chaotic vessels

metastases

chaotic vessels

complete chaotic
vessels
3

22/M

2.5

no

8-25s

hyper-enhancing

25s-10min

iso-enhancing

10-30min

hypo-enhancing

HCC

4

20/M

2.5

no

no

iso-enhancing

no

iso-enhancing

no

hypo-enhancing

DN

5

18/M

2.2

yes

14-60s

hyper-enhancing,

60s-10min

iso-enhancing

10-30min

hypo-enhancing

HCC

chaotic vessels

chaotic vessels

chaotic vessels

6

16/M

3

no

2-40s

hyper-enhancing

40s-10min

iso-enhancing

10-30min

hypo-enhancing

HCC

7

17/M

2.15

yes

11-21s

hyper-enhancing,

21s-10min

iso-enhancing

10-30min

hypo-enhancing

HCC

chaotic vessels
8

18/M

1.2

no

4-40s

chaotic vessels

complete E,

40s-10min

hypo-enhancing

chaotic vessels
10-30min

hypo-enhancing

rim E
9

16/M

3.2

no

2-43s

Hypovascular
metastases

43s-10min

complete E,

hypo-enhancing

10-30min

hypo-enhancing

rim E,

Hypovascular
metastases

non-enhancing
areas (necrosis)
10

16/M

3

yes

2-34s

hyper-enhancing,

34s-10min

chaotic vessels

iso-enhancing

10-30min

chaotic vessels

hypo-enhancing

HCC

chaotic vessels

11

17/F

0.8

no

no

hyper-enhancing

no

hyper-enhancing

no

hyper-enhancing

FNH

12

17/F

2.1

no

no

no

no

no

no

no

Cyst

13

17/F

3.5

yes

4-51s

hyper-enhancing,

51s-10min

iso-enhancing

10-30min

hypo-enhancing

HCC

chaotic vessels

chaotic vessels
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chaotic vessels

4.6 Time−Intensity Curves
In this study, the TICs were acquired for short-time observation (90 seconds) and
long-time observation (30 minutes). The 90-second TICs of the ten male HBx
transgenic mice are shown in Fig. 4-13. The enhancement in the arterial phase was
calculated by subtracted the baseline value (i.e., mean value of the baseline image) 60
seconds before injection from the peak value. In the arterial phase, a distinct peak in
image intensity is observed. In Fig. 4-13, the peak intensity of mouse 1, mouse 2,
mouse 3, mouse 5, mouse 6, mouse 7, mouse 8, mouse 9 and mouse 10 was 1.29, 2.17,
16.1, 7.15, 7.96, 4.56, 12.56, 10 and 4.59 dB higher than the baseline, respectively.
However, the peak intensity cannot be observed in mouse 4. For malignant focal liver
lesion, the TICs rise and reach the peak during artery phase. The portal phase initiates
when the TICs start to fall back to the base line. Two minutes after contrast injection,
the image intensity of liver parenchyma noticeably increased. The mean intensity of
the liver parenchyma image peaked at 30 minutes after contrast injection. Figure 4-14
shows the contrast of suspected focal lesions and liver parenchyma using data from
the nine mice (not including mouse 4). Within 10 minutes after contrast injection, the
contrast increased gradually. During 10 to 30 minutes, the contrast increased more
significantly so that the lesion boundary became clear. The time period from 10 to 30
minutes post contrast injection was defined as the late (parenchyma) phase. The mean
contrast between the liver parenchyma and the suspected focal lesion reached the
maximum at 30 minutes after contrast injection, as shown in Fig. 4-14. The mean
contrast was 7.74 dB higher at 30 minutes after contrast injection than before contrast
injection. Figure 4-15 shows the mean image intensity of the vessels within suspected
focal lesions. The image intensity of the vessels within suspected focal lesions
increased gradually from 10 to 30 minutes.
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Fig. 4-13. Mean TICs of the focal liver lesions in the ten male mice were drawn
within 90 seconds after contrast injection. The baseline value was calculated by the
mean value of the baseline image from the ten mice. The arterial phase was defined
as the time period that the image intensity increases and recovers to the baseline.

Fig. 4-14. This figure shows that the mean contrast between focal lesion and liver
parenchyma reached the maximum at 30 minutes after contrast injection. During 10 to
30 minutes, the slope increases and is defined as the late phase in this study.
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Fig. 4-15. This figure shows the mean image intensity of vessels in focal lesion in
mouse 2, 5, 7, 10 within 30 minutes after contrast injection. The image intensity
increases within 30 minutes.

4.7 Histopathology
The mice were euthanized after performing ultrasound imaging, and the suspected
focal nodules were removed en bloc and fixed in 10% formalin. Sections were
prepared for light-microscopy evaluation. Hematoxylin and eosin stain was applied to
assess overall tumor morphology and regional viability. Blood vessels were also
identified by a pathologist. Small malignant lesion is characterized histopathologically
by the disappearance of portal tracts and an increased number of unpaired arteries
[21].

4.8 Characterization of Focal Liver Lesion
Table 1 summarizes the main ultrasound image features of liver lesions during the
three contrast phases. Histopathology was used to confirm the benign and malignant
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features in the thirteen mice. The incidence of malignant focal lesion development is
up to 90% in male HBx transgenic mice. Specifically, the suspected focal liver lesions
in mouse 1, 2, 3, 5, 6, 7, 8, 9 and 10 were confirmed as malignant. Only the mouse 4
was confirmed as a premalignant focal lesion, dysplastic nodule (DN). In the three
female HBx transgenic mice, only mouse 13 showed malignant features in the focal
lesion. A focal nodular hyperplasia (FNH) and a cyst lesion were observed in mouse
11 and 12, respectively. In this study, pathology was characterized as a gold standard
by a pathologist. Comparing the imaging and the pathology results, the sensitivity,
specificity and accuracy of CEUS for the detection of malignant focal liver lesion in
HBx transgenic mice were 91%, 100% and 92%.

4.9 Discussions
Detection of arterial hypervascularity is very important to diagnosing HCC and
malignant lesions in the liver because it is one of the most reliable characteristics of
nodular HCC. In clinical settings, most CEUS images show classic arterial-phase
hypervascularity in HCC, with the TIC rapidly reaching a maximum. Washout during
the venous phase is also an important characteristic of HCC because typical tumors
lack a portal venous supply. Previous results were all from human (i.e., clinical
studies), the main purpose of this study was to extend this to small animals and to
investigate the feasibility of using CEUS in preclinical research. It was found that
CEUS imaging was an effective technique for detecting the intensity enhancement in
the arterial phase and the late phase in the presence of a malignant lesion.
Goertz and colleagues have demonstrated conclusively that subharmonic contrast
imaging can suppress the tissue signal and enhance the detection of blood area [62,
63]. However, the knowledge of the resonant behavior of the homemade
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albumin-based microbubbles is limited. In our study, the nonlinear scattering of the
homemade albumin-based microbubbles is not obvious. The effects of the
subharmonic contrast imaging are not clear and the suppression of the tissue signal is
not performed well.
In Fig 4-13, the peak of mean image intensity for the malignant lesion in mice 1, 2,
3, 5, 6, 7, 8, 9 and 10 increased by about 7.36 dB during first 40 seconds after contrast
injection, whereas the enhancement was –0.02 dB during this time period in mouse 4.
The mouse 4 at 20 months was not easy to identify the characteristic enhancement in
the arterial phase by TICs, and the suspected focal liver lesion in this mouse 4 was
confirmed histopathologically as a dysplastic nodule, which is defined as a nodule
lesion of hepatocytes at least 1 mm in diameter with dysplasia but without definite
histologic criteria of malignancy [64]. A dysplastic nodule is hypovascular, and most
HCCs develop from premalignant lesions such as dysplastic nodules.
In Fig. 4-14, the mean contrast between the HCC lesion and liver parenchyma
increased 7.74 dB at 30 minutes after contrast administration. In Fig. 4-15, the image
intensities of vessels within malignant focal lesion increased to maxima at 30 minutes
after contrast administration. Nonetheless, the chaotic vessels were not shown in the
portal and late phase in the guidelines of EFSUMB. In Fig. 4-7, arrows point to the
margin of the tumor and enhancement is clearly evident at 30 minutes after contrast
injection. These results show that the image intensity of liver parenchyma peaked at
this time point. The albumin-shelled microbubbles are thought to be phagocytosed by
the Kupffer cells in the liver parenchyma of the HBx transgenic mice [56]. In
previous report, about 1.2 x106 microbubbles were injected into the mouse. In this
study, the concentration of homemade albumin-based microbubbles ranges
0.85-1.69x108 (0.2 ml) were injected through the lateral tail vein in the mouse. The
dose of the microbubbles may be too much to metabolize in the liver. Otherwise, most
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albumin (40%-60%) is degraded in muscle, liver, and kidney [65]. The albumin-based
microbubbles were metabolized by liver and the remaining microbubbles may
accumulate in the vessels of liver. CEUS imaging can reflect the number and function
of Kupffer cells in cirrhosis and the function of the HCC liver are not as well as the
cells in normal liver. Therefore, the parenchymal enhancement (Fig. 4-14) is not
significant and the vessel enhancement (Fig. 4-15) continuing for 30 minutes.
Contrast harmonic ultrasound imaging has been widely applied at lower
frequencies, but at 15 MHz this did not improve the identification of HCC lesions in a
transgenic mice model [66]. One possible reason is that the hypervascularity is less
important in the HCC mouse model than in humans. Another possible explanation is
that the frequencies used in previous studies were too low to provide adequate spatial
resolution – Mai et al. (2004) used Sonovue microbubbles, which have a mean
diameter of about 2.5 µm, whereas our microbubbles had a mean diameter of about
1.2 µm and hence are better suited to higher frequency applications [67].
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CH 5. CONTRAST IMPROVEMENT IN
ULTRASOUND
NONLINEAR
IMAGING
USING EEMD
Ultrasound harmonic imaging is a method in which the higher harmonic echoes
(usually the second harmonic) are selectively used for imaging. In ultrasound
harmonic imaging, ultrasound contrast agent enclosed gas produces strong
backscattered signal from blood because of the acoustic–impedance mismatch
between blood and air [68, 69]. Clinically, harmonic signals from ultrasound contrast
agent is used routinely to enhance the image contrast between blood flow and tissue.
According to the advantage of the nonlinear response of the contrast agent, contrast
harmonic imaging increases the contrast-to-tissue ratio (CTR). However, the
surrounding tissue produces significant harmonic echoes and the improvement of
contrast harmonic imaging is limited.
Ultrasound contrast imaging modalities include fundamental, second harmonic,
subharmonic, harmonic power Doppler and pulse-inversion (PI). Fundamental
B-mode imaging results in poor contrast agent detectability in the presence of tissue
[70]. Second harmonic (B-mode) imaging is based on contrast agent-specific
properties and is a method where the ultrasound system separates the harmonic
frequencies of the received signal from the fundamental frequencies and then
processes the harmonic signal alone [71]. It utilizes the significant nonlinear response
exhibited by microbubble oscillation when the frequency of the impinging sound
wave is near the resonance frequency of the bubble [72]. Although second harmonic
imaging generally exhibits better contrast detection than does linear imaging, its
performance is still often limited by the tissue also exhibiting a significant nonlinear
response associated with finite amplitude distortion, especially with high mechanical
index. Unlike with second harmonic imaging, advantage of subharmonic imaging is
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that, the contribution of tissue is minimal at acoustic pressures currently used in
diagnostic ultrasound, which will result in a high CTR [73]. However, narrow-band
signals are needed because the generated subharmonic components will be more
dominant when the numbers of periods increase. [74] Harmonic power Doppler is a
more sensitive method in terms of signal-to-noise ratio and low flow detectability [75].
But tissue motion generates Doppler signals (clutter) that can be even stronger than
the contrast-enhanced signals with the same Doppler shift frequencies, such as the
signals from blood.
Instead of conventional filtering, the PI technique is an alternative method to
extract the contrast harmonic signal [76]–[78]. In PI technique, a pulse is transmitted
in the first firing, and then, the same pulse is inverted and transmitted again in the
second firing. The echoes in both firings are summed together to obtained a beam.
Briefly, the original type of PI imaging involves extracting the second-harmonic
component of the received echo whereas PI fundamental imaging extracts the contrast
nonlinear signal in the fundamental band. In both cases, a pair of inverted pulses is
transmitted and the corresponding echoes are summed. For tissue, the received echo
can be modeled as a polynomial function of the fundamental signal such that only
even harmonics are kept. For contrast agents, however, it has been shown that the
echoes change from inverted to time-shifted versions of each other as the driving
amplitude increases [79]–[80]. Therefore, an uncanceled component exists in the
fundamental band of the summed signal. Note that al though this component is used
to form an image, it remains a nonlinear imaging method because the component is
generated due to the nonlinear response of the microbubbles. In previously study, the
use of Levovist® increases the contrast by up to 20 dB compared with conventional
linear imaging was demonstrated [76]. Following the success of the previous study,
the present study investigated the efficacies of using ensemble empirical mode
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decomposition (EEMD) in PI fundamental imaging.
Hilbert-Huang transform (HHT) has recently been applied as an innovative signal
processing technique in many diverse applications with success. It is a data analysis
designed specifically for analyzing nonlinear and non-stationary signal. HHT consists
of empirical mode decomposition (EMD) and the Hilbert spectral analysis parts. EMD
is the key part of HHT proposed as an adaptive time–frequency analysis method for
nonlinear and non-stationary data. EMD use yardstick change of time within signals
to resolve signals into the combination of several intrinsic mode functions (IMFs).
IMFs contain different characteristics of signals and can express the physical
characteristics in signals. Several applications of EMD in biomedical nonlinear and
non-stationary signal processing were demonstrated. Nimunkar et al. used EMD for
filtering power line noise in electrocardiogram signals [81]. Torres et al. used EMD to
analyze respiratory mechanomyographic signals of the diaphragm muscle, acquired
by means of a capacitive accelerometer applied on the costal wall [82]. Bennett et al.
used EMD to be the bandpass filtering method and produce superior results of tissue
harmonic imaging [83]. Zhang et al. used EMD to remove the wall components in
Doppler ultrasound signals [84]. However, the major drawback of the EMD is scale
(frequency) mixing which consists of signals of widely disparate scales, or a signal of
a similar scale residing in different IMF components [85]. Nevertheless, a new EEMD
method consists of an ensemble of decompositions of data with added white noise,
and then treats the resultant mean as the final true result [86]. The effect of the added
white noise is to present a uniform reference frame in the time-frequency
(time-scale) space and to provide natural filter windows for the signals of comparable
scale to collate in one component, essentially eliminating the scale (frequency) mixing
problem in the EMD. The EEMD fully utilizes the statistical characteristics of white
noise to perturb the data in its true solution neighborhood, and then cancel itself out
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(via ensemble averaging). In this paper, we use a new nonlinear signal analysis
method, EEMD, to explore the efficacy of nonlinear ultrasound signal processing. For
nonlinear ultrasound imaging, EEMD is an alternative technique for ultrasound
contrast imaging and extracts the contrast agent components from the harmonic
echoes.

5.1 Empirical Mode Decomposition (EMD)
The starting point of the EMD is to consider signals at the level of their local
oscillations. The EMD algorithm extracts the oscillatory mode that exhibits the
highest local frequency from the data, leaving the remainder as a “residual”.
Ultrasound nonlinear signals were decomposed into IMF by EMD method and the
starting point of the EMD is the identification of all the local maxima and minima of
the signals. All the local maxima are then connected by a cubic spline curve as the
upper envelop. Similarly, all the local minima are connected by a spline curve as the
lower envelop. The mean of the two envelops is denoted and is subtracted from the
original signal. The sifting process can be stopped by any of the following
predetermined criteria: either when the output signal or the residue becomes so small
that it is less than the predetermined value, or when the residue becomes a monotonic
function from which no more IMF can be extracted. The name “intrinsic mode
function” is adopted because it represents the oscillation mode imbedded in the data.
Given a tissue-microbubble mixed ultrasound signal y(x), the IMF are obtained using
the EMD algorithm called sifting. Briefly, the sifting process is resumed as follows
[87]–[88]:
1. Set h = y( x ) , where y(x) is the input signal.
2. Find all local maxima and all local minima value of h .
3. Connect all the local maxima to create the upper envelope and similarly for the
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lower envelope.
4. Compute the function Envmean, which is the mean of the maxima and minima
envelopes.
5. Subtract the mean value function from the signal, h = h − Envmean .
6. Repeat the process until the stop criterion is met, so that h is an IMF.
The IMF h is subtracted out from the input signal and the residue which is
obtained is used as the new input signal to repeat the sifting process. This procedure is
repeated until the difference in the standard deviation of successive estimates of the
IMF function falls below a critical threshold. Therefore, a signal y( x ) decomposed
with the EMD can be expressed as the sum of the c j and the last residue rn as
n

y( x ) = ∑ c j ( x ) + rn ( x ) ,

(Eq. 5-1)

j =1

Thus, we achieved a decomposition of the data into n-empirical modes, and a residue,
rn, which can be either the mean trend or a constant. The decomposed components
cj( x )

contain the nonlinear and oscillation components of the original

tissue-microbubble mixed ultrasound signal. The EMD is an adaptive data analysis
method that is based on local characteristics of the data, and hence, it catches
nonlinear, non-stationary oscillations more effectively. However, when the scales of
the tissue and microbubble components were closed, the neighboring components
might contain oscillations of the same scale.

5.2 Ensemble Empirical Mode Decomposition
(EEMD)
To overcome the scale separation problem in EMD, a noise-assisted data analysis
(EEMD) method is proposed. A new EEMD method consists of an ensemble of
decompositions of data with added white noise, and then treats the resultant mean as
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the final true result [86]. The principle of the EEMD is to add white noise which
would populate the whole time-frequency space uniformly with the constituting
components of different scales separated by the filter bank [89]–[90]. The EEMD
process is resumed as follows:
1. Add a white noise series to the targeted data.
2. Decompose the data with added white noise into IMFs.
3. Repeat step 1 and step 2 again and again, but with different white noise series each
time.
4. Obtain the (ensemble) means of corresponding IMFs of the decompositions as the
final result.
In this study, when tissue-microbubble mixed signal is added to this uniformly
distributed white background, the bits of signal of different scales are automatically
projected onto proper scales of reference established by the white noise in the
background. The truth defined by EEMD is given by the number in the ensemble
approaching infinity, i.e.
1
N →∞ N

c j ( x ) = lim

∑ {c ( x ) + αr ( x )},
N

k =1

j

k

(Eq. 5-2)

in which
c j ( x ) + αrk ( x )

(Eq. 5-3)

is the kth trial of the jth IMF in the noise-added signal, and the magnitude of the added
noise, α, is not necessarily small. But the number of the trials in the ensemble, N, has
to be large. In this paper, the added noise α was set by 0.2 and the number of the trials
in the ensemble N was set by 200.

5.3 Simulation
The simulation model used to simulate the tissue harmonic signal is obtained from
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numerical solutions of the Khokhlov–Zabolotskaya–Kuznetsov (KZK) nonlinear
parabolic wave equation [91]. The tissue signals are based on the time-domain
solution to KZK equation, which is an approximation of the nonlinear sound field
produced by a piston source. The KZK equation can be written in the following form
[92]:
∂2P
∂ 3 P r0 ∂ 2 P 2 1 2
= αr0
+
+ ∇ ⊥P ,
4
∂σ∂τ
∂τ 3 2l d ∂τ 2

where r 0

= w0a

2

/ 2 c 0 , l d = ρ 0 c 0 / βω
3

0

p0 ,

(Eq. 5-4)

τ = ω 0 ( t − z / c 0 ), P = p / p 0 ; ∇ ⊥ 2 =

1 ∂

ξ ∂ξ

ξ

∂
∂ξ

;

and a is the radius of the piston. The diameter of piston is assumed 25.4 mm and a
focal length is 70 mm. The first, second and third terms on the right-hand side of Eq.
(4) correspond to the attenuation, nonlinear distortion and diffraction, respectively.
Pressure is normalized in the KZK equation as P = p /
and

p0

is the pressure on the piston surface. The term

distance,

and

l d = ρ 0 c 0 / βω 0 p 0 ,
3

is

the

shock

p0 ,

where

p

is actual pressure

r0 = w 0 a 2 / 2c 0

formation

is the Rayleigh

distance,

where

β = 1+ B / 2 A is the nonlinear parameter of the propagation media. The β is 3.5,
approximating the nonlinear properties of water [93].
For contrast agents, a bubble-simulation tool (BubbleSim) was used for calculating
the echo from a single microbubble (the tool is downloaded from the website of the
IEEE UFFC society: http://www.ieee-uffc.org). The instantaneous radius of bubble is
approximated numerically by solving the Rayleigh-Plesset equation with an arbitrary
impinging acoustic wave. Echoes from the bubble can be formulated from the bubble
radius, wall velocity, and wall accelcration [94]. In the bubble simulations, the use of
sonazoid was assumed. For sonazoid, the shell thickness is 4 nm, the shear modulus
of the shell is 50 MPa, and the shell viscosity is 0.8 Pas. To simulate the harmonic
signal from contrast agents, the focal waveforms in the KZK simulations were used as
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the driving acoustic waveforms in the bubble simulator. Therefore, the
bubble-simulation signal is a tissue-microbubble mixed signals. In this study, PI
technique was used to obtain the output beam.
For tissue signal, the transmit pulse has a pressure amplitude of 20 kPa at source.
The original simulated tissue (left column) and tissue-microbubble mixed (right
column) PI signals and shifting of 1−5 IMFs components are shown in Fig. 5-1. The
shifting is repeated and stopped at 5 IMFs because the component becomes smaller
than a pre-determined value. We can see different characteristics of the signals clearly
as the second component (2 IMF) in tissue and tissue-microbubble mixed PI signals.
The amplitudes of the simulated tissue and tissue-microbubble mixed PI signals are
different in 2 IMF.

Fig. 5-1. Original tissue harmonic and 1-5 IMFs components of simulated PI
signals (left column). Original tissue-microbubble mixed harmonic and 1-5 IMFs
components of PI simulated signals (right column).
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In Fig. 5-2 (a), spectra of focal waveforms show the simulated PI spectra of tissue
(solid line) and tissue-microbubble mixed (dashed line). The simulated PI spectra of
tissue (solid line) and tissue-microbubble mixed (dashed line) with 2 IMF are shown
in Fig. 5-2 (b). All amplitudes were normalized to the focal fundamental amplitudes in
tissue and tissue-microbubble mixed PI signals. In Fig. 5-2 (a), the amplitudes of
tissue and tissue-microbubble mixed spectra are closed either in fundamental band
(2.25MHz) or in second band (4.5MHz). Nevertheless, the scales of amplitudes of
tissue and tissue-microbubble mixed spectra with IMF2 are large different either in
fundamental band (2.25MHz) or in second band (4.5MHz) (Fig. 5-2 (b)).

Fig. 5-2. (a) shows the spectra from the original tissue harmonic (solid line) and
tissue-microbubble mixed (dashed line) simulated PI signals. (b) shows the spectra
from 2 IMFs component. All amplitudes were normalized to the focal fundamental
amplitudes in tissue and tissue-microbubble mixed PI signals.
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5.4 Experiments
Fig. 5-3 shows the schematic diagram of the experimental setup for measurement
of M-mode harmonic signal. The system consists of a single-element transducer used
for transmitting Gaussian pulses at 2.5 MHz (Panametrics V304, Waltham, MA,
USA), and for receiving fundamental and second harmonic echoes at 2.5 and 5 MHz.
The diameter and focal length of both transducers are 25.4 mm and 70 mm,
respectively. The transducer was posited by a motor controller. An arbitrary function
generator (model 2571, Tabor Electronics, Tel Hanan, Israel) was used to generate the
designed transmit pulse. The waveform was then sent to a power amplifier (Amplifier
Research 25A250A, Souderton, PA, USA) to drive the transmit transducer. A
speckle-generating phantom with uniform distribution of glass beads (Sigma G4649,
St. Louis, MO, USA) was used as the tissue background in the image. A tubular void
of about 7-mm diameter was fabricated inside the phantom as a microbubble container.
The container was imaged by mechanically scanning the transducers. With the short
PRI and the relatively slow speed of the motion stage (about 5 mm/s), the change of
microbubbles in the sample volume between the two transmit phases can also be
neglected for M-mode images. In this study, hydrophone measurements of acoustic
field in water were also performed with a PVDF needle hydrophone (Force
Technology, MH28–6, Brøndby, Denmark).
In the experiments, Sonovue microbubbles (Bracco Diagnostics, Inc., Milan, Italy)
were used. The microbubbles were prepared according to the manufacturer’s
instructions and were diluted to a volume concentration of 1.5%. The Sonovue
microbubbles have a mean diameter of 3 mm, which correspond to a resonance
frequency of about 2.5 MHz. To prolong the life of the encapsulated bubbles, the gain
of the power amplifier is kept at a low level. The mechanical index at the focus is
limited to below 0.13. The received signals were then sent to an ultrasonic receiver
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(Panametrics Model 5072). Finally, an analog-to-digital converter was used to digitize
the signal at 14-bit resolution and a sampling rate of 20 Msamples/s (model PCI-9820,
Adlink, Taipei, Taiwan). The second harmonic signal was filtered out by low-pass
filtering the demodulated echo signal with a 1-MHz cutoff frequency.

Fig. 5-3. Schematic diagram of the experimental setup for measurement of M-mode
harmonic signal.
PI observations can be made using M-mode images. In Fig. 5-4 (a) and (b),
M-mode PI images in fundamental and second harmonic mode are shown with a
display dynamic range of 40 dB and all 1−5 IMFs were extracted with EMD
algorithm. In Fig. 5-4 (a), the CTR of original M-mode PI image in fundamental
mode is 17.2 dB and the CTRs of 1−5 IMFs in the same mode are 21.8, 15.6, 7.0,
12.3 and 9 dB. In Fig. 5-4 (b), the CTR of original M-mode PI image in second
harmonic mode is 14.9 dB and the CTRs of 1−5 IMFs in the same mode are 15, 7.8,
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11.7, 9.5 and 7.1 dB. With EMD, the CTR of 1−5 IMFs in M-mode PI image in
fundamental mode increases by 4.6 dB at 1 IMF and the CTR in second harmonic
mode only increases by 0.1 dB at 1 IMF. And then, the CTRs decrease at 2−3 IMFs in
fundamental mode and decrease proportionally at 3-5 IMFs in second harmonic
mode.

Fig. 5-4. (a) M-mode PI images and axial projections in fundamental mode, all 5
IMFs were extracted with EMD algorithm. (b) M-mode PI images and axial
projections in second harmonic mode, all 5 IMFs were also extracted with EMD
algorithm.
In Fig. 5-5 (a) and (b), M-mode PI images in fundamental and second harmonic
mode are also shown with a display dynamic range of 40 dB and all 1−5 IMFs were
extracted with EEMD algorithm. In Fig. 5-5 (a), the CTR of original M-mode PI
image in fundamental mode is 17.2 dB and the CTRs of 1−5 IMFs in the same mode
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are 22.4, 15.9, 7.3, 19.4 and 9.6 dB. In Fig. 5-5 (b), the CTR of original M-mode PI
image in second harmonic mode is 14.9 dB and the CTRs of 1−5 IMFs in the same
mode are 15.3, 9.5, 21.4, 14.5 and 8.7 dB. With EEMD, the CTR of 1-5 IMFs in
M-mode PI image in fundamental mode increases by 5.2 dB at 1 IMF and the CTR in
second harmonic mode increases by 6.5 dB at 3 IMF. And then, the CTRs decrease at
2−3 IMFs in fundamental mode and decrease at 4−5 IMFs in second harmonic mode.

Fig. 5-5. (a) M-mode PI images and axial projections in fundamental mode, all 5
IMFs were extracted with de-noising EEMD algorithm. (b) M-mode PI images and
axial projections in second harmonic mode, all 5 IMFs were also extracted with
de-noising EEMD algorithm.
Fig. 5-6 (a) shows the comparison of CTR values in experimental results by PI
fundamental (1 IMF), PI second harmonic (1 IMF) groups with EMD algorithm. With
EMD, the CTR was improved obviously in fundamental but was not improved in
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second harmonic mode. The comparison of CTR values in experimental results by PI
fundamental (1 IMF), PI second harmonic (3 IMF) groups with EEMD algorithm is
shown in Fig. 5-6 (b). With EEMD, the CTRs were improved obviously either in PI
fundamental or PI second harmonic groups.

Fig. 5-6. (a) Comparison of CTR values in M-mode PI images by PI fundamental (1
IMF) and PI second harmonic (1 IMF) and groups with EMD algorithm. (b)
Comparison of CTR values in M-mode PI images by PI fundamental (1 IMF) and PI
second harmonic (3 IMF) and groups with EEMD algorithm.

5.5 Denoising
Fig. 5-7 (a) shows CTR and contrast-to-noise ratio (CNR) improvements in 1-5
IMFs PI fundamental mode images with EMD. With EMD, the CTR was improved
only in 1IMF but the CNR was improved in 1 IMF and 3 IMF. In 1 IMF and 3 IMF,
the CNR was only improved by 1.7 and 0.8 dB. Nevertheless, with EEMD, the CNR
was improved by 9, 6.2 and 1.7 dB in 1 IMF, 4 IMF and 5 IMF with EEMD in Fig.
5-7 (b). Fig. 5-7 (b) shows CTR and CNR improvements in 1-5 IMFs PI fundamental
mode images. The CTR was improved obviously in 1 IMF and 4 IMF with EEMD.
With EMD, in PI second harmonic mode images, the CTR and CNR were only
improved by 0.1 and 0.25 dB in IMF1 (Fig. 5-8 (a)). In Fig. 5-8 (a), the CTR and
CNR decreased proportionally in 3-5 IMFs. With EEMD, Fig. 5-8 (b) shows the CTR
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and CNR improvements in 1-5 IMFs PI second harmonic mode images with EEMD.
The CTR was improved by 0.4 dB in 1 IMF and 6.5 dB in 3 IMF. The CNR was
improved by 0.5 dB only in 1 IMF. The CNR was improved obviously in PI
fundamental groups with EEMD. The effectiveness of CTR and CNR improvements
with denoising EEMD was observed in Fig. 5-7 and Fig. 5-8.

Fig. 5-7. (a) Comparison of CTR and CNR improvement values in PI M-mode images
in fundamental mode with EMD algorithm. 1-5 IMFs were extracted with EMD
algorithm. (b) Comparison of CTR and CNR improvement values in PI M-mode
images in fundamental mode with EEMD algorithm. 1-5 IMFs were extracted with
EEMD algorithm.

Fig. 5-8. (a) Comparison of CTR and CNR improvement values in PI M-mode images
in second harmonic mode with EMD algorithm. 1-5 IMFs were extracted with EMD
algorithm. (b) Comparison of CTR and CNR improvement values in PI M-mode
images in second harmonic mode with EEMD algorithm. 1-5 IMFs were extracted
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with EEMD algorithm.

5.6 Discussions
In this study, PI technique was used to obtain the output beam. With EMD, in
conventional

output

beam

(positive

wave),

original

tissue

harmonic,

tissue-microbubble mixed harmonic and 1-5 IMFs components of simulated signals
are shown in Fig. 5-9. The shifting components seem not recovered to the original
waveform and the amplitude of original tissue harmonic signal was not suppressed in
1-5 IMFs components. With EEMD, in Fig. 5-10, tissue harmonic signal was
recovered to the original waveform in 2 IMF and the waveforms were convergence in
5 IMFs either in tissue harmonic signal or in tissue-microbubble mixed harmonic
signal.

Fig. 5-9. With EMD, original tissue harmonic and 1-5 IMFs components of
conventional simulated signals are shown in left column. Original tissue-microbubble
mixed harmonic and 1-5 IMFs components of conventional simulated signals are
shown in right column.
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Fig. 5-10. With EEMD, original tissue harmonic and 1-5 IMFs components of
conventional simulated signals are shown in left column. Original tissue-microbubble
mixed harmonic and 1-5 IMFs components of conventional simulated signals are
shown in right column.
After adding uniform noise in conventional simulated signal (Fig. 5-11 and Fig.
5-12), the shifting is repeated and stopped at 10 IMFs because the 11 IMF component
becomes smaller than a pre-determined value. With EMD, the tissue-microbubble
mixed harmonic signal was recovered to the original waveform in 4 IMF (Fig. 5-11).
With EEMD, the tissue harmonic and tissue-microbubble mixed harmonic signals
were both recovered to the original waveform in 4 IMF (Fig. 5-12). However, the
amplitude of the tissue harmonic signal was still not suppressed and the features in the
various components of tissue harmonic signal and tissue-microbubble mixed
harmonic signal were not different. It seems the PI technique can suppress the
component of tissue harmonic signal firstly.
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Fig. 5-11. With EMD, original tissue harmonic and 1-10 IMFs components of
conventional simulated signals added uniform noise are shown in left column.
Original tissue-microbubble mixed harmonic and 1-10 IMFs components of
conventional simulated signals added uniform noise are shown in right column.
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Fig. 5-12. With EEMD, original tissue harmonic and 1-10 IMFs components of
conventional simulated signals added uniform noise are shown in left column.
Original tissue-microbubble mixed harmonic and 1-10 IMFs components of
conventional simulated signals added uniform noise are shown in right column.

Therefore, we investigated the performance of PI fundamental and second
harmonic images with EMD and EEMD algorithms. We have evaluated the
performance of separating the simulated tissue and tissue-microbubble mixed signals
using EMD. The EMD picks out the oscillation amplitude in tissue-microbubble
mixed signal in IMF 2. Thus, the determination of the number of the IMFs with the
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maximum oscillation amplitudes differ from each other can be used for the separation
of the tissue and the tissue-microbubble mixed signal components. Fig. 5-2 (b) gives
the IMF 2 spectrograms of the tissue-microbubble mixed signals separated from the
tissue signal with 8 and 20 dB in fundamental and second harmonic band by using the
EMD method. Thus, the experimental tissue and tissue-microbubble mixed PI signals
can be separated by EMD and reconstructed for the M mode image.
In the ideal case, the PI fundamental signal for tissue would be zero, but in
practice, this is limited by the measurement noise [94]. This paper has demonstrated
that the EMD method has a large effect on the performance of PI fundamental
imaging. The results show that the CTR of microbubble and tissue is markedly
different between the results with IMF decomposing and the results without IMF
decomposing. However, the background noise increases through IMF decomposing.
Because the major drawback of the EMD is mode mixing which consists of signals of
widely disparate scales, or a signal of a similar scale residing in different IMF
components [85], the EMD method has no effect on the performance of PI second
harmonic imaging. For the experimental results in PI second harmonic image, Fig. 5-6
(a) and Fig. 5-8(a) show that the CTRs of microbubble and tissue with EMD in most
groups are lower than non-EMD groups.
However, denoising EEMD represents a major improvement of the EMD method.
In Fig. 5-6 (b), the CTRs were improved obviously either in PI fundamental and
second harmonic mode images with EEMD. Although the improvement is not obvious
in fundamental mode between EMD and EEMD, the CNR improvement is obvious
shown in Fig. 5-7 (b). In Fig. 5-7, the trend of the CNR does not correspond to CTR
in 1−5 IMFs in fundamental mode image. Nevertheless, in Fig. 5-8, the trend of the
CNR corresponds to CTR in 1−5 IMFs in second harmonic mode image. It seems that
the CNR improvement is related to the CTR improvement in second harmonic mode
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image.
The results show that EEMD appears to provide effective enhancement in
microbubble signals either in fundamental mode or in second harmonic mode. CNR
improvement is obvious in second harmonic mode. However, the image features are
different in different IMFs components. Although the CTR in M-mode PI image in
fundamental mode increases by 5.2 dB at 1 IMF and the CTR in second harmonic
mode increases by 6.5 dB at 3 IMF, the image features of contrast agent areas
(fragmentary) in these components are different from the original images. Recently,
EMD technique has been extended to analyze two dimensional data/images, which is
known as bidimensional EMD (BEMD), image EMD (IEMD), 2D EMD etc. Both
EMD and BEMD require finding local maxima and local minima points (jointly
known as local extrema points) and subsequent interpolation of those points in each
iteration of the process. In clinical images, a new analysis method of texture images
based on BEMD was firstly presented in Ref. [95]. A BEMD method was used to
reduce speckle noise in digital speckle pattern interferometry fringes [96]. The
proposed denoising BEMD approach has higher performance and also runs much
faster than the 1D EMD. Further work for contrast improvement in this area could be
investigated.
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CH 6. CONCLUSIONS
WORKS
6.1 MicroUS/MicroPET
Animal Imaging

AND

FUTURE

Multimodality

Small

We have developed an effective method for the 3D registration of combined
microUS and microPET imaging. The distinct differences between the natures of
these two imaging methods makes it necessary to utilize external markers. In addition,
rigid-body transformation is employed to ensure adequate performance. FRE can be
used to quantify the effectiveness of the method, and we constructed test phantoms
with a known image target so that TRE values could also be determined. Such
methods could also be applied for the registration of other small-animal imaging
modalities.
The primary application of the proposed method is in cancer research on
small-animal models. In such applications microUS provides excellent anatomical
information, whereas microPET provides information on glucose metabolism. Future
studies could add CEUS imaging to evaluate the vascular phase. Since cancer drugs
are delivered to the tumors via the vessels, such a multimodality approach represents
an effective tool for both drug development and cancer research.
In conclusion, microUS and microPET imaging techniques were applied for
evaluating the tumor growth and progression. The results suggest that microUS is
more reliable than microPET and traditional calipers in tumor volume analysis,
especially when tumor volume is small. On the other hand, tumor hypoxia and
necrosis can be detected by microPET when the tumor is at late stages. The
anatomical information obtained from microUS complements with the metabolism
information from microPET imaging, and the combination can be a valuable tool in
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cancer research. Image registration and fusion methods are being developed as the
next step in realizing potential of microUS/microPET multimodality imaging.

6.2 Feasibility of Using Contrast-Enhanced 40
MHz

Ultrasound

Imaging

to

Characterize

Hepatocellular Carcinomas in Small Animal
Contrast harmonic ultrasound imaging has been widely applied at lower
frequencies, but at 15 MHz this did not improve the identification of HCC lesions in a
transgenic mice model [66]. One possible reason is that the hypervascularity is less
important in the HCC mouse model than in humans. Another possible explanation is
that the frequencies used in previous studies were too low to provide adequate spatial
resolution – Mai et al. (2004) used Sonovue microbubbles, which have a mean
diameter of about 2.5 µm, whereas our microbubbles had a mean diameter of about
1.2 µm and hence are better suited to higher frequency applications [67].
The results from the present study suggest that contrast-enhanced 40 MHz
ultrasound imaging enhances the ability to detect three vascular phases and
characterize malignant focal lesions, at least in mouse models, and would provide
more information during experimental HCC treatments in small animal models.
Moreover, we also have experimentally evaluated EMD method for contrast
improvement in nonlinear imaging. This method is based on EMD and EEMD by
extracting microbubble component and suppressing background noise. The presented
simulated and experimental results demonstrate that the contrast enhancement was
noticeably improved either in fundamental mode or second harmonic mode images
investigated using EEMD.
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6.3 Future Works
6.3.1 Applications of the Three-Dimensional Registration
Method for MicroUS/MicroPET Multimodality Small
Animal Imaging
In the future, the three-dimensional registration method for microUS/microPET
multimodality imaging would be performed for non-invasive tumor volume analysis
on a weekly basis. After microUS and [18F]FDG microPET imaging have been
performed by the registration method, the WF-3 ovarian carcinoma implanted
subcutaneously in the right shoulder of the mouse would be removed. We will
measure the lengths of the three dimensions of the tumor and the tumor volume was
calculated. For this work, the removed tumor parenchyma volume can be the gold
standard for comparing the results of registration imaging. The growth curve can be
measured by the three-dimensional registration method.
Moreover, the construction of the registration marker can be improved. A new,
multimodality registration marker will be produced. The glass bead containing
positron isotope with a diameter of 0.43–0.60 mm is more suitable for the
three-dimensional rigid body registration method.

6.3.2 Microbubbles for Therapeutic Application in
Hepatocellular Carcinomas
In preclinical research, new strategies to detect tumor angiogenesis and monitor
response of tumor vasculature to therapy are needed. In my recent research,
high-frequency (40 MHz) CEUS imaging was applied to small animals. We sought to
investigate whether the new anticancer drugs or the microbubble destruction
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technique during arterial phase are able to produce tumor vascular changes in a mouse
model of hepatocellular carcinoma.
HCC is a primary liver malignancy in humans that most often occurs in association
with cirrhosis or chronic hepatitis. Despite alcohol injection, chemoembolization, or
thermal ablation local recurrences are the rule and life expectancy is short. Because
HCC is a typical chemotherapy-resistant hypervascular tumor, inhibition of
angiogenesis could offer therapeutically important advantages [97].
Evaluation of the response to treatment is usually accomplished basing on clinics,
laboratory tests and volume reduction of the tumor; however, the antiangiogenic
activity can be assessed directly evaluating whether changes in tumor microvessels
occur during the treatment. Very slow flows in the microvessels cannot be studied
with Doppler techniques, but can now be evaluated non-invasively using CEUS. In
CEUS, the intensity enhancement in the vessels within a suspected HCC lesion during
the arterial phase is very useful for the detection of HCC angiogenesis.
Recently, there have been numerous reports on application of ultrasound energy for
targeting or controlling drug release. This new concept of therapeutic ultrasound
combined with drugs has induced excitement in various medical fields [98].
Destruction of microbubbles by ultrasound resulting in increased membrane
permeability by shear stress, temperature rise and activation of reactive oxygen
species. In Fig. 6-1, drug delivery mechanism was identified as the transient holes
induced by microbubbles, increase in membrane permeability, endocytosis of
microbubbles and fusion of the microbubbles membrane with cell membrane.
Albumin microbubbles were first used to further enhance the effects of thrombolytic
agents in conjunction with ultrasound [99].
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Fig. 6-1. Destruction of microbubbles by ultrasound.

When bubbles are destroyed by ultrasound while within the vessel, the variation of
their diameters may be sufficient to rupture capillaries, and the pharmaceutical agent
can exit the bloodstream and enter the tissue (Fig. 6-2). In this study, the time
intensity curves were acquired for 30 minutes by 40 MHz high frequency ultrasound
system after albumin microbubbles injection for identifying and characterizing the
various phases of HCC in HBx transgenic mice. CEUS and Color Doppler imaging
were performed in the arterial phase before and during anticancer drugs treatment.
Besides, the microbubbles were destruction by 1 MHz ultrasound system during the
arterial phase. The vascularity index was measured to evaluate the blood flow changes
in HCC lesion. The damage after destruction the microbubbles during the arterial
phase can be estimated. The effectiveness of the anticancer therapy in HCC can also
be observed in the preclinical system.
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Fig. 6-2. Capillary rupture by microbubble expansion in the ultrasound field.

6.3.2.1 Production of Anticancer Microbubbles
Briefly, perfluorocarbon-exposed sonicated dextrose albumin microbubbles
containing anticancer drugs were generated using a solution of 5% bovine serum
albumin (Calbiochem, San Diego, CA), 5% dextrose (Sigma, St. Louis, MO) in PBS,
and 1% anticancer drugs (Sorafenib, Sutent or PI-88) (Fig. 6-3). The solution of
dextrose, bovine serum albumin, and anticancer drugs was mixed in the presence of
perfluoropropane gas (C3F8) and sonicated at 20 kHz using an ultrasonic processor.
The microbubbles were injected through the lateral tail vein and destructed during
arterial phase.

Fig. 6-3 Conception of anticancer-drug enclosed by microbubble.

6.3.2.2 Potential of Multimodality Microbubbles
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The combing methods of microUS and microPET multimodality imaging systems
could be extended and other imaging systems integrate into these new techniques. For
example, the homemade microbubbles could be constructed a multimodality contrast
agent. The homemade ultrasound contrast agent used in this study comprised
microbubbles with albumin shells, and is similar to the commercial ultrasound
contrast media OptisonTM [60]−[61]. The homemade albumin-based microbubbles
were produced by sonication of 10-mL solution containing 0.9% sodium chloride,
6.6% human serum albumin (Octopharma AG, Switzerland) and perfluorocarbon
(C3F8) gas. The number of microbubbles in each solution was measured with
MultiSizer III (Beckman Coulter) with 30 µm aperture probe, whose measurement
boundary is between 0.6 to 20 µm. The concentration of the microbubbles ranges
4.24−8.43x108/ml. The mean diameter number size is 0.7−2.0 µm. A multiplicity of
ligands may be coupled to microbubbles directly via covalent bonds or indirectly
through avidin-biotin interactions. Ultrasonically reflective particles can be
complexed to paramagnetics for MR or radionuclide for nuclear or D-luciferin for
bioluminescent or fluorescence for microscope multimodal imaging.

6.3.3 Evaluation Blood Flow Changes with Contrast
Enhanced 40 MHz Ultrasound in HBx Transgenic Mice
High-frequency ultrasound B-mode and color Doppler imaging was applied to the
entire livers of HBx mice. After identifying suspected HCC lesions, microbubbles
were injected through the lateral tail vein, and post-contrast-injection imaging of the
suspected HCC lesions was immediately performed for 30 minutes. Regions of
interest (ROIs) were selected in the suspected HCC lesions. The vascularity index
(VI2) was calculated in each ROI according to the function VI = the number of the
color pixels/ the number of the ROI pixels. Image intensity in B-mode images was
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also calculated. Besides, mean video intensity (VI) from averaged contrast-enhanced
images was subtracted from that of the corresponding averaged precontrast images.
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APPENDIX
Positron Emission and Annihilation
Proton-rich isotopes may decay via positron emission, in which a proton in the
nucleus decays to a neutron, a positron and a neutrino. The daughter isotope has an
atomic number one less than the parent. Examples of isotopes which undergo decay
via positron emission are shown in table A-1.
Table A-1. Properties of commonly used positron emitting radio-isotopes.
Isotope

11

C
N
15
O
18
F
68
Ga
82
Rb
13

half-life (min)

Maximum
positron
energy (MeV)

Positron range
in water
(FWHM in
mm)

Production
method

20.3
9.97
2.03
109.8
67.8
1.26

0.96
1.19
1.70
0.64
1.89
3.15

1.1
1.4
1.5
1.0
1.7
1.7

cyclotron
cyclotron
cyclotron
cyclotron
generator
generator
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MicroPET Image Processing
Filtered Back Projection (FBP) algorithm is based on a Fourier Transform
algorithm and is extremely fast, but the reconstructed image may suffer from
annoying streak artifacts. FBP is straight-forward to implement but does have the
property of amplifying noise in the signal. Recently, considerable interest has been
shown in iterative reconstruction schema, such as the Ordered Subsets - Expectation
Maximisation (OSEM) algorithm [100], which possess different noise properties to
FBP. Moreover, Ordered Subsets Expectation Maximization (OS-EM) algorithm
depresses the noise problem. In this section, the microPET image reconstruction
algorithm used in this dissertation, OSEM and FBP, will be illustrated.

A-1 Ordered Subsets Expectation Maximization
(OS-EM)
With OS-EM, the projection data is grouped in ordered subsets. The OS level is
defined as the number of these subsets. The standard EM algorithm is then applied to
each of the subsets in turn, using the rows of the design matrix corresponding to these
ray sums. The resulting reconstruction becomes the starting value for use with the
next subset. An iteration of OS-EM was defined as a single pass through all the
specified subsets. Further iterations may be performed by passing through the same
the same ordered subsets, using as a starting point the reconstruction provided by the
previous iteration. With mutually exclusive subsets, each OS-EM iteration will have a
similar computation time to one standard EM iteration. Photon recordings on gamma
cameras are binned to provide counts yt on detectors indexed by t. These recordings
are the result of emitter activity (modeled as a Poisson point process in equation A-1)
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within a region.

Eq. (A-1)

Let S1, S2,…..,Sn denote the chosen detector subsets in the order selected. The
algorithm is then as follows:
Eq. (A-2)
.
Currently, iterative algorithms based on OSEM have been widely deployed in clinical
practice for providing high-quality PET imaging.

A-2 Filtered Back Projection (FBP)
An estimate of the original source distribution may be obtained by a process known
as back-projection. In this process, the magnitude of each value in a projection is
added to every point in image space corresponding to the relevant line of integration
in object space. Back-projections for a single point-source are shown in Fig. A-1.
When a small number of projections are used, the resultant image contains star-shaped
artefacts.
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Fig. A-1. Projections generated from a single central point source (3 projections
shown).
The filtered back projection algorithm can therefore be thought of as a three step
process:
1. Finding the Fourier Transform (FT) in 1D of the projections.
2. Finding the filtered projections. This essentially means multiplying the results of
step 1. with a response function in the frequency domain, and then finding the inverse
Fourier Transform (IFFT). This step is essentially the same as carrying out
convolution in the time domain. It can be represented mathematically as

Eq. (A-3)

3. Finding the back projections. This step is the smearing of the filtered projections
back on to the object, and is mathematically represented by

Eq. (A-4)

These three steps represent the filtered back projection algorithm.
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Histology of Liver Focal Lesion in HBx Transgenic Mice
This section supplies the histology results in chapter 4. Figure A-2(d) is the
histology result of mouse 6 (Fig. 4-9). Figure A-3(d) shows the histology result of
mouse 9 (Fig. 4-10).

Fig. A-2. HCC lesion in mouse 6 before contrast injection (a) and the hyper-enhancing
feature during the arterial phase (b). Panel (c) shows the hypo-enhancing feature at 30
minutes after contrast injection. (d) shows the histology result.

Fig. A-3. The hypervascular metastases lesion in mouse 9 before contrast injection is
shown in panel (a). Panel (b) shows the hyper-enhancing, rim enhancing, and
non-enhancing (necrosis) features during the arterial phase. Panel (c) is the
hypo-enhancing feature at 30 minutes after contrast injection. (d) shows the histology
result.
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