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Abstract of thesis 

Breast cancer is a malignant tumor that originates in breast tissue. It is the most common cancer 

in women worldwide and is second to lung cancer as a cause of cancer-related deaths in women. 

Up to now, there has not been an effective method to prevent breast cancer and early detection 

has remained the cornerstone for breast cancer control. As one of the widely used assessment 

methods, breast ultrasound imaging plays a very important role in the decline of breast cancer 

death rates because of its advantages of radiation-free, real-time and suitable for dense breast. It 

is also valuable in differentiating malignant masses from benign lesions, which can greatly help 

to reduce the number of biopsies. 

However, as the routine detection method, the clinical two-dimensional (2D) breast ultrasound 

imaging still has some limitations. One limitation is the manual annotation method. In 2D breast 

ultrasound scanning, the annotation is a critical part of the ultrasound image and is used to 

register the image location on the breast. However, clinical ultrasound annotation procedures 

highly depend on the operator’s experience and training. This manual procedure is a highly time-

consuming and repetitive task for operators. Moreover, manual annotation involves approximate 

positional registration according to the operator’s estimation. This procedure may lead to 

inaccurate annotation or even errors. The other limitation for clinical breast ultrasound imaging 

is that it cannot provide breast coronal images for the 2D scanning method. Images along coronal 

plane contain important diagnosis information such as retraction phenomenon, which is an 

important feature of malignant tumors.  
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To overcome above limitations of the clinical breast ultrasound scanning method, in this study, a 

three-dimensional (3D) breast ultrasound system for providing automated 3D annotation and 

coronal images was developed. This system comprised of an ultrasound scanner with a linear 

probe, a compact electromagnetic spatial sensing device and a computer with customized 

software and video capture card. The spatial sensing device contained three parts: the sensor, 

transmitter and control box. The sensor was mounted on the ultrasound probe to get real-time 

spatial data of ultrasound images. During examination, images were generated by the scanner 

and digitized into the computer using the video capture card. Meanwhile, the corresponding 

spatial information was also sent to the computer. Based on images together with their spatial 

data, a program was developed by Visual C++ and Visualization Toolkits to acquire data, 

calculate and display image annotation, and render coronal images.  

In this study, an automated 3D annotation method was proposed. In this method, three 

parameters were employed to indicate the image location, including the distance to the nipple, 

the radial angle and the probe tilt information. The 3D model, 2D pictogram and textual 

sequence were employed to display these three parameters. To assess system accuracy, two 

phantoms were designed. The distance/angle was measured by our system and also by the 

micrometer/vernier protractor. Very good linear correlations were obtained for both the distance 

measurement (y = 0.991x, R2 = 0.9998) and angle measurement (y = 1.0098x, R2 = 0.9995). The 

comparison of the results obtained by this automated annotation method and the manual 

annotation method also demonstrated linear regression in distance and angle. Breast phantom 

experiments verified that this method had good repeatability, with intra-class correlation 

coefficients (ICC) of 0.907 and 0.937 for the intra-rater and inter-rater reliability tests, 

respectively. For the clinical test of this new system, 21 breast patients were recruited and 
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comparison between the manual annotation and our automated annotation was made. The results 

revealed that this new annotation method could greatly help to save examination time compared 

with the conventional method. Good correlation between the manual and automated annotation 

methods was found (R2 = 0.8571 for distance, R2 = 0.9983 for radial angle). The repeatability 

test also showed good performance of this new system in clinical setting (ICC = 0.989 for intra-

rater tests, ICC = 0.927 for inter-rater tests).  

To obtain coronal images, a narrow-band rendering method was used based on B-mode images 

and their corresponding spatial data. In validation phantom experiments, 20 inclusions with 

different sizes (5mm - 20mm) were measured on coronal images obtained by this new system. 

The results obtained well correlated with those measured by a micrometer (y = 1.0147x, R2 = 

0.9927). Phantom tests also showed that this system had excellent intra- and inter- rater 

repeatability (ICC>0.995). Threes subjects with breast lesions were scanned in vivo using this 

new system and a commercially available three-dimensional (3D) probe. The results revealed 

that this new method required shorter scanning time (74s for commercial 3-D probe, 64s for our 

system). The tumor sizes measured on the coronal plane provided by the new method were 

smaller by 5.6% to 11.9% in comparison with results of the 3D probe.  

In conclusion, based on clinical free-hand ultrasound scanner and a spatial sensor, a 3D breast 

ultrasound system for providing automated annotation and coronal images was successfully 

developed in this study. Phantom experiments and clinical trials revealed that this system could 

provide great help to breast ultrasound examination.  
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CHAPTER 1 INTRODUCTION 1 

1.1 Background and Significance 2 

Breast cancer is the most common cancer in women worldwide and is second to lung 3 

cancer as a cause of cancer-related deaths in women (Parkin and Fernandez 2006; Thomas 4 

2010). In the Global Health Estimates of World Health Organization (WHO), it is 5 

estimated that 508,482 women died of breast cancer in 2011 in the world. In America, it 6 

was reported that 226,870 women were diagnosed with breast cancer and 39,510 of them 7 

died of breast cancer in 2012 (Siegel et al. 2012). According to the report of Breast Cancer 8 

UK, breast cancer accounted for 31% of cancers diagnosed in women. Up to now, there 9 

has not been an effective method to prevent breast cancer and early detection has remained 10 

the cornerstone for breast cancer control (American Cancer Society). It is reported that the 11 

five year relative survival rate is 99% when the breast cancer is found at the localized stage. 12 

However, the survival rate is only 23% if the cancer is diagnosed at the distant stage, 13 

which means the cancer has been metastatic (The American Cancer Society, 2011). Breast 14 

ultrasound is one of the most widely used diagnosis methods and plays an important role in 15 

the decline of breast cancer-related deaths. It has advantages of real-time, radiation-free, 16 

low cost and suitable for dense breast (Jackson 1990; Kopans 1989; Stavros 2004; 17 

Svensson 1997; Tohno 1994; Xiao 2001). In addition, breast ultrasound has great 18 

sensitivity in differentiating benign lesions from malignant masses (Hong et al. 2005; 19 

Stavros et al. 1995). 20 
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However, there are still limitations for clinical breast ultrasound technique. One limitation 1 

is the manual annotation method in breast ultrasound scanning. Annotation is used to 2 

record the image position, which is a critical part on an ultrasound image. According to the 3 

practice guidelines of American College of Radiology (ACR), all breast ultrasound images 4 

are recommended to be correctly labeled (American College of Radiology 2011). The 5 

image without or with incorrect positional annotation is meaningless or even potentially 6 

dangerous, since the follow-up evaluation, diagnosis and treatment are performed on the 7 

basis of this positional annotation (Dixon 2008). The existing manual annotation method 8 

highly relies on the training and experience of the clinicians. For each image, the clinician 9 

has to use a series of hand actions to annotate it, which are repetitive and time-consuming 10 

(Gemo et al. 2007). Moreover, in clinics, the breast ultrasound image is approximately 11 

registered according to the estimation of the clinician. This procedure may cause 12 

inaccurate spatial record or even errors. In addition, with the advancement of high 13 

resolution ultrasound technique, more and more small lesions can be diagnosed using 14 

breast ultrasound scanning. However, unreliable image annotation significantly affects the 15 

findings of small lesions. So the accurate spatial annotation becomes more and more 16 

crucial and meanwhile feasible with the technique development. 17 

Another limitation for the existing clinical breast ultrasound technique is that it can only 18 

provide transverse and longitudinal images but no coronal images. However, information 19 

on this plane has been proved to be beneficial for the evaluation of clinics (Baez et al. 2003; 20 

Chen et al. 2013; Meyberg-Solomayer et al. 2004; Rotten et al. 1999; Tozaki et al. 2010a; 21 

Wang et al. 2012; Watermann et al. 2005). One feature on this plane is defined as 22 

compressive pattern which is thought to be associated with breast benign lesions (Rotten et 23 
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al. 1999). Another feature which is called converging pattern is thought to be a typical 1 

characteristic of malignant lesions (Chen et al. 2013). In fact the feature of converging 2 

pattern on coronal plane, also called spiculation, has been widely studied by researchers 3 

and reported with good performances in tumor diagnosis (Wang et al. 2012; Watermann et 4 

al. 2005). In addition to the two features on coronal images, it is also demonstrated that the 5 

image on this plane can provide the better evaluation when the infiltrative zone 6 

surrounding the lesion is unclear or not visible on conventional 2D images (Meyberg-7 

Solomayer et al. 2004), which can help to reduce biopsies. Images along coronal plane are 8 

also beneficial for tumor extent measurement (Tozaki et al. 2010a) and ultrasound-guided 9 

vacuum-assisted core-needle biopsy (Baez et al. 2003). 10 

In summary, there are mainly two limitations of the clinical breast ultrasound scanner. One 11 

is the manual annotation method which is time-consuming and prone to operator’s 12 

subjective error. The other limitation is the lack of coronal images. Such images contain 13 

valuable diagnosis information such as the spiculation but cannot be provided using the 14 

existing 2D ultrasound scanner.  Therefore, to overcome above limitations of the existing 15 

clinical breast examination method, we proposed a new 3D breast ultrasound system for 16 

providing automated annotation and coronal images in this study. Validation experiments, 17 

phantoms tests and clinical trials were performed to analyze the potential of this study in 18 

clinical breast examination.  19 

1.2 Objectives of this study 20 

The overall objective of this study is to develop a 3D breast ultrasound system for 21 

providing automated annotation and coronal images. 22 
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The specific objectives of this study are: 1 

1. To develop a 3D automated annotation method for breast ultrasound examination 2 

on the basis of a clinical breast ultrasound scanner and an electromagnetic spatial 3 

sensing device;  4 

 5 
2. To test the accuracy and repeatability of the proposed 3D automated annotation 6 

method and analyze the system feasibility for clinical breast examination using 7 

breast phantoms; 8 

 9 
3. To perform clinical tests using the 3D automated annotation method; 10 

 11 
4. To develop a rendering method for providing breast coronal images on the basis of 12 

a clinical breast ultrasound scanner and an electromagnetic spatial sensing device; 13 

 14 

5. To examine the accuracy and repeatability of the proposed rendering method on the 15 

custom-made phantoms; 16 

 17 
6. To perform clinical tests using the proposed rendering method. 18 

 19 

1.3 Outline of the dissertation 20 

A literature review is presented in Chapter 2, which includes the breast anatomy and breast 21 

cancer, the common breast cancer imaging modalities including mammography, breast 22 

MRI and breast nuclear medicine imaging. As the key point of this study, different breast 23 
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ultrasound techniques and limitations of the existing clinical breast ultrasound scanning 1 

methods are reviewed. 2 

In Chapter 3, methods used in this study are introduced. The developed breast ultrasound 3 

system for providing 3D automated annotation and breast coronal image and 4 

corresponding software are described in detail. The proposed 3D automated annotation 5 

method is introduced. Accuracy and repeatability of this annotation method and the 6 

feasibility experiments based on breast phantoms are performed. Clinical trials on breast 7 

patients are conducted. The rendering method for providing breast coronal images is also 8 

introduced and the validation tests are used to analyze the method performance on custom-9 

made phantoms. Clinical test for this rendering method is also performed. 10 

In Chapter 4, the results of the corresponding studies in Chapter 3 are reported, containing 11 

accuracy and repeatability tests of the proposed 3D automated annotation method; the 12 

feasibility of this annotation method on breast phantoms; the performance of this 13 

annotation method in clinical study; the accuracy and repeatability of the proposed 14 

rendering method for providing breast coronal images and the clinical performance of the 15 

rendering method in breast patients. 16 

Chapter 5 presents discussion on this new 3D breast ultrasound system, the experiments 17 

and the results. 18 

Chapter 6 summarizes the findings of this study and potentials of this breast ultrasound 19 

system for providing 3D automated annotation and breast coronal images in clinical breast 20 

ultrasound examinations. Suggestions on future investigations are highlighted. 21 

 22 
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CHAPTER 2 LITERATURE REVIEW 1 

2.1 Breast cancer 2 

Breasts, or mammary glands, are specially defined as skin accessory glands which are 3 

capable of secreting milk (Snell 2008). Figure 2-1 depicts the adult female breast 4 

anatomy. It consists of lobules of glandular tissue and ducts, fibrous connective 5 

tissues that hold the lobes together and fat tissues in the intervals between the lobes 6 

(Dixon 2008). The breast consists of 15 to 20 lobes in most women during their 7 

reproductive years (Stavros 2004). Each lobe consists of rounded alveoli, which opens 8 

into the tiniest branches of the lactiferous ducts. The branch ducts join to form larger 9 

ducts progressively until there is only one main subareolar duct draining the whole 10 

lobe. Each subareolar lactiferous duct widens to form a lactiferous sinus or ampulla 11 

then narrows again as it runs towards the areola, opening on the surface of the nipple.  12 
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 1 

Figure 2-1 The adult female breast anatomy. Sagittally, the breast consists of fat 2 

tissues, fibrous connective tissues, and glandular tissue and ducts. (From 3 

http://en.wikipedia.org/wiki/Lobe_(anatomy)) 4 

 5 

Breast cancer is a malignant tumor that originates in breast tissue. Some breast 6 

cancers are in situ which means that they are confined within the ducts (ductal 7 

cancinoma in situ, DCIS) or lobules (lobules cancinoma in situ, LCIS). It was 8 

reported 83% of in situ breast cancers are DCIS and LCIS accounts for 11% of in situ 9 

breast cancers (American Cancer Society 2011). Most cancers are invasive which can 10 

break through the glandular or duct walls to invade the surrounding tissues.  11 
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Breast cancer is currently the most common cancer in the world. It is the second only 1 

to lung cancer as a cause of cancer-related deaths in woman (Thomas 2010). In the 2 

Global Health Estimates of World Health Organization, it was estimated that 508,482 3 

women died of breast cancer in 2011 in the world 4 

(http://www.who.int/cancer/detection/breastcancer/en/index1.html). Figure 2-2 is the 5 

ten leading cancer types for new cases and deaths in the United States in 2013. 6 

According to this figure, about 232,000 women were examined with this desease and 7 

more than 39,600 women died from breast cancer in 2013 (Siegel et al. 2013). 8 

According to the report of Breast Cancer UK, breast cancer accounted for 31% of 9 

cancers diagnosed in women (http://www.breastcanceruk.org.uk/statistics/). Table 2-1 10 

is the cancer statistics from Hong Kong Cancer Registry (Hong Kong Cancer Registry, 11 

Hospital Authority 2011). According to this table, breast cancer also ranked number 12 

one among all cancers in Hong Kong and about 552 women died of breast cancer in 13 

2011.  14 
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 1 

Figure 2-2 Ten leading cancer types for new cases and deaths for woman in America, 2 

2013. (a) Ten leading cancer types of new cases for woman in America, 2013.Breast 3 

cancer takes 29% in all cancer-related new cases. (b) Ten leading cancer types of 4 

deaths for woman in America, 2013. 39,620 women died from breast cancer, which is 5 

the second only to lung cancer as a cause of cancer-related deaths. (Adapted from 6 

Siegel et al. 2013) 7 

 8 
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Table 2-1 Ten leading cancer types for new cases and deaths for women in Hong 1 

Kong, 2011. (a) Ten leading cancer types of new cases for women in Hong Kong, 2 

2011. Breast cancer takes 26.4% in all cancer-related new cases. (b) Ten leading 3 

cancer types of deaths for women in Hong Kong, 2011. 552 women died from breast 4 

cancer. (From Hong Kong Cancer Registry, Hospital Authority, 2011) 5 

(a)

(b)
 6 

 7 
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However, the survival ratio of breast patients can greatly increase if the cancer is 1 

found at its early stage. As shown in Figure 2-3, for all races, 5-year relative survival 2 

rate is only 23% at distant stage while as high as 99% for the localized stage 3 

(American Cancer Society 2011). Therefore, effective and accurate diagnosis methods 4 

can save numerous patients from breast cancer. 5 

 6 

Figure 2-3 5-year relative survival rate (%) by the race and the stage at diagnosis. 5-7 

year relative survival is as high as 99% at localized stage while only 23% at distant 8 

stage. (From American Cancer Society, 2011) 9 

 10 

2.2 Major breast imaging modalities 11 

The above figures and tables show that breast cancer is a great threat to the health 12 

worldwide, with a great impact in society. Up to now, there has been no effective 13 

method to prevent this disease. The early detection of cancer is considered as the most 14 
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reliable method to reduce breast cancer-induced deaths. From early 1990s, a decline 1 

in breast cancer mortality is shown in Figure 2-4 (Parkin and Fernandez 2006). This 2 

decreasing mortality has been mainly attributed to the introduction of mammography 3 

screening. As one of the earliest widely used imaging modalities, mammography 4 

plays a very important role in the decrease of breast cancer deaths. With the 5 

development of other imaging methods including MR imaging and breast ultrasound, 6 

breast imaging is increasingly indispensible for the breast cancer diagnosis. In this 7 

section, the major breast imaging modalities, including X-ray mammography, breast 8 

MRI and nuclear medicine imaging of the breast, will be introduced. Ultrasound is 9 

also a very important imaging method in clinical breast examination. Since this thesis 10 

focuses on the breast ultrasound development, this technique will be introduced in 11 

next section with more details. 12 

13 

 14 

Figure 2-4 Breast cancer mortality rate in six countries, 1960-2002. From early 1990s, 15 

there was a decline in breast cancer mortality. (Adapted from Parkin et al. 2006) 16 
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 1 

2.2.1 X-ray Mammography 2 

Mammography is the gold standard of breast imaging. During mammography, the 3 

patient’s breast is compressed while she stands or sits in front of the machine, as 4 

shown in Figure 2-5. The X-ray goes through the breast and strikes on the image 5 

receptor to form detailed images of the breast (mammograms). Two standard views of 6 

the breast are generally used in the screening mammography. Compared with the 7 

single view examinations, this method can help to reduce the error rate (Sickles et al. 8 

1986). Additional views of the breast, which are taken with breasts in various 9 

positions or from various angles, may be used in the diagnostic mammography 10 

(American College of Radiology 2001).  11 

 12 

Figure 2-5 The diagram of X-ray mammography. During mammography, the breast is 13 

compressed by a dedicated mammography unit. The X-ray penetrates the breast and 14 
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strikes on the film plate to form detailed images of the breast (mammograms). (From 1 

http://en.wikipedia.org/wiki/Mammography) 2 

 3 

Film screen mammography (FSM), which has been used for over thirty years, uses a 4 

film screen as the ending recording device. Full field digital mammography (FFDM) 5 

uses digital detectors to take an electronic image and store it directly in the computer. 6 

The FSM and FFDM mammograms are shown in Figure 2-6. In order to compare 7 

performances of the two techniques, many researchers conducted studies using the 8 

two systems. Among these studies, Pisano, et al. (2005) performed the largest study 9 

by evaluating 49,528 asymptomatic women using both FSM and FFDM techniques 10 

(Pisano et al. 2005). This study reported that FFDM provided better cancer detection 11 

for premenopausal women, young women, or women with dense breast (Pisano et al. 12 

2008). Besides good accuracy in dense breast, FFDM technique has several potential 13 

benefits such as faster image acquisition and implementation of advanced post 14 

processing (Skaane 2009). 15 
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 1 

Figure 2-6 Full field digital mammography mammograms (FFDM) (left) and film 2 

screen mammography mammograms (FSM) (right). (From 3 

http://www.hastingsimagingcenter.com) 4 

 5 

Mammogram interpretation is a repetitive and error-prone task and this leads to 10% 6 

to 30% of all cancers to be missed by radiologists (Elter and Horsch 2009). 7 

Computer-aided diagnostic (CAD) is used to solve this problem by automatically 8 

detecting and classifying suspicious lesions in mammograms (Roque and Andre 2002). 9 

Many commercial CAD products are used in clinics and are proven that these 10 

products increase the radiologists’ sensitivities (Freer and Ulissey 2001). 11 

Digital breast tomosynthesis (DBT) is a relative new 3D mammography technique. In 12 

DBT, the X-ray tube moves in an arc over the compressed breast to capture multiple 13 

images at various angles and these 2D images are then reconstructed by the computer 14 

(Dobbins and Godfrey 2003). DBT overcomes the overlapping breast tissue which 15 
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can obscure small tumors on images acquired using 2D mammography, thereby 1 

improving the examination sensitivity (Anders 2010). It has been reported that 2 

combination of DBT and standard mammography could detect more cancers in 3 

women with dense breasts (Rafferty and Nicklason 2011). DBT had comparable 4 

sensitivity with digital mammography in non-calcified breast lesions detection 5 

(Sumkin et al. 2011) and it has equal or superior detection rate compared with 6 

conventional mammography in calcified lesions (Kopans et al. 2011). It has been 7 

reported that the recall rates can be reduced up to 30% in USA by the combination of 8 

DBT and digital mammography (Gur et al. 2009). 9 

Contrast-enhanced digital mammography (CEDM) is another improvement on the 10 

basis of the digital mammography. Compared with mammography, CEDM had better 11 

clinical diagnosis accuracy (Dromain et al. 2011). Further clinical results showed that 12 

this method could improve diagnosis quality, especially for patients with dense 13 

breasts (Diekmann et al. 2011). However, CEDM has obvious limitations including 14 

the increased diagnosis time, iodinated contrast dose and the patient acceptability.  15 

2.2.2 Breast MR Imaging 16 

Breast magnetic resonance imaging (MRI) is an expensive breast imaging modality. 17 

MRI has been approved by the Food and Drug Administration (FDA) since 1985 as a 18 

supplement tool to help diagnose breast cancer (Vinitha et al. 2010). During MRI 19 

examination, as shown in Figure 2-7, the patient lies prone on an MRI couch and is 20 
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placed inside the core of magnet. The couch device emits and receives radio 1 

frequency pulse surrounded by the strong magnetic field. A typical breast MRI image 2 

is shown in Figure 2-8. Arrows in this figure indicate breast tumors. Compared with 3 

other imaging modalities, MRI has better soft tissue contrast. MRI has become the 4 

method of choice for invasive lobular cancer which is difficult to size conventionally 5 

(Kneeshaw et al.2003). It was reported that MRI can be used to judge tumor size in 6 

patients after receiving neo-adjuvant chemotherapy (Warren et al. 2004). 7 

 8 

Figure 2-7 The diagram of breast MRI. During MRI examination, the patient lies 9 

prone on an MRI couch and is placed inside the core of magnet. The couch device 10 

emits and receives radio frequency pulse surrounded by the strong magnetic field. 11 

(From http://www.stjohnprovidence.org/) 12 

 13 
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 1 

Figure 2-8 A typical breast MRI image. Two lesions are indicated by arrows on this 2 

image. (From http://www.medscape.com/viewarticle/578401_4) 3 

 4 

Dynamic contrast-enhanced MRI (DCE-MRI) is the most commonly used MRI 5 

technique for breast diagnosis (Sinha and Sinha 2009). With the use of contrast agents, 6 

MRI has established its role in breast cancer imaging. In DCE-MRI, a contrast agent 7 

is injected so a contrast inflow near the tumor is increased to enhance the visibility of 8 

the tumor (Heywang-Kobrunner et al. 1997). Liu et al. (1998) reported that DCE-MRI 9 

was more sensitive than mammography (Liu et al. 1998). 10 

Diffusion-weighted imaging (DWI) can provide functional information in cancer 11 

detection. The combination of apparent diffusion coefficient (ADC) mapping and 12 

DWI can be used in breast cancer detection and characterization (Malayeri et al. 13 

2011). It was reported that the value of apparent diffusion coefficient in benign 14 
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lesions was higher than that of malignant lesions (Sinha et al. 2002). By using ADC to 1 

differentiate benign from malignant lesions, DWI can improve the diagnosis accuracy 2 

compared with conventional MRI (Pereira et al. 2011, Sonmez et al. 2011). Clinical 3 

studies also demonstrated that DWI could be used in neoadjuvant chemotherapy to 4 

investigate tumor response (Sharma et al. 2009, Park et al. 2010). 5 

MR spectroscopy (MRS) is another important advance in MRI, which can obtain the 6 

chemical content of breast lesions (Bolan et al. 2005). Numerous studies 7 

demonstrated that MRS can improve the specificity of breast MR (Sinha and Sinha 8 

2009). Meisamy et al. (2008) reported that choline-containing compounds were 9 

elevated in malignant masses, which can be used as indicator to detect tumor 10 

malignance (Meisamy et al. 2008). 11 

MR elastography (MRE) is a relatively new and developing technique which 12 

measures the tissue stiffness for lesion characterization (Mariappan et al. 2010). 13 

Lorenzen et al. (2002) reported that MRE can be used as a palpation tool and the 14 

breast masses had higher shear elasticity than normal breast tissues (Lorenzen et al. 15 

2002). Another study also demonstrated that MRE can be used to differentiate 16 

malignant from benign masses by using tissue elasticity information (Xydeas et al. 17 

2005). As a complementary technique to contrast-enhanced MRI, MRE can help to 18 

increase the breast diagnosis specificity (Sinkus et al. 2007). 19 
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2.2.3 Nuclear medicine imaging of the breast 1 

Nuclear medicine imaging involves techniques used to produce images of the 2 

distribution of rediolabelled ligands in the body, which can provide functional and 3 

biological information. Scintimammography is the earliest nuclear medicine breast 4 

imaging technique which uses scintillating gamma cameras. In 2003, researchers 5 

performed a meta-analysis on scintimammography literature (Liberman et al. 2003). 6 

They found the detection sensitivity was 85% and specificity was 86% for palpable 7 

masses. However, for nonpalpable masses, the sensitivity was reduced to 67%. The 8 

similar conclusion was found by other researchers that the sensitivity of 9 

scintimammography was lower for nonpalpable masses (Taillefer 1999, Khalkhali et 10 

al. 2000, Palmedo et al. 1998, Waxman 1997). The limited sensitivity was caused by 11 

the edge effects of the conventional gamma cameras. The dead space which was 12 

unusable for imaging was as large as about 7-9 cm. The use of single photon emission 13 

computed tomography (SPECT) on breast imaging was hoped to provide a better 14 

sensitivity than gamma cameras. Some researchers reported that this method could 15 

really provide a better sensitivity and specificity (Spanu et al. 2001, Spanu et al. 2002, 16 

Aziz et al. 1999, Myslivecek et al. 2004, Schillaci et al. 2007). However, other studies 17 

demonstrated that SPECT offered similar or even worse performance (Tiling et al. 18 

1998, Danielsson et al. 1999). In addition to SPECT, positron emission tomography 19 

(PET) using 18F-fluorodeoxyglucose (FDG) as the radiotracer for breast cancer 20 

detection was superior to gamma cameras with resolution in about 4-6 mm. However, 21 
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according to the review on FDG-PET in breast cancer detection, this technique had a 1 

significant false-negative result in small tumor (<10 mm) (Rosen et al. 2007). Up to 2 

now, there has been an agreement that whole-body FDG-PET is not suitable for breast 3 

imaging to differentiate malignant tumors from benign lesions (Buscombe et al. 2004, 4 

Samson et al. 2002). Therefore, the conventional gamma cameras, whole-body 5 

SPECT and FDG-PET are not suitable for breast cancer detection for their limited 6 

resolution. To solve this problem, researchers have begun to explore dedicated 7 

nuclear medicine imaging systems for breast cancer since the late 1990s (Hruska and 8 

O'Connor 2013).  9 

One dedicated nuclear medicine imaging approach for breast cancer is to develop the 10 

compact gamma camera system. In this approach, multicrystal design (Kim et al. 11 

2000, Majewski et al. 2001, Pani et al. 1999, Gruber et al. 1998) or semiconductor-12 

based (Butler et al. 1998, Mueller et al. 2003, Hruska and O’Connor 2008, Robert et 13 

al. 2010) gamma cameras are used to replace the conventional gamma camera. It was 14 

reported that this approach could provide improved spatial resolution at distances 15 

considered the near-field, which is important in breast images quality improvement 16 

(Mueller et al. 2003, Weinmann et al. 2009). The typical commercial systems for this 17 

approach include Dilon 6800 (Dilon Diagnostics, Newport News, VA, USA), which 18 

is a breast specific gamma imaging (BSGI) system, and Discovery NM750b (GE 19 

Healthcare, Milwaukee, WI, USA), which is commonly referred to as a molecular 20 

breast imaging (MBI) system. 21 
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The above compact gamma cameras were designed to overcome limitations of the 1 

conventional gamma cameras. Another dedicated nuclear medicine imaging approach 2 

for breast cancer was developed on the basis of the conventional PET system. The 3 

positron emission mammography (PEM) system was introduced as the breast-specific 4 

PET system, which has two detectors in direct contact with breast and has improved 5 

spatial resolution. The earliest PEM system was proposed by Thompson et al. in 1994 6 

(Thompson et al. 1994), the spatial resolution of which was theoretically 2mm (Joshi 7 

et al. 2009). Compared with the above gamma cameras, this approach can provide 3D 8 

image and slices from any angle instead of a single planar image. The typical 9 

commercial systems include PEM-FLEX (Naviscan Corporation, San Diego, CA, 10 

USA), which is the first commercial PEM system, and the Mammi-PEM (Oncovision, 11 

Valencia, Spain). 12 

Another breast-specific approach is the multimodality system of PET/CT, which can 13 

provide both anatomical and fuctional information of breast. A typical system for this 14 

approach is the dual-modality breast tomosynthesis (DMT) developed by the 15 

University of Virginia (Williams et al. 2002). This system combines a limited-angle 16 

SPECT and digital x-ray tomosynthesis. The pilot study on breast patients suggested 17 

that the combination could improve the system diagnosis specificity (Williams et al. 18 

2010). Another SPECT/CT combination system was proposed by researchers in Duke 19 

University (Brzymialkiewicz 2006). Phantom experiments (Crotty et al. 2008) and 20 
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pilot patient data (Madhav et al. 2007) suggested the feasibility and advantages of this 1 

system.  2 

2.3 Breast Ultrasound 3 

Ultrasound imaging, also known as sonography, is another important diagnostic tool 4 

to detect breast lesions. Currently, diagnostic ultrasound uses frequencies in the range 5 

of 2-20 MHz, normally 7.5-10 MHz for the breast diagnosis. Compared with other 6 

imaging modalities, breast ultrasound has advantages of non-invasiveness, operation 7 

in real time and low cost. Therefore, breast ultrasound is usually the first choice in 8 

clinics for patients with breast tumor. The conventional breast ultrasound examination 9 

in clinics is shown in Figure 2-9. The patient lies on the bed in supine posture with the 10 

ipsilateral arm abducted and the hand under the head in order to flatten the breast. 11 

This position facilitates the clinical localization of palpable masses and allows 12 

ultrasound equipment to give the best spatial and contrast resolution (Dixon 2008). 13 

The operator holds the ultrasound probe and uses a variable degree of compression on 14 

the breast. A certain scanning pattern is adopted by the operator to scan the breast. 15 

There are mainly four scanning patterns: longitudinal, transverse, radial and 16 

orthogonal anti-radial scanning pattern (Stavros 2004), as shown in Figure 2-10.  17 
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 1 

Figure 2-9 The diagram of breast ultrasound scanning. The patient lies on the bed in 2 

supine posture with the ipsilateral arm abducted and the hand under the head. The 3 

operator holds the ultrasound probe and uses a variable degree of compression on the 4 

breast. (From http://goto.nucleusinc.com/) 5 

 6 

 7 

Figure 2-10 Breast ultrasound scanning patterns. (a) Longitudinal scanning pattern; (b) 8 

Transducer scanning pattern; (c) Radial scanning pattern; (d) Orthogonal anti-radial 9 

scanning pattern. (Adapted from Stavros, 2004) 10 

 11 
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2.3.1 B-mode Breast Ultrasound 1 

B-mode ultrasonography is the most common modality of ultrasound imaging used in 2 

breast diagnosis. B-mode ultrasound is valuable in differentiating benign tumors, such 3 

as cyst, from malignant tumors and can reduce the number of unnecessary biopsies 4 

(Kopans 1989, Xiao 2001). To differentiate benign lesions from malignant masses, 5 

researchers have proposed various sonographic features, such as margin, shape, and 6 

echotexture, for the breast diagnosis based on B-mode images (Stavros et al. 1995, 7 

Jackson 1995, Paulinelli et al. 2005). As shown in Figure 2-11, the malignant tumor 8 

often has poorly defined margins and irregular borders. In 2003, American College of 9 

Radiology proposed the Breast Imaging Reporting and Data System (BI-RADS), 10 

which is used as the standardized breast ultrasound lexicon for clinical diagnosis 11 

(American College of Radiology 2003). For masses, seven sonographic features 12 

including shape, orientation, margin, lesion boundary, echo pattern, posterior acoustic 13 

features and surrounding tissue were used in this lexicon. Previous studies reported 14 

that this lexicon promised high sensitivity, specificity and reliability for masses 15 

diagnosis (Lazarus et al. 2006, Hong et al. 2005, Costantini et al. 2006, Lee et al. 16 

2008). 17 
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 1 

Figure 2-11 Ultrasound images of benign and malignant lesions. (a) Image of benign 2 

lesion, which has regular shape and smooth border; (b) Image of malignant lesion, 3 

which has poorly defined margins and irregular borders (From http://breast-cancer.ca/) 4 

 5 

Recently, with the development of computer technology, CAD systems have been 6 

used to reduce expense and improve the diagnostic performance based on features on 7 

B-mode images. CAD is a multi-step process, which commonly consists of 8 

preprocessing, segmentation, feature extraction and selection, and classification 9 

(Jalalian et al. 2013). For B-mode ultrasound images, speckle suppression and image 10 

enhancement is the most important task for the first step of preprocessing. Noise 11 

reduction method can be categorized into three types: filtering approaches (Loizou et 12 

al. 2005, Czerwinski et al. 1999), wavelet domain methods (Gupta et al. 2004, 13 

Pizurica et al. 2003, Xie et al. 2002, Fourati et al. 2005, Yue et al. 2006), and 14 

compound approaches (Behar et al. 2003, Adam et al. 2006, Rohling et al. 1997). For 15 

breast B-mode image segmentation, histogram thresholding method (Horsch et al. 16 
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2002, Horsch et al. 2001) is widely used. The approach of snake mode (Madabhushi 1 

et al. 2003, Sarti et al. 2005, Chang et al. 2003a), and methods based on neural 2 

network and wavelet analysis (Chen et al. 2002, Huang et al. 2004a) are also popular 3 

in image segmentation. In the step of feature extraction, some researchers focused on 4 

the echo texture extraction (Chen et al. 2000, Shankar et al. 2002, Kuo et al. 2002). 5 

Researchers also extracted morphological features such as shape and margin to 6 

differentiate malignant tumors from benign lesions (Thiran and Macq 1996, Chen et 7 

al. 2003, Drukker et al. 2004, Sehgal et al. 2004). After feature extraction, the last step 8 

of CAD systems is classification of lesions. Techniques of artificial neural network 9 

(ANN) (Joo et al. 2004, Chen et al. 2002) and support vector machine (SVM) (Chang 10 

et al. 2003b, Huang and Chen 2005, Huang et al. 2006) are both powerful tools for 11 

this step.  12 

2.3.2 Doppler Breast Ultrasound 13 

Both color and power Doppler ultrasound are used to detect blood vessels in the 14 

breast. Based on the principle of increased vascularity in malignant lesions compared 15 

to benign lesions, Doppler ultrasound is usually used to distinguish malignant and 16 

benign masses. In order to enhance signals from vessels, micro-bubble contrast agents 17 

are often used in Doppler ultrasound diagnosis. It was reported that the agent can 18 

allow the visualization of more vessels (Pugh et al. 1996, Kedar et al. 1996). The 19 

reports on studies of Doppler ultrasound for breast diagnosis are not consistent. 20 

Cosgrove et al. (1993) reported that 99% of malignant masses showed Doppler 21 
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signals while only 3% of benign masses had vessels.  According to Raza et al. (1997), 1 

the diagnostic sensitivity was 68% and the specificity was 85% by using vessel 2 

signals as indicators of malignant tumors (Raza and Baum 1997). Clinical study 3 

performed by Stanzani et al. suggested that the combination of B-mode and Doppler 4 

ultrasound was helpful for diagnosis (Stanzani et al. 2014). However, Wilkens et al. 5 

(1998) observed that Doppler ultrasound had limited value in differentiating 6 

vascularity between malignant and benign tumors (Wilkens et al. 1998).  It was 7 

reported that power Doppler findings could indicate a higher possibility of 8 

malignancy but Doppler findings were not useful for predicting tumor grade (del Cura 9 

et al. 2005). Germer et al. (2002) found that Doppler results were strongly influenced 10 

by the hormonal status which was affected by menopausal status and contraceptive 11 

usage (Germer et al. 2002). The inconsistence of study results shows that Doppler 12 

ultrasound used to distinguish malignant and benign masses is still experimental, and 13 

a lot of work needs to be done before it can be used in clinics. 14 

2.3.3 Breast Elasticity 15 

There are mainly two types of breast elasticity: free-hand ultrasound elastography 16 

(USE), also called compression elastography and shear-wave elastography (SWE). 17 

For SWE, it further includes acoustic radiation force impulse technology (ARFI) and 18 

the supersonic shear-wave imaging (SSI) (Ricci et al. 2014).  19 
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Most methods of USE only provide qualitative results instead of absolute elasticity 1 

(Goddi et al. 2012). In these methods, an elastic image, which uses different colors to 2 

represent different elasticity levels, is superimposed on B-mode image to display the 3 

tissue elasticity. To differentiate benign and malignant lesions, researchers have 4 

proposed a five-point scoring system based on the elastic image (Itoh et al. 2006). 5 

Some approaches in USE are semi-quantitative assessments which calculate a 6 

numerical ratio (strain ratio) between the deformation of the healthy tissue and the 7 

lesion or the difference in lesion size before and during compression (length ratio) 8 

(Ricci et al. 2014). Strain ratios were calculated from a tumor-adjusted region of 9 

interest and a comparable region of interest placed in the lateral fatty tissue (Yerli et 10 

al. 2011). Strain ratios, also called strain index, can help to reduce interoperator 11 

variability in differentiation of benign and malignant lesions. It was reported that the 12 

strain index value for benign masses was 2.63±4.57 and that for malignant masses 13 

was 6.57±6.62 (Cho et al. 2010). Thomas et al. (2010) found that strain ratios allowed 14 

standardized sonoelastography and significant differentiation of benign and malignant 15 

breast lesions with higher specificity compared to B-mode ultrasound. 16 

In the method of acoustic radiation force impulse (ARFI), external compression is a 17 

radiation force created by a focused ultrasound impulse. Sugimoto et al. (1990) was 18 

the first group to propose the use of radiation force to image tissue mechanical 19 

properties. In this method, the shear wave velocity is used to quantitatively detect 20 

breast lesion stiffness. To give the cutoff value to differentiate benign and malignant 21 
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tumors, many researchers have performed valuable studies. The mean value of benign 1 

lesions ranged from 2.25 to 3.25 m/s and the mean value of malignant tumors was 2 

from 4.49 to 8.22 m/s (Tozaki et al. 2011, Meng et al. 2011, Bai et al. 2012). In the 3 

report of Tozaki et al. (2012a), they chose 3.59 m/s as the cutoff value and combined 4 

elastography and quantification values to get 91% sensitivity, 93% specificity, and 92% 5 

accuracy in tumor differentiation. The technique of SSI is similar to ARFI and is for 6 

real-time visualization of soft tissue viscoelastic properties (Fink and Tanter 2010). It 7 

enables tissue elasticity mapping in less than 20 ms, even in strongly viscous medium 8 

such as breast (Bercoff et al. 2004). In SSI, the stiffness information is given in kPa. 9 

In 2004, the first in vivo investigation of SSI on healthy breasts was reported (Bercoff 10 

et al. 2004). It was later demonstrated that SSI allowed good differentiation in fatty 11 

tissues (3 kPa), parenchyma (45 kPa), benign lesions (<80 kPa) and malignant lesions 12 

(>100 kPa) (Tanter et al. 2008).  13 

2.3.4 3D Breast Ultrasound 14 

In clinical 2D ultrasound imaging, only 2D images are provided and the clinician has 15 

to mentally transform theses 2D images into a 3D structure. This may cause 16 

inaccuracies in lesion shape, size and surroundings. In addition, different clinicians 17 

may give different results. Compared with 2D ultrasound, 3D ultrasound can provide 18 

complete 3D volume data and multi-sectional images so that it can better represent the 19 

morphology of the breast. Therefore, 3D breast ultrasound keeps advantages of the 20 

conventional 2D ultrasound and overcomes its limitations (Rankin et al. 1993, Fenster 21 
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and Downey 1996, Downey et al. 2000). 3D breast ultrasound draws more and more 1 

attentions and has been enhanced a lot these years.  2 

According to the scanning approach, 3D ultrasound imaging systems can mainly be 3 

divided into mechanical scanner system, freehand scanner system, and 2D array 4 

(Fenster et al. 2001). Up to now, most of the 3D breast ultrasound systems have been 5 

developed in mechanical scanner mode. In these systems, a conventional one-6 

dimensional (1D) array transducer is mounted to an external drive device. This 7 

motorized mechanical apparatus is used to drive the transducer. An alternative 8 

mechanical scanning mode is to integrate the mechanical device within the transducer 9 

housing to get an integrated mechanical 3D scanning probe. In mechanical scanning 10 

systems, the moving manner of the transducer includes linear, tilt, and rotational 11 

mode. For freehand scanner system, the radiologist manipulates the transducer 12 

moving across the anatomy in a freehand manner. To track the ultrasound image in 13 

3D space, spatial sensing devices are used. In the past decades, several spatial sensing 14 

devices including acoustic sensing, articulated arms, magnetic field sensors, and 15 

optical sensors have been developed. The spatial sensing device is fixed on a 16 

conventional 1D array transducer to record its movement. This scanning approach 17 

allows arbitrary scanning directions and larger cover area compared with the 18 

mechanical approach.  19 

For above two approaches, they are both on the basis of 2D ultrasound images 20 

obtained using the conventional transducer with 1D arrays, combined with manual or 21 



CHAPTER 2 LITERATURE REVIEW 

32 
 

mechanical sweeping. Researchers have developed ultrasound transducers with 2D 1 

arrays and reported that this system can produce 3D images with the electronic 2 

pyramidal scanning when the probe is kept stationary (Shung 2002). They have been 3 

usually used for heart imaging in real time with high volume rate (Nelson and 4 

Pretorius 1998), but are seldom used for breast scanning.  5 

2.3.4.1 3D Breast Ultrasound with mechanical scanning approach 6 

The first introduced method for mechanical scanning systems is similar to 7 

mammography, which is to compress the breast and scan it with mechanical mode. 8 

Kotsianos-Hermle et al. (2009) proposed such a system which consisted of a 9 

transducer, a paddle, a compression plate, and a motor driver. The subject sat in front 10 

of this system with breast compressed by the paddle. The ultrasound transducer 11 

moved over the compression paddle, which was controlled by a motor. It was reported 12 

that the image quality of this system was equal to or satisfactory compared with cross-13 

sectional images from manual US in at least 72% of cases. This approach was also 14 

adopted by Moskalik et al. (1995) and Hernandez et al. (1995, 1996). Sinha et al. 15 

(2007) evaluated the utility of the 3D ultrasound in conjunction with X-ray 16 

tomosynthesis for breast cancer detection and assessment. However, in these systems, 17 

the tissue against the chest wall cannot be covered by the scanning probe so that 18 

lesions in this part will be missed (Kotsianos-Hermle et al. 2009).  19 
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An alternative mechanical scanning approach is the patient lies on the bed in supine 1 

position to be scanned by the probe, which is the same to the clinical breast scanning. 2 

A typical system for this approach is a commercial system called ACUSON S2000 3 

Automated Breast Volume Scanning (ABVS) developed by Siemens (Siemens 4 

Healthcare, Reston, VA, USA), as shown in Figure 2-12. During the assessment, the 5 

probe compresses the breast and scans three times of each breast in the anterior-6 

posterior (AP) and both oblique positions (Porter and Seck 2009). The acquired 2D 7 

images are then sent to the workstation to form the breast volume. According to the 8 

clinical assessment results of Tozaki et al. (2010b), this system is an operator-9 

independent, feasible method for performing automated breast ultrasound. On the 10 

basis of comparison results with clinical 2D ultrasound, another study reported that 11 

ABVS provided high diagnostic accuracy, better lesion size prediction, operator-12 

independence and visualization of the whole breast (Lin et al. 2012). The other similar 13 

clinical studies to compare ABVS and hand-held ultrasound were also reported (Kim 14 

et al. 2013a; Zhang et al. 2012). These studies also found that ABVS had advantages 15 

of operator-independence, high accuracy and being less time-consuming. They also 16 

demonstrated that ABVS could detect more lesions and provide additional 17 

information for intraductal diagnosis and malignant lesions. Based on the images from 18 

ABVS, researchers designed a category classification method and found that ABVS 19 

was useful for predicting the likelihood of malignancy (Tozaki and Fukuma 2012b). 20 

Another commercial system of this approach is the Automated Whole-Breast 21 

Ultrasound (AWBU) of Sonocine (SonoCine Inc., NV, USA) (Figure 2-13). 22 
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Researchers investigated the performance of AWBU and hand-held ultrasound and 1 

reported that performances of the two methods were equivalent (Cho et al. 2006; Kim 2 

et al. 2013b; Wenkel et al. 2008). However, in the study of Chang et al. (2011), they 3 

found only 57.1 – 78.6% of hand-held detected cancers were identified by AWBU for 4 

different readers. They thought that a substantial level of training and experience was 5 

necessary to improve cancer detection by AWBU. To improve the cancer detection 6 

rate in dense breast of mammography, researchers studied the combination of the 7 

AWBU and mammography in breast screening (Kelly et al. 2010a; Kelly et al. 2010b; 8 

Kelly et al. 2011). These studies demonstrated that adding AWBU to mammography 9 

resulted in significant cancer detection improvement for women with dense breast. 10 

Based on the technique of AWBU, breast density analysis was performed by Moon et 11 

al. (2011a) and results showed high correlation with that from MRI in breast density 12 

and breast volume quantification. With the help of CAD systems, tumors on AWBU 13 

images could be detected automatically (Lo et al. 2014; Moon et al. 2013; Moon et al. 14 

2014). Another CAD system was also designed to classify benign and malignant 15 

tumors in AWBU images (Moon et al. 2011a). 16 
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 1 

Figure 2-12 The ACUSON S2000 Automated Breast Volume Scanning (ABVS) of 2 

Siemens. (From http://www.siemens.com/press/en/presspicture/) 3 

 4 

 5 

Figure 2-13 The Automated Whole-Breast Ultrasound (AWBU) of Sonocine. (From 6 

http://www.sonocine.com/worldwide/awbus-technology/) 7 
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 1 

Another scanning approach is that the patient lies on the bed in prone position and is 2 

scanned by the system. In such a mechanical system proposed by Shlipley et al. 3 

(2005), the patient lay prone on the scanning table and her breast was put in a robust 4 

transparent cone. Scanning was performed through a window in the cone. The 5 

transducer and cone was rotated 360° by a motor through a timing belt. In the 6 

subsequent studies, Gooding et al. (2005, 2010) used this system to image the 7 

mammary ducts in lactating women. The similar mechanical 3D breast ultrasound 8 

systems were developed by other researchers (Hansen et al. 2008; Riis et al. 2003).  9 

Based on this 3D breast system, researchers studied the 3D reconstruction of fine 10 

vascularity in ultrasound breast imaging (Hansen et al. 2008). Breast density analysis 11 

was presented using the 3D scanning system when the breast of patient was sunk in 12 

the water (Chang et al. 2006).  13 

2.3.4.2 3D Breast Ultrasound with freehand scanning approach 14 

As above description, existing 3D breast ultrasound systems mainly adopt the 15 

mechanical scanning mode. However, the mechanical scanning approach requires 16 

bulky, large and heavy machines which are usually inconvenient for clinical use to 17 

offer regular motions. The movement manner of the probe in mechanical scanning 18 

system is predefined so the operator cannot move the probe to the desired position 19 

freely. Some regions such as axillary region and tissue against the chest wall are not 20 

accessible by using mechanical systems. In this situation, the radiologist must scan 21 
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this region with a conventional 2D probe as the complementary tool. Compared with 1 

the mechanical systems, 3D breast ultrasound systems with freehand scanning 2 

approach are more attractive in clinical breast ultrasound scanning because they are 3 

flexible for the operator, and allow accessible volume and attainable imaging angle.  4 

In 3D breast ultrasound scanning, multiple sweeps are usually needed to cover the 5 

whole breast region. In the 3D volume reconstruction, the images from different 6 

sweeps are combined to form a complete volume. However, the breast is soft and it 7 

deforms easily. For different sweeps, the forces caused by the ultrasound are different 8 

which may alter the shape of the tumor. When several such sweeps are combined, the 9 

reconstructed tumor volume may appear blurred for the deformations in different 10 

sweeps. To solve the problem of mis-registration in freehand breast scanning, a non-11 

rigid registration method was introduced (Xiao et al. 2002). In this method, the breast 12 

tissue deformation was estimated using a block matching scheme combined with the 13 

local statistics. The phantom experiments showed that this registration method can 14 

help to improve the registration accuracy in spatial compounding of different sweeps 15 

(Xiao 2001). On the basis of deformation in different compressions, researchers 16 

presented sub-volume registration method to analyze the tumor variation and further 17 

classify the masses (Chen et al. 2009). 18 

Volume reconstruction algorithm is one of the most important factors for 3D breast 19 

ultrasound image quality. The reconstruction methods can be divided into three 20 

groups: distance-weighted (DW) interpolation, pixel nearest-neighbor (PNN), and 21 
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voxel nearest-neighbor (VNN).VNN is the method to assign the volume voxel with 1 

the value of its nearest image pixel (Sherebrin et al. 1996). VNN can avoid gaps but it 2 

also causes reconstruction artifacts and registration errors. PNN is one of the most 3 

popular reconstruction methods. It includes two stages: bin-filling and hole-filling. In 4 

the bin-filling stage, the algorithm assigns each pixel value in 2D ultrasound image to 5 

the nearest voxel. Multiple contributions to the same voxel are usually averaged, 6 

keeping maximum value, or keeping the most recent value (Solberg et al. 2007). In 7 

the hole-filling stage, the voxel gaps are filled using methods such as value from a 8 

neighbor and 3D kernel around filled voxels. However, artifacts still cannot be 9 

avoided because voxels in gaps have a much more smoothed appearance in 10 

comparison with non empty voxels (Rohling et al. 1999). For DW interpolation, each 11 

voxel value is calculated with the weighted average of a set of pixels from nearby 2D 12 

ultrasound images (Barry et al. 1997). The weight function and the size and shape of 13 

the neighborhood for each voxel can be chosen prior to construction. By choosing 14 

proper weight function and neighborhood, the DW interpolation can overcome the 15 

shortcomings of VNN and PNN. 16 

2.3.4.3 Other 3D Breast Ultrasound Imaging Methods 17 

Duric et al. (2005) developed an ultrasound tomography system for breast imaging, as 18 

shown in Figure 2-14. A ring-shaped transducer surrounded the breast. The ring 19 

consisted of 256 equally spaced elements, each of which was capable of 20 

independently transmitting and receiving ulrtasound signals. An element transmitted 21 
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pulse into the tissue. The pulse interacted with tissue and reached the receiving 1 

elements. The element transmitted pulse one by one and all the received signals were 2 

used to tomographically reconstruct the images of breast. The patient experiments 3 

demonstrated its potential for clinical breast examination (Duric et al. 2007, Hopp et 4 

al. 2013). Based on this method, a commercial-grade breast imaging device, which 5 

was called SoftVue, was proposed to differentiate benign masses from malignant 6 

lesions (Duric et al. 2013; Roy et al. 2013). 7 

 8 

Figure 2-14 Ultrasound tomography for breast imaging designed by Duric, et al. 9 

(Adapted from Duric et al. 2005) 10 

 11 

Doppler ultrasound can provide images of the vasculature as well as the anatomy of 12 

the body. It was demonstrated that Doppler imaging was helpful for differentiating 13 

between malignant and benign breast lesions (Cosgrove et al. 1993; Lee et al. 2002). 14 

Carson et al. (1997) reported that 3D color flow could provide superior vascular 15 

morphology and better discrimination of malignant tumors than 2D color flow did. 16 

Hsiao et al. (2009) used harmonic 3D power Doppler imaging to assess the 17 
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characteristics of benign and malignant solid breast tumors and proposed models to 1 

classify benign and malignant breast tumors. 2 

3D ultrasound elasticity imaging is a relatively new 3D breast imaging method. 3 

Richards et al. (2009) presented a method to image and quantify 3D elastic modulus. 4 

Booi et al. (2006) produced strain images in a breast phantom and human subjects 5 

using an ultrasound-tomography system. Treece et al. (2006) also obtained 3D 6 

ultrasound strain images both in vitro and in vivo using a freehand ultrasound system. 7 

2.4 Limitations in clinical breast ultrasound diagnosis  8 

2.4.1 Manual breast ultrasound annotation 9 

In clinical breast ultrasound examination, annotation is used to record the image 10 

position relative to the breast, which is a critical part on the image. In the practice 11 

guidelines of ACR, it is recommended that operators should properly label all breast 12 

ultrasound images (American College of Radiology 2011). Since the follow-up 13 

evaluation, diagnosis and treatment are performed on the basis of the positional 14 

annotation, the image without or with incorrect positional annotation is meaningless 15 

or even probably dangerous (Dixon 2008). In the operation procedure, an inaccurate 16 

annotation may provide the wrong location of the tumor to the surgeon. Therefore, the 17 

inaccurate positional annotation is of less-value than no breast images at all.  18 

Figure 2-15 shows a typical ultrasound image annotation in clinics. The annotation 19 

contains the graphical pictogram and the textual sequence. The graphical annotation 20 
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means the arm and the breast. The position of the arm on the breast indicates the left 1 

or right breast. The image position is indicated by the arrow on the pictogram. In 2 

Figure 2-15, the textual sequence consists of the numbers and letters. The first letter is 3 

used to identify the laterality of the breast (left or right). The second number means 4 

the radial location of the image on the breast in 1-12 clock face segmentation. The 5 

third number is the distance of the image to the nipple in centimeters. In this figure, 6 

the annotation of ‘R34’ represents a position of 4cm to the nipple and in 3 o’clock 7 

direction of the right breast. 8 

 9 

Figure 2-15 Typical spatial annotation on breast ultrasound image, consisting of the 10 

textual sequence and the graphical pictogram. 11 

 12 

In clinics, the annotation procedure for breast ultrasound image highly relies on the 13 

training and experience of the radiologist. The radiologist usually controls the 14 

ultrasound machine using one hand and holds the probe to scan the breast using the 15 

other hand. To save an ultrasound image, the radiologist firstly freezes the machine 16 
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display, and then she changes the arrow position and types the textual sequence to 1 

annotate the image. For each image, the annotation procedure involves a series of 2 

hand and finger motions so the radiologist has to move hands away from the probe. 3 

This annotation action is repetitive and time-wasting for the radiologist (Gemo et al. 4 

2007). And this time-consuming method is a major obstacle in keeping ultrasound 5 

from being used more widely. Moreover, in clinics, the breast ultrasound image is 6 

approximately registered according to the estimation of the radiologist. This 7 

procedure may cause incorrect spatial record or even errors. In addition, with the 8 

advancement of high resolution ultrasound technique, more and more small lesions 9 

can be diagnosed using breast ultrasound scanning. However, unreliable image 10 

annotation significantly affects the findings of small lesions. So the accurate spatial 11 

annotation becomes more and more crucial and meanwhile feasible with the technique 12 

development. 13 

To overcome problems of the routinely used annotation method, many beneficial 14 

studies have been reported previously. To facilitate the annotation action, a 15 

touchscreen was used to record the image location (Jackson and Chenal, 2006). 16 

Similarly, to allow the operator annotating the image using minimal hand motions, 17 

Kuzara and Brown (2006) reported an invention which contains a switch and an input 18 

device to help to record the image location without moving the hand from the input 19 

device. The existing clinical annotation mechanism contains the textual sequence and 20 

the graphic pictogram. The two separate procedures may be inconsistent between 21 
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them. To solve this question, researchers have proposed different approaches to link 1 

the two annotation procedures together (Cupples et al. 2004; Entrekin 2010). In these 2 

methods, if one annotation was changed manually by the radiologist, the other would 3 

be changed automatically. A recent study attempted to use a spatial sensor, which was 4 

fixed on the probe, to localize the lesion on the breast in breast ultrasound 5 

examination (Caluser et al. 2010). However, in this method, the traditional 2D 6 

annotation approach was still employed to display the positional information, which 7 

could not completely utilize the spatial data from the spatial sensing device.  8 

In above methods, the operation is simplified to annotate the breast ultrasound images. 9 

However, these manual annotation methods still rely on the radiologist’s subjective 10 

estimation of the probe position on the breast. Moreover, to annotate an image, the 11 

radiologist still needs to interrupt the scanning procedure. Some latest development 12 

employed positional sensor to localize the image on the breast, but traditional 13 

annotation manner was still employed to display the spatial information. 14 

2.4.2 Breast coronal images 15 

In clinical breast ultrasound examination, ultrasound probe is routinely used which 16 

can only provide transverse and longitudinal images but no coronal images. However, 17 

information on this plane has been proved to be beneficial for clinical diagnosis. 18 

Rotten et al. analyzed images of normal breast tissue and breast lesions and found 19 

four diagnosis features on coronal plane (Rotten et al. 1999). Among these features, 20 
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one was defined as compressive pattern which was thought to be associated with 1 

benign lesions. In this pattern, the continuous hyperechoic bands of tissue peripheral 2 

to the masses appeared to be distinct from the central part. Another feature was called 3 

converging pattern which was a typical characteristic of malignant lesions. For this 4 

pattern, a stellate distortion consisting of alternating hypoechoic and hyperechoic 5 

lines converged towards to the hypoechoic central masses (Rotten et al. 1999). In the 6 

study of Chen et al. (2013), the two features were described as hyperechoic rim and 7 

retraction phenomenon. They were used independently to differentiate breast lesions 8 

and good accuracy and specificity were reported. In fact, the feature of retraction 9 

phenomenon on coronal plane, also called spiculation, was widely studied by 10 

researchers and good performances were reported in tumor diagnosis (Jiang et al. 11 

2014; Wang et al. 2012; Watermann et al. 2005). In addition to the two features on 12 

coronal images, it was also demonstrated that the image on this plane could offer a 13 

better assessment when the infiltrative zone surrounding the lesion was unclear or not 14 

visible on conventional 2D images (Meyberg-Solomayer et al. 2004), which could 15 

help to reduce biopsies. Images along coronal plane were also beneficial for tumor 16 

extent measurement (Tozaki and Fukuma 2010a) and ultrasound-guided vacuum-17 

assisted core-needle biopsy (Baez et al. 2003). Based on images on coronal images, 18 

various CAD methods were presented to further facilitate clinical diagnosis (Chen et 19 

al. 2005; Huang et al. 2004a; Lo et al. 2014; Tan et al. 2012; Vyborny et al. 2000). 20 

 21 
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CHAPTER 3 METHODS 1 

This chapter systematically introduces the methodology of this study. This study aims to develop 2 

a 3D breast ultrasound system to provide automated annotation and coronal images. The method 3 

can mainly be divided into three sections. In the first section, the instrumental and software 4 

developments of this system are introduced.  In the second section, the method for providing 5 

automated annotation is described. To verify the proposed annotation method, the validation 6 

experiments based on phantoms and clinical test are performed. In the last section, a rendering 7 

method for providing coronal images is addressed. The validation experiments based on custom-8 

made phantoms and the patients test are also presented. 9 

3.1 System development 10 

3.1.1 System components 11 

The newly developed 3D ultrasound system for providing automated annotation and coronal 12 

images in breast ultrasound examination is shown in Figure 3-1. It consisted of three main 13 

components: an ultrasound machine (EUB-8500, Hitachi, Tokyo, Japan) with a linear 2D probe 14 

(EUP-L65/6-14 MHz, Hitachi), an electromagnetic positional sensing device (med-SAFE, 15 

Ascension Technology, Burlington, VT, USA) and a computer installed with a video capture card 16 

(NI-IMAQ PCI/PXI-1411, National Instruments, Austin, TX, USA) and the customized program. 17 

The spatial sensing device of med-SAFE was comprised of a control box, transmitter and a 18 

sensor. The spatial sensor was fixed on the probe using a custom-designed kit. This sensor was 19 

used to acquire image spatial data including three orientations (elevation, azimuth, roll) and three 20 

positions (x, y, z). The sampling rate of this device was 100Hz, which was higher than the 21 
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acquiring rate of ultrasound images, and the averaging was used to improve the accuracy. The 1 

documented angular accuracy and positional accuracy of this positional sensing device were 0.5° 2 

and1.4 mm, respectively (med-SAFE Manual). It was documented that the detection range of the 3 

spatial system was 46 cm (med-SAFE Manual). A potential limitation of this electromagnetic 4 

spatial sensing system was that the magnetic field formed by the transmitter can be affected by 5 

the conductive metal. The diameter of the cylindrical spatial sensor (Figure 3-2a) was 1.5 mm. In 6 

this study, a mounting kit was designed to mount the spatial sensor to the ultrasound probe. To 7 

avoid the potential influence to the magnetic field, the kit was made of plastic. As shown in 8 

Figure 3-2a, this kit contained four parts. The spatial sensor was fastened to the kit using part 4, 9 

and parts 1 to 3 were employed to fix the kit together with the sensor to the probe. In parts 3 and 10 

4, grooves were made to facilitate the sensor fixation, which had the same diameter as the spatial 11 

sensor. Figure 3-2b illustrates the ultrasound probe and the assembled kit together with the sensor. 12 

During scanning, the spatial data of ultrasound images were sent through the control box of 13 

medSAFE to the computer. Ultrasound images were also simultaneously sent to the computer. A 14 

software system was programmed to collect these images and their spatial data. This software 15 

also provided functions of annotation calculation and display, volume reconstruction and 16 

rendering, image processing and visualization. The program was developed using the Visual C++ 17 

software and Visualization Toolkits (VTK, Kitware, Clifton Park, NY, USA). 18 
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 1 

Figure 3-1 The system diagram, which comprised an ultrasound machine, a computer and an 2 

electromagnetic spatial sensing device. The spatial sensing system consisted of a control box, a 3 

spatial sensor and a transmitter. The image spatial data was acquired using this spatial sensor 4 

which was fixed on the ultrasound probe. 5 

 6 
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 1 

Figure 3-2 The mounting kit which was designed to fasten the spatial sensor to the ultrasound 2 

probe. (a) The four parts of the mounting kit and the spatial sensor. (b) Assembled kit with 3 

spatial sensor. 4 

 5 

3.1.2 Calibration method 6 

To get the spatial data of ultrasound images, spatial calibration was performed to determine the 7 

transformation relationship between the ultrasound image and the spatial sensor. The relationship 8 

included the position and orientation offsets, which was an accurate homogeneous matrix 9 

comprising three translation parameters and three rotation parameters. A cross-wire phantom was 10 

employed to conduct the spatial calibration before experiments (Barry et al. 1997; Huang et al. 11 

2005). In this phantom, two cotton wires were crossed and the ends of them were fixed to a tank. 12 

The tank was filled with water and the wires were submerged in the water. The wire cross was 13 

detected by the ultrasound probe. If an ultrasound image containing the cross point was found, 14 

this image together with its corresponding positional data was saved. About 60 ultrasound 15 
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images which could clearly show the wire cross from various directions were acquired. Then the 1 

operator manually identified the pixel location of the cross point on the ultrasound image. After 2 

all pixel positions of images were recorded, these positional data and the corresponding image 3 

spatial data read from the spatial sensor were updated to a MatLab program. This program was 4 

implemented according to the LevenbergMarquardt nonlinear algorithm (Prager et al. 1998) and 5 

the offsets could be calculated.  6 

3.1.3 Software development 7 

This 3D breast ultrasound system mainly contains two functions: automated annotation and 8 

image rendering for coronal images. In breast ultrasound examinations, the two functions are 9 

used in different stages. When the clinician holds the probe to scan the breast, the automated 3D 10 

annotation will be provided together with the ultrasound images in real time. After scanning, to 11 

better investigate the breast lesion, the clinician can obtain the breast coronal images using the 12 

acquired images and their spatial data. All raw 2D images with their annotations and the 13 

reconstructed coronal image can be saved for later review.  14 

To implement above functions, a computer program was developed using Visual C++ Software.  15 

Visualization Toolkits (VTK) were employed to process and visualize the signal and image. 16 

Figure 3-3 shows the software interface. The left part of the interface was the control bar of this 17 

software. The main functions on this control bar could be organized into four parts: data capture, 18 

data processing, annotation part, and rendering and measurement part, respectively.  19 

Data capture part was designed for functions of electronic device controlling. The spatial sensing 20 

system would be controlled to start at the beginning of acquisition. The video capture card would 21 
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then be also started to capture ultrasound images from the ultrasound scanner. The spatial data 1 

and ultrasound images were simultaneously collected to the computer. The acquisition 2 

parameters such as the image size, sampling rate and the image capture range could be adjusted 3 

by the operator through this capture part.  4 

Data processing part was responsible for the enhancement of the spatial and image data. 5 

Different image filters such as Median filter could be applied to the raw ultrasound images. This 6 

part also contained functions to choose valid image frames, and to select region of interest (ROI). 7 

The ROI of image was manually defined by setting two points to define a rectangle on an 8 

original ultrasound image and the content outside the rectangle in all ultrasound images was 9 

discarded. The definition of ROI could help the image rendering faster and easier without 10 

reducing the quality of final rendering image. All processing functions were conducted in off-line 11 

mode.  12 

Annotation part was designed to calculate the values of annotation parameters according to the 13 

reference points and the image absolute spatial data. The function of displaying annotation 14 

parameters using annotation models in real time was also developed in this part. In the rendering 15 

and measurement part, the rendering method was developed to perform interpolation for 16 

obtaining coronal image, and to adjust parameters. The measurement functions were also 17 

designed for distance and angle measurement on coronal images. 18 

The right part on the software interface was the display window and it was different for the mode 19 

of image annotation (Figure 3-3a) and coronal image (Figure 3-3b). For annotation function, the 20 

display window included two parts. The left part was the image annotation and the right side 21 

displayed the corresponding ultrasound image. When the ultrasound image changed, the 22 
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corresponding annotation on the left side automatically changed. In breast ultrasound scanning, 1 

images together with their annotations were displayed in real time and could be recorded for the 2 

follow-up reviewing. In the review section, they could also be displayed simultaneously on the 3 

software window. For the coronal image function, after the reconstruction was completed, the 4 

breast coronal image was displayed on this window. 5 

 6 

Figure 3-3 Software interface of the developed breast ultrasound system, which comprised the 7 

control panel and display window. (a) Software interface for the annotation mode. The display 8 

window included two parts. The ultrasound image was displayed on the right window, and the 9 
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corresponding spatial annotation showed on the left window. (b) Software interface for the image 1 

rendering mode. The reconstructed coronal image was displayed on this window. 2 

 3 

3.2 The automated 3D annotation method 4 

3.2.1 Parameters for image localization 5 

As described in Section 2.4.1, the clinical traditional annotation method uses a 2D pictogram to 6 

indicate the image positional information. In this 2D approach, two parameters, including the 7 

radial angle and the distance to the nipple, are employed to indicate the probe position. Some 8 

critical positional information such as the probe tilt angle is ignored in this 2D annotation 9 

method. However, different probe orientation information may cause different ultrasound images 10 

and further different diagnosis information.  So it would be helpful for clinical diagnosis to 11 

record the probe tilt angle, especially when follow-up treatment and evaluation are needed. In 12 

this study, our method used three parameters to indicate the image position on the breast. The 13 

first parameter was the radial angle of the image. The second parameter was the distance of the 14 

image to the breast nipple. The two parameters were similar to those employed in current 15 

annotation approach. In our method, values of the distance and the radial angle were displayed 16 

on the software interface, as shown in Figure 3-3a. The third parameter of probe tilt angle, which 17 

was not included in the traditional annotation approach, was also employed in this study. On the 18 

basis of the three parameters, this system could completely utilize the 3D spatial information of 19 

the ultrasound image. In this method, the absolute values of the image position (elevation, 20 

azimuth, roll, x, y and z) were captured using the spatial sensor. To get the above parameters 21 

from the absolute values, proper reference points were required to record in the breast scanning. 22 
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In this study, three reference points were introduced, as illustrated in Figure 3-4. They were the 1 

right collarbone end point, the left and right nipple points. The left right collarbone end point 2 

could be used to replace the right collarbone end point. It was easy to find the three points and 3 

their location normally did not change for the same patient. The spatial data of the three 4 

reference points were recorded at the beginning of the scanning. And then the localization 5 

parameters of an image on the breast could be calculated. For first parameter, the distance 6 

between the nipple and the image was obtained according to the spatial data of the image 7 

position and the nipple point. As shown in Figure 3-4, to calculate the value of the second 8 

parameter, the start line of the radial angle was defined as perpendicular to the line linking the 9 

two nipple points. The parameter of the radial angle was the angle value between the start line 10 

and the image position. For the tilt information (the third parameter), it was the value of the 11 

image orientation data (elevation, azimuth and roll) from the spatial sensor. 12 

 13 

Figure 3-4 The start line of the radial angle and the three reference points. The start line of the 14 

radial angle was defined as the line which was perpendicular to the line linking the two nipples. 15 

The reference points included the right collarbone end point, the left and right nipple points. The 16 

left collarbone end point could be used replace the right collarbone end point if necessary.  17 
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 1 

3.2.2 Annotation model 2 

In this study, three parameters, including the distance to the nipple, the radial angle and the probe 3 

tilt information, were adopted to register the image position on the breast. To display the three 4 

parameters, three types of annotation models were used, as illustrated in Figure 3-5. These 5 

models included 3D annotation model, the 2D annotation pictogram and the textual sequence. 6 

The 3D annotation model further included the 3D probe model and breast model. The software 7 

of Autodesk 3ds MAX software (Autodesk, San Rafael, CA, USA) was used to develop the 3D 8 

probe model, whose structure and size were established based on the ultrasound probe of our 9 

system. The 3D breast model was established from the model library of the DAZ Studio 4 (DAZ 10 

Productions, Draper, UT, USA). The sizes of the two 3D models were adjusted using Autodesk 11 

3ds MAX after they were imported to the same scene. And then they were exported and stored in 12 

the computer to be used for annotation. However, the dimension of the 3D breast model was 13 

fixed, while different breasts have different sizes in clinics. To solve this problem, the actual 14 

breast was resized to the breast model using two other complementary reference points of right 15 

and left border points. The two points were also recorded at the beginning of the scanning. On 16 

the basis of the nipple points and the border points, the relationship between the breast model 17 

size and the actual breast size was established. And then the distance of the image to the nipple 18 

(first parameter) could be indicated on the 3D breast model. For the radial angle (second 19 

parameter), the definition on the start line of the radial angle was the same as which was shown 20 

in Figure 3-4. The probe tilt information (third parameter) was directly set by changing the 21 

orientation of the 3D probe model. The three parameters were displayed by changing the location 22 

of the probe model on the breast model.  23 
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Except the above 3D annotation model, two other annotation approaches on the basis of the 1 

traditional methods were also realized. As shown in Figure 3-5, the left two pictograms 2 

represented the left and right breasts. In the right pictogram, the two breasts were displayed in 3 

one picture. The set of arrow location in the 2D pictogram used the method similar to which used 4 

for the elimination of the tilt angle. For the textual sequence, it included three parts: left or right 5 

breast (‘L’ or ‘R’), the radial angle in clock value and the distance between the image and the 6 

nipple in centimeters. The three image positional indicators including the textual sequence, the 7 

arrows and the 3D probe model were set in real time according to the spatial data from the spatial 8 

sensor. 9 

 10 

Figure 3-5 The annotation contained three parts: textual sequence, 2D annotation pictogram and 11 

3D annotation model. The spatial values of the image were displayed on the software interface. 12 

 13 
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3.2.3 Accuracy test 1 

To assess the accuracy of the proposed method, two phantoms were designed for the distance 2 

measurement (Figure 3-6a) and angle measurement (Figure 3-6b), respectively. In the validation 3 

experiments, plastic screws were fixed at the bottom of a container to be employed as markers, 4 

as shown in Figure 3-6. In the distance measurement experiment (Figure 3-6a), one screw was 5 

employed as the start point. The operator measured the distance between the start point and the 6 

other marker using a micrometer. There were totally 15 different distances were measured and 7 

each distance was measured three times. In the angle measurement experiment, a line liking two 8 

markers was defined as the start line, as illustrated in Figure 3-6b. Then the operator measured 9 

the angle between the start line and other line using the vernier protractor. The measurement was 10 

also repeated three times and the average was used as the actual value. After the measurements 11 

of distance and angle, the two containers were filled with water. Then the operator held the 12 

ultrasound probe to scan the markers using our developed system. The distances and angles were 13 

obtained based on the ultrasound images together with their corresponding spatial data. Finally, 14 

the results obtained using the new system and the actual values were compared for the 15 

measurement of angle and distance to achieve the system accuracy. 16 

To further demonstrate the accuracy of the proposed annotation method, the comparison between 17 

the conventional manual annotation method and our developed method were also performed. In 18 

the traditional annotation method, as shown in Figure 2-15, parameters of the radial angle 19 

(degrees) and the distance to the nipple (cm) are quantitatively accessed in the textual sequence. 20 

In this experiment, the two parameters are analyzed for the two annotation methods. As shown in 21 

Figure 3-7, two breast phantoms (Breast Elastography Phantom Model 059, CIRS, Norfolk, VA, 22 
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USA) were employed to be tested. The phantoms were set side by side to simulate the left and 1 

right breasts of the woman. The operator firstly held the ultrasound probe and put it on the 2 

reference points to record their spatial data. And then she placed the probe at a random point on 3 

the breast phantoms. Our new annotation system automatically displayed the image annotation 4 

result. The image annotation result was automatically displayed by this new system. Meanwhile, 5 

the manual annotation result was obtained by another operator using the traditional annotation 6 

interface of the ultrasound machine according to her estimation on the position of the probe. In 7 

total, 50 points were measured and the comparison between the two annotation methods was 8 

performed. 9 

 10 

Figure 3-6 Validation phantoms used in the accuracy test. Plastic screws were fixed on the 11 

bottom of the container to be used as the markers. (a) The phantom designed for the distance 12 
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measurement. In total, 15 distances between the start marker and the other marker were 1 

measured. (b) The phantom designed for the angle measurement. The line linking two markers 2 

was defined as the start line and the angle between the start line and the other line was measured. 3 

In total, 15 angles were measured. 4 

 5 

 6 

Figure 3-7 Two breast phantoms used in annotation accuracy test between this proposed 7 

annotation method and the conventional annotation method. They were put side by side to 8 

simulate the left and right breasts of a woman. 9 

 10 

3.2.4 Reliability test 11 

In this developed method, to annotate the image location, reference points were required to be 12 

recorded at the beginning of the scanning. The repeatability of the operator’s selection on the 13 

reference points was assessed in this study. As shown in Figure 3-7, two breast phantoms were 14 

put the same as that was used in above accuracy experiment. In our annotation method, three 15 

reference points, including the right collarbone end point, the left and right breast nipple points, 16 

were employed to calculate the annotation parameters. It was easy to find the two nipple points 17 
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on the breast phantom. However, there was no collarbone on the phantom so it was replaced 1 

using a breast border point. As described previously, two complementary points (breast border 2 

points) were also employed as the reference points to resize the actual breast to the 3D breast 3 

model. Therefore, there were totally four reference points, including two border points and two 4 

nipple points, to be tested in this reliability experiment. Except to the four reference points, three 5 

annotation parameters, including the probe tilt information (elevation, azimuth and roll angles), 6 

the radial angle, and the distance, were also tested. As illustrated in Figure 3-8a, five points were 7 

totally marked on a breast phantom to be tested.  These points covered across the whole area of 8 

the phantom and their locations were selected as different as possible. In order to place the probe 9 

on the same point in different tests, the blue paper (0.5×0.5 mm, 0.14 mm thick) was put on the 10 

test point. A dark gap could appear on the ultrasound image when the probe was placed on the 11 

paper because the ultrasound could not travel through the paper, as shown in Figure 3-8b. The 12 

location of the probe was adjusted by the operator to ensure that the dark gap was in the middle 13 

of the image. With the help of the reference image, the probe could be always placed at the same 14 

points in different tests. In the reliability experiments, the operator firstly placed the ultrasound 15 

probe on the four reference points and recorded their spatial data. Then the operator moved the 16 

probe to the five test points. The spatial values were collected when the dark gap on the reference 17 

ultrasound image was adjusted to the middle. Based on the spatial data of current point and the 18 

reference points, the three parameters were calculated by the developed software. The intra-19 

observer and inter-observer repeatability of this system were assessed. In intra-observer 20 

repeatability experiment, the same operator carried out the above test procedure three times at 21 

intervals of 5h. For the inter-observer experiment, another operator performed the same 22 

procedure after the first data sequence was acquired by the first operator. In the reliability tests, 23 



CHAPTER 3 METHODS 

60 
 

the variability and the intra-class correlation coefficients (ICCs) were calculated (Huang et al. 1 

2007; Rankin and Stokes 1998). The two-way random effect model with absolute agreement 2 

option ICC(2, 1), and the two-way mixed effect model with the consistency option ICC(3, 1) 3 

were calculated to analyze the intra-observer and inter-observer reliability, respectively (Shrout 4 

and Fleiss 1979). The SPSS statistical software (SPSS, Chicago, IL, USA) was employed to 5 

conduct all statistical analyses.  6 

 7 

Figure 3-8 Five selected points used for reliability test and a typical reference ultrasound image. 8 

(a) The positions of five test points. They distributed across the whole breast phantom and were 9 

covered by the thick paper through which ultrasound could not travel. (b) A typical reference 10 

ultrasound image used to guide the operator to place the probe on the selected point. The dark 11 

gap was caused by the thick paper fixed on the selected point. 12 

 13 

3.2.5 Breast phantom experiment 14 

The above tests verified the system performances of accuracy and reliability. In this breast 15 

phantom experiment, a complete breast scanning procedure based on breast phantoms was 16 
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performed to simulate the clinical examination. Unlike the clinical setup, a camera (Sony DCR-1 

HC90E, Sony, Osaka, Japan) was used in this experiment to record the scanning procedure and 2 

provide comparison to investigate this annotation method. The clinical breast ultrasound 3 

scanning normally includes two steps to image the breast. For the first step, the operator holds 4 

the probe to sweep two breasts to find if there are tumors. If one tumor is found on the image, the 5 

operator does not stop the scanning but remembers the tumor position. This action can avoid 6 

leaving an area un-scanned. For the second step, the operator re-scans all lesion regions 7 

according to the memory. Ultrasound images containing tumor information together with their 8 

positional annotations were then saved. In the developed new annotation method, the clinician 9 

can record the lesion images and their corresponding positions without depending on the 10 

memory in the first scanning step. In the second step, the images together with their 3D 11 

annotations can guide the clinician to locate all lesion regions on the breast. Therefore, this 12 

method can help to save examination time and avoid missing breast tumors. To analyze the 13 

feasibility of the developed method in clinical applications, we designed a phantom experiment 14 

to simulate the clinical breast ultrasound examination. The experiment setup is shown in Figure 15 

3-9. Two breast phantoms, which contained solid masses to mimic breast tumors, were employed 16 

in this test. Similar to clinical examination, this experiment also adopted two steps to scan the 17 

breast phantoms. In the first step, the phantoms were scanned continuously by the operator using 18 

the radial scanning pattern. Ultrasound images and their positional information were 19 

automatically collected and displayed using the developed system. By reviewing the saved 20 

images, the images containing the inclusion information can be easily found. In the second step, 21 

the operator re-scanned the inclusion regions according to the spatial annotation. The ultrasound 22 

images together with their automatic annotations were saved. In this experiment, the scanning 23 
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procedures were recorded by the camera and the real-time video was displayed on the software 1 

interface. The actual location of the probe could be found in the recorded video. The comparison 2 

between the video and the 3D annotation results were performed to address whether the 3 

developed system could be used to continuously annotate the image location during the breast 4 

ultrasound examination. The qualitative comparison results could provide evidence to support 5 

the use of 3D annotation to accurately and rapidly annotate image positions in subsequent 6 

clinical trials. 7 

 8 

Figure 3-9 The breast phantom experiment setup. Two breast phantoms were put side by side to 9 

simulate the left and right breasts of a woman. A camera was used to record the scanning 10 

procedure to provide qualitative comparison to the proposed annotation method. The video was 11 

also displayed on the software interface.  12 

 13 
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3.2.6 Clinical test on breast patients 1 

This clinical test was approved by the human subject ethics committee of the institution. The 2 

informed consent was given to all patients in this study. In December 2013, 21 patients (all 3 

female patients; mean age, 49 years ± 12 (standard deviation); range, 25 - 65 years) who met the 4 

following criteria were prospectively recruited. The inclusion criterion was presence of breast 5 

lesions in breast ultrasound examination. Patients were excluded if they had mastectomy before 6 

and one or two of their breasts were cut off. These patients were scanned by ultrasound system 7 

with this new automated annotation method and clinical manual annotation, respectively. A 8 

clinician who had 6 years’ experience in the breast ultrasound was involved in this clinical study. 9 

This clinical experiment was conducted in the Sun Yat-Sen University Cancer Center 10 

(Guangzhou, China). 11 

The system setup in clinical test in hospital is shown in Figure 3-10.  The ultrasound scanner 12 

(DC-8, Mindray, Shenzhen, China) with a linear probe was used here. This ultrasound scanner 13 

was different from the scanner used in our ultrasound lab, which is mentioned in Section 3.1.1.  14 

The other components including the electromagnetic spatial device and computer were the same 15 

with those used in the validation tests. The spatial sensor was fixed on the probe to acquire the 16 

image positional data. Before examination, the calibration was conducted to get the offsets 17 

between the spatial sensor and the ultrasound image. The transmitter of the spatial device was 18 

put as near as possible to the scanning bed to ensure that the breasts were in the detection range. 19 

In this test, a manual annotation procedure was performed on the ultrasound scanner. For 20 

different ultrasound scanners, there are slight differences in the manipulation of the machine. 21 

Therefore, to facilitate the scanning, the routinely used scanner which was familiar to the 22 
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clinician was employed in this experiment.  1 

 2 

Figure 3-10 The clinical test setup. An ultrasound scanner with a linear probe was used to scan 3 

the breast. The spatial sensor was attached to the ultrasound probe. The transmitter was put as 4 

near as possible to the side of the scanning bed.  5 

 6 

To compare the performance of this automated annotation method with that of clinical traditional 7 

annotation method, the clinician scanned and annotated the same patient using these two 8 

methods. During the scanning, a patient lay on the scanning bed in supine position with her arms 9 

abducted and hands under the head to flatten the breast. This posture is the conventional posture 10 
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in breast ultrasound examination. The patient kept the same posture in the whole experiment. In 1 

addition, to reduce the influence of movement, the subject was asked to keep stationary and 2 

lighten her breath as possible as she can. The orthogonal antiradial scanning pattern was used in 3 

this clinical experiment. In this experiment, since the axillary region was not included by our 4 

automated annotation method, only the mammary gland of the patient was scanned and the 5 

axillary region was not included.  6 

Before the comparative scanning with manual annotation and automated annotation, a normal 7 

clinical breast ultrasound scanning was performed. In this scanning, the clinician swept the probe 8 

to cover the two breasts to have an initial impression on the breast lesion location of the subject. 9 

The aim of this step was to help the clinician be familiar with breast lesions of this patient. 10 

Following this step, scanning time comparison was conducted between manual annotation and 11 

automated annotation. If the clinician is not familiar with lesions of this patient, she may spend 12 

more time investigating the lesions in the first scanning procedure. This was unfair for the first 13 

scanning. By using this method, the time difference for the following scanning was mainly 14 

caused by the difference between the two annotation methods. 15 

After the normal breast ultrasound examination, breast scanning with manual annotation was 16 

performed. According to the clinical scanning procedure, the clinician first used the probe to 17 

cover two breasts to remember the lesion locations. She then moved probe to the lesion part and 18 

adjusted the probe to clearly display the lesion on the ultrasound image. When a suitable image 19 

was obtained, she froze the image to perform the annotation procedure. During the annotation 20 

procedure, the clinician firstly chose a suitable graphic pictogram. For breast annotation, there 21 

are usually three pictograms to be chosen, as shown in Figure 3-11. These pictograms are not 22 
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totally the same for different machines. However, the main components of these pictograms such 1 

as the breast part and the indication arrow are the same so the pictogram difference would not 2 

affect the annotation procedure. After choosing the suitable pictogram, the physician then 3 

changed the arrow position on the pictogram according to her estimation on real probe location. 4 

Finally, the physician typed the textual sequence using keyboard of this machine. When the three 5 

steps were finished, this ultrasound image was properly annotated and could be saved as the 6 

examination results.  7 

 8 

Figure 3-11 The three annotation pictograms in the clinical ultrasound scanner. (a) the right 9 

breast pictogram; (b) the left breast pictogram; (c) the two breasts pictogram. 10 

 11 

After manual annotation, another scanning procedure using automated annotation was performed. 12 

The clinician first started the spatial data and ultrasound images acquisition on the software. As 13 

shown in Figure 3-4, the ultrasound probe was then put on the three reference points to record 14 

their spatial data. Based on the spatial data of the reference points, the probe position relative to 15 

the breast could be calculated and displayed automatically on the software interface. This 16 

scanning procedure was almost the same with that used in the above manual method. After the 17 

first reviewing, the clinician put the probe on the lesion part. When a suitable ultrasound image 18 
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was found, the clinician stepped on a foot switch and this image together with its annotation was 1 

saved. The time for this scanning procedure was also recorded. To analyze the repeatability of 2 

this annotation method, an additional clinician who was also familiar with the breast ultrasound 3 

examination performed the same scanning procedure using this automated annotation system. 4 

The first clinician carried out the scanning twice to investigate the intra-rater repeatability. 5 

The scanning times of the two procedures using manual annotation and automated annotation 6 

were compared. In the manual annotation, except the laterality, two parameters including the 7 

radial angle and distance to nipple were annotated. The accurate values of the two parameters 8 

were also given in the automated annotation method. Values of correlation coefficient of the two 9 

parameters between manual annotation and automated annotation were calculated to analyze the 10 

performance of this automated annotation method in clinical examination. To demonstrate the 11 

system repeatability, intra-class correlations coefficients (ICCs) in intra-rater test and inter-rater 12 

test were calculated. The SPSS statistical software was employed to conduct all the analyses. 13 

3.3 The rendering method for providing breast coronal images 14 

3.3.1 Data acquisition and volume rendering 15 

As previous description, a program was developed in this study for data acquisition. During data 16 

acquisition, the clinician held the ultrasound probe and moved freely on the subject. Images and 17 

their corresponding positional annotation were displayed on the software interface. To control the 18 

image acquisition during scanning the subject by hands, a foot switch was designed. When the 19 

operator stepped on the switch, images with their positional data were acquired. If the operator 20 

stepped again, the recording was stopped. During scanning, if valuable diagnosis information 21 
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was found on images, the operator could step on the foot switch to record images and spatial data 1 

for the further processing.  After scanning, a sequence of ultrasound images and their 2 

corresponding spatial data were acquired and saved to the computer. Diagnosis information of 3 

breast tumor was included in these images. The operator could review these images one by one 4 

to check if suitable images containing diagnosis information were acquired. These images could 5 

also be displayed in 3D function, as shown in Figure 3-12. This function could help the clinician 6 

to find if obvious region was missed in 3D space. 7 

 8 

Figure 3-12 Image reviewing in the developed software. The annotation is displayed in the left 9 

window. The ultrasound image for reviewing is displayed in the right lower window. The 10 

ultrasound image can also be displayed in 3D space (left upper window) according to their 11 

spatial data. 12 

 13 
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In clinical breast ultrasound images, since the useful information such as lesion region was only 1 

small part on raw 2D ultrasound images, especially for small lesions, the region of interest (ROI) 2 

should be defined before rendering. In the present method, the start and end B-mode image 3 

including diagnosis information were firstly marked by the operator when reviewing images, as 4 

shown in Figure 3-13. To get the region of interest from original images, the operator could set 5 

two points on one image to define a region including the lesion. On the basis of the two points, 6 

the program could automatically calculate the region of interest and discard the information 7 

outside this region for all selected images, as shown in Figure 3-13. 8 

 9 

Figure 3-13 The method used for defining region of interest for rendering. The start and end B-10 

mode image including diagnosis information were firstly manually marked. The operator then 11 

put two points on one image to define a region including the lesion. Finally, the region of interest 12 

could be automatically calculated.  13 

 14 

For the volume rendering, as shown in Figure 3-14, all selected 2D images were projected to the 15 

coronal plane to form a new 2D coronal image. Before volume rendering, the image coordinate 16 
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system in coronal plane should be defined. In this study, the spatial data of all pixels on the ROI 1 

range of selected images were calculated by the program. A cuboid volume range on x-axis, y-2 

axis and z-axis could be obtained by the program.  The projected image range in the coronal 3 

plane could then be obtained. The resolutions of the pixel arrays within this image range were 4 

determined by operators. After the coordinate system of the coronal image with a regular pixel 5 

array was defined, each pixel on the original 2D images was transformed to the new coordinate 6 

system based on the spatial data and the calibration matrix. The final value of the pixel intensity 7 

on the new coronal image was calculated based on all pixels falling into its region. Two methods 8 

including minimum intensity compounding and averaging were used to calculate the intensity.  9 

Minimum intensity compounding was suitable for the fluid-filled lesion such as cyst. Simple 10 

averaging could produce an X-ray like image (Gee et al. 2002). After the data mapping, the 11 

intensity of most pixels could be calculated. However, in this method, the free-hand scanning 12 

was adopted. This scanning method might cause gaps though it had special advantages such as 13 

the flexibility of manipulation (Fenster and Downey 1996, Nelson and Pretorius 1998). In order 14 

to fill gaps, interpolation was used to compute all empty grids. A variety of methods, such as the 15 

nearest neighbor interpolation and linear interpolation, had been reported for the gap filling 16 

(Solberg et al. 2007, Huang and Zheng 2006).  In this system, the bilinear interpolation was used 17 

to produce the trade-off between the performance and reconstruction time. The intensity of each 18 

empty pixel was the average of non-empty pixels in the nearest 2-by-2 neighborhood. 19 



CHAPTER 3 METHODS 

71 
 

 1 

Figure 3-14 An illustration of the volume rendering method in the newly developed system. All 2 

selected 2D images were projected to the coronal plane to form a new 2D coronal image. 3 

 4 

3.3.2 Phantom fabrication and validation experiments 5 

To demonstrate accuracy and repeatability of this rendering method, custom-made phantoms 6 

were designed for validation experiments. The diagram of the phantom is shown in Figure 3-15. 7 

The phantom contained two parts, matrix and inclusion, which were used to mimic breast and 8 

breast tumor respectively. In order to mimic the clinical ultrasound images of breast and breast 9 

tumor, the material of matrix should be hyperecho and the inclusion should be hypoecho on 10 

ultrasound images. The inclusion was made from a material called crystal soil which was a 11 

water-absorbent polymer. The crystal soil could hold up to 180 times its volume in water 12 

therefore the main component of the inclusion was water, as shown in Figure 3-15b. Figure 3-13 
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15c is the matrix which was a mixture of water, 5% gelatin (Gelatin from porcine skin, Type A, 1 

Sigma Aldrich, St. Louis, MO, USA) and 3% agar (Agar, granular powder, general purpose 2 

grade, Fisher Scientific, Loughborough, UK). The agar was used as the scatter to make the 3 

matrix in hyperecho status.  The mixture was initially heated to 50°C. This temperature could 4 

keep the mixture in liquid status while the agar was not dissolved so the agar particles could 5 

provide speckles on ultrasound images. And then the temperature was reduced to 24°C quickly to 6 

avoid agar sedimentation because the mixture began to solidify at 24 °C (Gennisson and Cloutier 7 

2006, Mak et al. 2013). Before the matrix was totally solidified, the sphere inclusion was put into 8 

the matrix using tweezers. And then the mixture with inclusion was covered with plastic wrap 9 

and put into the refrigerator for 12 hours for further solidification. Figure 3-15d illustrates the 10 

ultrasound image of the phantom, which was similar to the clinical images of breast cancer, 11 

especially the cyst cases. In this study, different custom-made phantoms were made using this 12 

method. The matrixes of the phantoms were the same and 20 inclusions with different diameters 13 

(5 mm - 20 mm) were put into the matrixes. 14 
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 1 

Figure 3-15 The validation phantom. (a) The diagram of validation phantom. The matrix and 2 

inclusion were employed to mimic the ultrasonic characteristic of breast tissues and cyst, 3 

respectively. In the phantom tests, the coronal plane refers to the plane parallel to the phantom 4 

surface, which is similar to coronal images in breast ultrasound imaging; (b) The inclusion of 5 

crystal soil. The main component of this material was water. (c) The phantom matrix; (d) The 6 

ultrasound image of the phantom. This image was similar to the clinical images of breast cancer, 7 

especially the cyst cases. 8 

 9 

In validation experiments, the accuracy and repeatability of this rendering method were tested. In 10 

accuracy test, the diameters of 20 inclusions in these custom-made phantoms were firstly 11 

measured by a micrometer. For each inclusion, the measurement was repeated three times and 12 

the average was used as the actual size of the inclusion. An operator then scanned these 13 

phantoms using this 3D ultrasound system. Ultrasound coupling gel was applied on the phantom 14 
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surface of the phantom before the experiment. The operator held the probe and put it on the 1 

phantom surface without pressing it to avoid deforming the inclusions. The probe was moved 2 

slowly on the phantom to cover the whole phantom. When one ultrasound image containing the 3 

inclusion was found, the operator stepped on the switch to acquire images. After all images 4 

containing the inclusion were scanned, the operator stepped again on the switch to stop acquiring. 5 

These ultrasound images were reviewed by the operator to manually mark the start and end 6 

frames, and ROI. The coronal image of this inclusion could then be obtained after volume 7 

rendering, here the coronal plane refers to the plane parallel to the phantom surface, which was 8 

similar to the coronal images in breast ultrasound imaging. On the basis of this coronal image, 9 

the inclusion dimension could be measured in the coronal plane using the developed software. 10 

This procedure was repeated until all coronal images of different inclusions were obtained. The 11 

measurement results were compared with the real sizes of these inclusions to test the system 12 

accuracy.  13 

For reliability tests, the scanning procedure was the same with that in the accuracy test. The 14 

coronal images were also reconstructed after scanning to measure the inclusion size on this plane. 15 

In intra-rater tests, the same operator scanned these phantoms twice at an interval of at least 5 16 

hours. For inter-rater tests, the other operator performed the same procedure on phantoms after 17 

the first operator finished. The parameter of ICC was employed to analyze data in repeatability 18 

tests (Huang et al. 2007, Rankin and Stokes 1998). The intra-rater and inter-rater repeatability 19 

was, respectively, assessed by the ICC (2, 1) and ICC (3, 1) (Shrout and Fleiss 1979). The SPSS 20 

statistical software was used to conduct all the statistical analyses. 21 
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3.3.3 Clinical test on breast patients 1 

Although phantom experiments could provide evidence for the feasibility of the rendering 2 

method, in vivo trials were more important to demonstrate the system performance on clinical 3 

application. This in vivo experiment was also conducted in the Sun Yat-Sen University Cancer 4 

Center (Guangzhou, China). The informed consent was given to the patients before scanning, 5 

which was approved by the human subject ethics committee of the institution. Two ultrasound 6 

scanners were involved in this test. The ultrasound scanner (DC-8, Mindray, Shenzhen, China) 7 

with a linear probe was the same with that used in clinical tests of annotation method (Section 8 

3.2.6). This scanner was used to acquire ultrasound images for this rendering method. The 9 

electromagnetic spatial equipment and computer were the same with those used in the validation 10 

experiments. The other commercial ultrasound machine (Logiq E9, GE Healthcare, New York, 11 

USA) with a linear 2D probe (ML6-15-D, GE Healthcare, New York, USA) and a 3D probe 12 

(RSP6-16-D, GE Healthcare, New York, USA) was employed to provide coronal images and 13 

compare with our system. Three patients (women, 63, 57, and 53 years old), who had breast pain 14 

or findings using palpation, were recruited to have ultrasonography. After ultrasound 15 

examinations, the three patients had biopsies. The histopathological results showed that they 16 

were all ductal carcinoma.  17 

During the scanning by our system, the patient lay on the bed in supine position. During the 18 

scanning, the patient was asked to keep stationary and lighten the breath as possible as she could. 19 

Ultrasound gel was applied on the breasts. A physician who had 6 years’ experience in breast 20 

ultrasound held the probe to scan the breast in the orthogonal antiradial scanning pattern (Stavros 21 

2004, Dixon 2008). When a lesion was found, the operator would not stop scanning but 22 
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remember the lesion location. After two breasts were scanned, the operator moved the probe to 1 

the lesion region to scan this part slowly and saved images and their positional data. The total 2 

scanning time was recorded. After the scanning using the new system, the patient kept the same 3 

posture on the bed and was scanned using a combination of the linear probe and the GE 4 

mechanical scanning 3D probe. The scanning procedure was similar to the above scanning. The 5 

physician held the linear probe and scanned the two breasts to find the lesion region. Then she 6 

changed to the 3D probe and put it on the lesion part. This 3D probe was kept stationary on the 7 

lesion for about 15 seconds until the acquisition was finished. The scanning time for this 8 

procedure was also recorded.  9 

To demonstrate the performance of this rendering method in clinics, the required scanning time 10 

and the formed coronal images of our method and the commercial 3D probe were compared. For 11 

the commercially available GE 3D probe, according to the acquired images, volume could be 12 

reconstructed. The breast slices along the coronal plane could then be provided for different 13 

depths. After reviewing all slices in coronal plane, the plane with largest dimension in tumor size 14 

was selected and the width and height of the tumor were measured on this image. The depth of 15 

the selected slice was recorded. For our system, the physician firstly selected the start and end 16 

frames, and ROI of images. The same depth on the image was then set before reconstruction. 17 

Finally, the breast coronal image was provided by the developed software. The tumor width and 18 

height were also measured on this image and compared with the GE 3D scanner results. 19 

 20 
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CHAPTER 4  RESULTS 1 

This chapter presents the main findings in two sections. The first part is results of the 2 

performance test of the newly developed automated 3D annotation method, including the 3 

accuracy and repeatability test, the breast phantom experiment, and the clinical study on 4 

breast patients. The second part presents the results of the evaluation of the rendering 5 

method on providing coronal images, including the validation tests on custom-made 6 

phantoms and the clinical study on breast patients. 7 

4.1 Evaluation of the automated 3D annotation method 8 

4.1.1 Accuracy test results 9 

In the accuracy test, the measurement function of the developed software was used to 10 

measure the distance and angle values of the phantom. Figure 4-1 shows a typical 11 

measurement image of distance and angle using this 3D ultrasound system. The selected 12 

ultrasound images were displayed on 3D space. For distance measurement, the operator 13 

clicked a point on the first image and then dragged a line to another point on a different 14 

image. The distance between the two points was calculated by this software and displayed 15 

on the left lower window of the interface, as shown in Figure 4-1. When two lines were 16 

selected by the operator, the angle between the two lines was calculated and the value was 17 

also displayed on the software interface. 18 
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 1 

Figure 4-1 The typical measurement image of distance and angle in 3D space using the 2 

developed software. 3 

 4 

The correlation in distance measurement using the micrometer and the developed 3D 5 

annotation method is illustrated in Figure 4-2a. There is an excellent linear correlation 6 

between the two measurement methods (y = 0.991x, R2 = 0.9998). The angle measurement 7 

results using the vernier protractor and our annotation method are shown in Figure 4-2b. 8 

This figure also demonstrates very good linear relationship in angle measurement (y = 9 

1.0098x, R2 = 0.9995). Results acquired using the developed annotation method well 10 

matched the actual values. Therefore, the current system has good accuracy in distance and 11 

angle evaluation. 12 
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 1 

Figure 4-2 The relationships between the developed annotation system and the actual 2 

values. (a) the distance correlation between the micrometer and the developed annotation 3 

system; (b) the angle correlation between the vernier protractor and the 3D annotation 4 

method. 5 

 6 

The annotation accuracy comparison between the manual annotation method and the 7 
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automated annotation method was performed. Figure 4-3 shows the result of the two 1 

annotation methods on the same probe position. For manual annotation, the quantitative 2 

values were given by the textual sequence. The distance of the image to the nipple was 3 

recorded using the third number in the sequence, as shown in Figure 4-3a. The radial angle 4 

was indicated using the clock value; therefore, the resolution was 30°. The clock value was 5 

changed to the value in degrees to facilitate the comparison between two annotation 6 

methods. For the automated annotation method, the quantitative values of distance and 7 

radial angle were displayed on the software interface, as shown in Figure 4-3b. The 8 

comparison results on fifty points between the two methods are shown in Figure 4-4. Good 9 

linear correlations between the 3D annotation method and the manual method are 10 

demonstrated in Figure 4-4. However, some obvious errors were found in the result 11 

acquired by the manual annotation method, particularly for distance measurement. 12 



CHAPTER 4 RESULTS 

81 
 

 1 

Figure 4-3 The annotation results of manual method and automated method on the same 2 

probe location. (a) the manual annotation result; (b) the automated annotation result. 3 
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 1 

Figure 4-4 The relationships between the results by the manual annotation method and the 2 

developed 3D annotation method. (a) The correlation of distance measurement using the 3 

manual annotation method and the 3D annotation method; (b) The correlation of angle 4 

measurement using the manual annotation method and the3D annotation method. 5 

 6 
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4.1.2 Reliability test results 1 

Tables 4-1 and 4-2, respectively, illustrate the reliability results on the selection of four 2 

reference points and three localization parameters of distance, radial angle and tilt 3 

information. As shown in Table 4-1, results demonstrated very high ICC values (1.000) and 4 

very small variability values (<0.80%). These values show excellent repeatability of this 5 

system on recording of reference points in phantom tests. Table 4-2 summarizes variability 6 

values and ICCs of the localization parameters (except variability of the radial angle). The 7 

start line of the radial angle, which was defined by our system, could affect the values of 8 

this parameter. When the start line was changed, the values of radial angle changed. 9 

Therefore, the relative variability of radial angle was not that significant. Very good 10 

repeatability was demonstrated by the measurement results (average variation ≤ 3.45%, 11 

ICC ≥ 0.907 for intra-rater test; average variation ≤ 2.85%, ICC ≥ 0.937 for inter-rater test). 12 

 13 

Table 4-1 Intra-observer and inter-observer repeatability results of the selection of four 14 

reference points. 15 

 
Nipple point of 

right breast 

Border point 

of right breast

Nipple point of 

left breast 

border point 

of left breast 

Intra‐

observer 

ICC 1.000 1.000 1.000 1.000

Variability  0.26% 0.65% 0.50% 0.79%

Inter‐

observer 

ICC 1.000 1.000 1.000 0.999

Variability  0.11% 0.22% 0.31% 0.49%
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 1 

Table 4-2 Intra-observer and inter-observer repeatability results of the three localization 2 

parameters. 3 

 

Distance 
Radial 

angle 

Tilt information 

Azimuth 

angle 

Elevation 

angle 
Roll angle 

Intra‐

observer 

ICC 0.983 1.000 1.000 0.907  1.000

Variability  2.13±0.87% ‐‐‐ 1.35±0.44% 2.69±1.31%  3.45±4.01%

Inter‐

observer 

ICC 0.993 1.000 0.999 0.937  0.999

Variability  1.79±1.16% ‐‐‐ 2.00±1.35% 2.32±1.33%  2.85±2.83%

 4 

4.1.3 Breast phantom study 5 

The breast phantom study included two steps during the scanning, which was similar to the 6 

clinical examination. For the first scanning step, only little time (< 46s) was spent on 7 

covering two phantoms. The ultrasound images together with their positional annotations 8 

were automatically saved with the manual action. Two typical screenshots of the software 9 

interface are illustrated in Figure 4-5. The annotation was displayed in the left window. 10 

The corresponding ultrasound image was displayed in the right lower window and the 11 

scanning video was in the right upper part. As shown in Figure 4-5, the actual orientation 12 

and position of the scanning probe are featured in the video. Through the qualitative 13 

comparison of the probe position in the 3D annotation results and the scanning video, it 14 

was demonstrated that the actual probe location could be reflected by the developed 15 
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annotation method. There were differences between the probe positions in real situation 1 

and the 3D annotation results since the 3D annotation model is fixed and differs with the 2 

actual breast. However, this method can still provide more intuitive and accurate 3 

annotations to clinicians in comparison to the traditional manual method. Furthermore, this 4 

system could automatically record the probe positional information during the examination, 5 

so it could help to save examination time. In the first scanning step, the phantom images 6 

and the annotations were recorded. As shown in Figure 4-5b, in the second step, after 7 

reviewing the recorded images, the images containing the information of inclusions and 8 

their corresponding positional annotations could be easily obtained. These annotations 9 

clearly displayed the complete probe positional information in 3D space. With the help of 10 

the 3D annotation (left window in Figure 4-5b), the operator could quickly localize the 11 

region of the breast lesion (right upper window in Figure 4-5b) in the subsequent 12 

examination. The quick localization is useful in clinics since it is difficult to find the small 13 

lesions, particularly for the clinician who has little scanning experience. Therefore, this 14 

method can help to decrease the localization time in clinics. Moreover, some lesions may 15 

be missed in existing clinical breast ultrasound scanning if there are a huge number of 16 

lesions in the same patient because the traditional examination procedure depends on the 17 

clinician’s memory. However, in the developed annotation system, images of all breast 18 

lesions and their positional annotations are saved. So this method can help to reduce the 19 

missed lesions during the clinical breast examination. 20 
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 1 

Figure 4-5 Two typical screenshots of the software interface in breast phantom tests. The 2 

annotation is shown on the left window. The corresponding ultrasound image is displayed 3 

on the right lower window and the scanning video is on the right upper window. (a) the 4 

first typical software display screenshot; (b) the second typical software display screenshot. 5 

 6 
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4.1.4 Clinical study on breast patients 1 

Among 21 patients that were scanned, 18 of them had one lesion, two patients had two 2 

lesions and one patient had three lesions. The scanning times of manual annotation method 3 

and our automated annotation method were summarized in Table 4-3. Significant 4 

differences of scanning time (84s for manual method, 48s for automated method) were 5 

seen between the two annotation methods. For patients with one lesion, on average, the 6 

scanning time for using our automated annotation could be saved up to 36s compared with 7 

the conventional manual annotation method. The saved time (36s) took 42.9% of the 8 

manual scanning time (84s), which is really useful for clinical examination. In our clinical 9 

experiments, the procedures of scanning the breast using the two methods were the same 10 

so the time difference was mainly caused by annotation procedure. Therefore, our 11 

automated annotation method could effectively help to reduce the clinical breast 12 

examination time. Moreover, as shown in Table 4-3, when there were two lesions, the time 13 

was saved up to 66.5s, which took 50.4% of the manual scanning time (132s). For the case 14 

with three lesions, the saved time was as much as 113s (59.8% of the original scanning 15 

time). These results demonstrated that the more breast lesions were there, the more was the 16 

time saved. In conventional manual annotation method, the manual annotation procedure 17 

has to be repeated for each lesion which spends much time in the whole scanning 18 

procedure. However, in our new automated annotation, the annotation procedure took little 19 

time in the whole scanning examination. Therefore, the increased breast lesion had little 20 

influence on the whole scanning time. 21 
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Table 4-3 The scanning time comparison between clinical manual annotation method and 1 

our automated annotation method 2 

 
Time for 1 lesion (s)

Time for 2 lesions 
(s) 

Time for 3 lesions
(s) 

Average  Range Average Range One patient 

Manual annotation  84.0 
61.0‐
121.0 

132.0 
131.0‐
133.0 

189.0 

Automated 
annotation 

48.0 
27.0‐
79.0 

65.5 
62.0‐
69.0 

76.0 

Difference  36.0 
28.0‐
47.0 

66.5 
64.0‐
69.0 

113.0 

 3 

The comparison results between the manual annotation method and automated annotation 4 

method in the clinical study are illustrated in Figure 4-6. In the manual annotation, the 5 

distance to nipple was recorded quantitatively in centimeters. Values of this parameter 6 

obtained by the two methods were compared in Figure 4-6a. The radial angles in manual 7 

annotations were recorded in clock format and changed to values in degree. The 8 

comparison of this parameter is shown in Figure 4-6b. From the two figures, it can be seen 9 

that these two methods had relatively good correlation (y = 1.0669x, R2 = 0.8571 for 10 

distance; y = 1.0003x, R2 = 0.9983 for radial angle). The previous accuracy test of this new 11 

automated annotation method indicated that this method had very good accuracy (Section 12 

4.1.1). Therefore, Figure 4-6 demonstrated that there were errors for the conventional 13 

annotation method, especially for the parameter of distance. 14 
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 1 

Figure 4-6 The relationship between the results by the manual annotation method and the 2 

automated annotation method in clinical test. (a) the relationship of distance measured by 3 

the two methods in the clinical test; (b) the relationship of radial angle measured by the 4 

two methods in the clinical test. 5 

 6 

The repeatability results of this automated annotation method for intra-observer test and 7 



CHAPTER 4 RESULTS 

90 
 

inter-observer test are summarized in Table 4-4. For the parameter of distance, the intra-1 

observer ICC was 0.989 and inter-observer ICC was 0.927. For the parameter of radial 2 

angle, values of ICC were both 0.998. Good repeatability was indicated by these results. 3 

 4 

Table 4-4 Results of intra-observer and inter-observer repeatability tests for parameters of 5 

radial angle and distance in clinical test. 6 

  Intra‐rater ICC Inter‐rater ICC 

Distance 0.989 0.927 

Radial angle  0.998 0.998 

 7 

4.2 Evaluation of the rendering method for providing breast coronal 8 

images 9 

4.2.1 Validation experiment results 10 

The validation experiments were performed to test the system accuracy and repeatability. 11 

Custom-made phantoms were made to mimic the ultrasound images of breast and breast 12 

tumor. After scanning and reconstruction, 20 coronal images of phantoms were obtained, 13 

here the coronal plane referred to a plane in parallel to the phantom surface, as shown in 14 

Figure 3-15a. Figure 4-7 is a typical coronal image of the phantom. The dark part indicated 15 

the inclusion. The dimensional measurement was also shown on the image. The operator 16 

put the first point on the boundary of the inclusion and then dragged to the other boundary 17 

to set the second point. This measurement was repeated three times to get the average as 18 
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the final value. The measurement results were compared with the actual sizes of inclusions 1 

to demonstrate the system accuracy. Actual values were measured by a micrometer. Figure 2 

4-8 illustrates the measurement relationship of phantom diameters between the micrometer 3 

and the 3D ultrasound rendering image. The results demonstrated a very good linear 4 

correlation (y = 1.0147x, R2 = 0.9927) between the results obtained by the two methods. 5 

This indicated that the measurement using the new system well matched the actual values.  6 

 7 

Figure 4-7 The typical coronal image and dimensional measurement of phantom for 8 

accuracy test, here the coronal plane refers to a plane in parallel to the phantom surface. 9 

 10 
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 1 

Figure 4-8 Relationship of phantom dimension measured by our rendering method and the 2 

micrometer. 3 

 4 

In repeatability analysis, data from 20 custom-made phantoms were included. The ICC for 5 

intra-rater test was as high as 0.999. Regarding the inter-rater test, the ICC value was 0.995. 6 

The two high values indicated excellent repeatability of the new rendering method for 7 

providing coronal images. 8 

4.2.2 Clinical study on breast patients 9 

In clinical study, to analyze the performance of our developed rendering method, results by 10 

a commercial 3D probe were used as reference. The scanning time for this new method and 11 

3D probe is summarized in Table 4-5. Using the commercial linear probe together with the 12 

3D probe, the average scanning time was 74 s. And for the new system, the mean 13 

acquisition time was 64 s. Compared with the commercial scanner, this new system 14 
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required shorter scanning time. The reason for the longer time of the commercial scanner 1 

was probably due to the switch between probes. In clinical breast examination, two steps 2 

are usually needed. The first step is scanning the whole breast to find all lesions. For this 3 

step, the linear probe ML6-15-D was used which could allow the operator to investigate 4 

ultrasound images on the screen in real time to find the tumor location. Then the operator 5 

put down the linear probe and switched to the 3D probe to image the tumor region. The 6 

probe switching obviously required additional scanning time and caused inconvenience for 7 

the examination.  8 

 9 

Table 4-5 Comparison of scanning time of the two methods. 10 

  Patient 1 (s)  Patient 2 (s)  Patient 3 (s) 
Average time 

(s) 

By 3D probe  75  73 75 74.3 

By new system  62  66 63 63.7 

Figure 4-9a shows the coronal image provided by GE 3D probe. In this commercial system, 11 

the 3D volume of the breast was reconstructed based on the acquired images, and then 12 

breast slices along the coronal plane could be obtained. Figure 4-9b is the coronal image in 13 

the same depth obtained using our developed system. For our system, after setting the start 14 

and end frames, images at the same depth were rendered to get the coronal image. Though 15 

there are differences between the two coronal images, the comparison demonstrates the 16 

feasibility of our system for providing the coronal images in clinical breast examination. 17 

Up to now, the coronal images have been given using the specially designed scanners such 18 
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as the commercial 3D probe in this test, which are usually bulky. Therefore, the 1 

development of our system, which is based on the existing clinical 2D ultrasound probe, 2 

will facilitate the clinical scanning. 3 

As shown in this figure 4-9a, the clinician manually put cross on the image to measure the 4 

tumor width and height. In Figure 4-9b, the tumor size could also be measured by the 5 

operator on this image. The comparison of tumor size between the two methods for three 6 

patients is summarized in Table 4-6. As shown in Figure 4-9, the tumor size is represented 7 

by width * height. For the three lesions, the differences between the results obtained by the 8 

new method and the GE scanner were 1.2 mm *2.0mm, 1.6 mm *2.1mm and 1.0 mm 9 

*2.0mm, with the new method smaller by 5.6% to 11.9%. 10 

 11 

Figure 4-9 The comparison of coronal images from the commercial 3D scanner and this 12 

new rendering method. (a) coronal image from GE 3D scanner; (b) coronal image obtained 13 

by our rendering system. 14 
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 1 

Table 4-6 The tumor size comparison between the two methods. 2 

 
Patient 1 (mm) Patient 2 (mm) Patient 3 (mm)

Width  Height Width Height Width  Height

By 3D probe  18.9  19.3 23.3 17.7 18.0  19.2

By new system 17.7  17.3 21.7 15.6 17.0  17.2

Difference 
1.2 

(5.7%) 
2.0 

(10.4%) 
1.6 

(6.9%) 
2.1 

(11.9%) 
1.0 

(5.6%) 
2.0 

(10.4%) 

 3 
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CHAPTER 5  DISCUSSION 1 

5.1 System development 2 

A 3D breast ultrasound system for providing automated annotation and coronal images has been 3 

developed in this study. On the basis of the spatial information from the spatial sensor, this 4 

system can provide continuous, automated and 3D annotation during clinical ultrasound 5 

examination. After scanning on the lesion region, breast coronal images can be reconstructed and 6 

provided for clinical diagnosis. 7 

This newly developed system was based on the clinical routine 2D ultrasound scanner. Only an 8 

spatial sensor was attached on the ultrasound probe to get the image spatial information. As 9 

previously introduced, 3D breast ultrasound systems (Chang et al. 2006; Cho et al. 2006; Hansen 10 

et al. 2008; Kotsianos-Hermle et al. 2009; Porter and Seck 2009; Shlipley et al. 2005; Sinha et al. 11 

2007) can solve some of the problems found by 2D ultrasound, including the manual annotation 12 

and coronal images. However, the existing 3D breast ultrasound systems are mainly based on the 13 

mechanical scanning mechanisms. The mechanical scanning systems need specially designed 14 

scanner, which is large and bulky, so they are not very convenient for a wide clinical use. In 15 

addition, the probe movement range of mechanical systems is predefined thus it can only cover 16 

the predefined region of the breast. Some regions in clinical breast examinations such as the 17 

axillary part and tissue against the chest are usually not covered by these mechanical systems. So 18 

the operator has to use an extra 2D ultrasound probe to scan these areas. Unlike these 3D breast 19 

ultrasound systems, freehand scanning manner was used in our system, which allows the 20 

operator to access any region of the breast according to the requirements. In addition, the 21 



CHAPTER 5 DISCUSSION 

97 
 

minimal instrumental change ensured that the clinical scanning habit was reserved so almost no 1 

special trainings were needed for operators. 2 

The annotation provided by this system was based on the spatial data from the sensor fixed on 3 

the probe. Unlike approximate positional estimation in conventional clinical examination, this 4 

developed annotation method was expected to be more accurate and it could provide numerical 5 

annotation values, as shown in Figure 3-5. After recording reference points, this system could 6 

annotate breast images in automated manner. Many studies have been reported to overcome 7 

problems of clinical annotation method (Caluser et al. 2010; Cupples et al. 2004; Entrekin 2010; 8 

Jackson and Chenal 2006; Kuzara and Brown 2006). However, these methods are still manual 9 

and the operator has to stop the scanning to perform the annotation. Based on the spatial data and 10 

ultrasound images, our system could provide continuous annotations during the breast ultrasound 11 

scanning. In addition, all spatial information including the probe tilt angle was displayed by the 12 

3D model in our system. 13 

Breast coronal image was provided by this newly developed system, which included important 14 

diagnosis information such as the retraction phenomenon of malignant tumors (Chen et al. 2013; 15 

Meyberg-Solomayer et al. 2004). Though 3D breast ultrasound systems can provide coronal 16 

images, as the above description, there is still a long way before the technique of 3D breast 17 

imaging can be used in clinical diagnosis. For our system, the coronal image was provided based 18 

on the clinical routine scanner. In addition, the coronal image was reconstructed directly from the 19 

raw 2D ultrasound images. Unlike the conventional 3D reconstruction method (Fenster et al. 20 

2001; Gobbi et al. 2002; Meairs et al. 2000; Nelson and Pretorius 1998; Ohbuchi et al. 1992; 21 

Rohling et al. 1999; Sakas et al. 1995; Sherebrin et al. 1996), the step of volume formation was 22 
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bypassed in our system. Therefore, the coronal image formation procedure in our system was 1 

expected to be more accurate and faster. 2 

5.2 The automated 3D annotation method 3 

A 3D automated annotation method for breast ultrasound examination based on a clinical 4 

ultrasound scanner and an electromagnetic spatial sensor was developed. Validation tests 5 

demonstrated that this method had good accuracy and repeatability. Results of breast phantom 6 

experiment demonstrated that the developed annotation method was feasible and more accurate 7 

than the manual annotation method. Preliminary clinical trials further demonstrated that this 8 

method could reduce the examination time and had the potential to simplify the examination 9 

procedure. The possible reasons are given in this subsection to explain in detail the advantages of 10 

this new annotation method and the ways to further improve its performance.  11 

5.2.1 Annotation models 12 

As previously described, the conventional clinical annotation includes graphical annotation and 13 

textual sequence. During breast scanning, the operator changes the arrow location on the 14 

graphical pictogram and the textual sequence to annotate the ultrasound image. The image 15 

positional information, including identification of laterality (right or left), distance from nipple in 16 

centimeters and radial location, are presented by the two annotation manners. However, this 17 

information is expressed in 2D pictogram while the information of probe tilt angle is ignored.  In 18 

our annotation method, besides the above two annotation manners, a 3D model was used (Figure 19 

3-5). The experiment results of Figure 4-5 illustrated the comparison of the experiment video and 20 

the annotation results. It could be noticed that the annotation of the 3D model matched well with 21 
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that on the video. All spatial information of the ultrasound image on the video was clearly 1 

displayed by the 3D model. Therefore, this 3D annotation model can give an intuitive impression 2 

to the clinician. This is beneficial for the later review, diagnosis and treatment to the same patient 3 

in clinical examinations. Besides this 3D annotation model, the conventional 2D graphical 4 

pictogram and textual sequence, which were familiar to clinicians, were also reserved in this 5 

annotation method. As shown in Figure 4-3, the numbers of distance and radial angle were also 6 

displayed so that clinicians could accurately localize the tumor position on the breast in the later 7 

treatment.  8 

In this study, the 3D annotation breast model was established in advance by the software of 9 

Autodesk 3ds MAX and DAZ Studio 4. The established model was stored in the computer and 10 

used by our system according to requirements. However, the size of the model was predefined 11 

and could not reflect the shape and size of the actual breast. Therefore, after reference points 12 

were obtained, the actual breast was resized to the 3D model. In order to solve this problem, 13 

further improvements will be developed. One possible method is to obtain the actual breast 14 

morphological image through scanning the breast before ultrasound examination. In recent years, 15 

there have been mainly two approaches for surface scanning. One is to put markers on the 16 

subject surface and collect positions of these markers (Baroni et al. 2003, 2006; Bert et al. 2006; 17 

Riboldi et al. 2004). However, only discrete positions of five to ten markers are obtained using 18 

this method. The other approach is to project the laser or visible light on the body and acquire 19 

this with video cameras (Bert et al. 2005; Brahme et al. 2008; Cash et al. 2007; Djajaputra and Li 20 

2005; Schoffel et al. 2007). Since this method can obtain the accurate morphology of the subject 21 

surface, this approach is widely applied to scan the residual limb (Commean et al. 1996; 22 

Engsberg et al. 1992), image the dental item (Quadling et al. 2006) and register the breast surface 23 
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in radiation therapy (Bert et al. 2006; Cash et al. 2007; Riboldi et al. 2009). Based on this 1 

approach, in the future, a camera and a line laser projection can be applied in our method. The 2 

3D breast contour image can be reconstructed to replace the current 3D breast model for the 3 

annotation.  4 

5.2.2 Breast phantom experiment 5 

Breast phantom experiment was performed before clinical trials to verify this new annotation 6 

method. In this experiment, a video camera was added to the system to record the whole 7 

scanning procedure, as shown in Figure 3-9. This video camera had an important role in the 8 

phantom experiment to be used as the reference of the annotation results. Video camera cannot 9 

be used in clinical trials because of the privacy of patients. To facilitate the comparison between 10 

annotation results and the video record, two changes for this experiment were specially made for 11 

the software. As described earlier, one change was to acquire video signal to the computer. When 12 

the operator started the acquisition, the video, ultrasound images and spatial data were 13 

simultaneously acquired and saved to the computer. The other change was the display window of 14 

the software interface. As shown in Figure 4-5, except the annotation results, the video record 15 

was also displayed on the interface. During the reviewing of the saved ultrasound images, 16 

annotations together with the corresponding video record were simultaneously shown on the 17 

interface. So the operator could easily investigate the difference between the annotations and the 18 

actual probe positions.   19 

The breast phantoms in this experiment were commercial phantoms used for new ultrasound 20 

equipment test. Two breast phantoms were placed side by side to mimic the left and right breasts 21 

of a patient. According to the product document, the phantom could mimic the ultrasonic 22 
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features of tissues found in average human breast. The dimension of the phantom was 22.9cm ﹡1 

20.3cm ﹡7.6cm, which simulated that of average breast size of patient in supine position. In the 2 

two phantoms, solid masses were randomly positioned throughout the background to simulate 3 

the breast tumors in clinics. In this experiment, the scanning procedure and radial scanning 4 

pattern were totally the same with the clinical scanning. Therefore, the results shown in Figure 4-5 

5 could closely represent the actual situation of this annotation method in clinics. 6 

5.2.3 Clinical test 7 

In the results of validation tests, Figure 4-2 and Figure 4-4 showed that this system had good 8 

accuracy, and Table 4-1 and Table 4-2 demonstrated that this system had good repeatability in 9 

locating reference points and recording annotation parameters. The clinical tests were performed 10 

on the basis of these results. However, the clinical setup was not totally the same with that in 11 

validation tests. As previously described, in clinical setup, the electromagnetic spatial device and 12 

computer were the same as those used in validation tests. However, the clinical ultrasound 13 

scanner (DC-8, Mindray, Shenzhen, China) was different from that (EUB-8500, Hitachi, Tokyo, 14 

Japan) used in validation tests. In this annotation method, the role of ultrasound scanner was to 15 

provide B-mode images. In the accuracy test, the distance and angle results were determined by 16 

the results of spatial data from the spatial device. And in reliability test, the ultrasound scanner 17 

only provided images for the selected point and it could not affect the final positional data. 18 

Therefore, the change of ultrasound scanner had little influence on our clinical tests. 19 

Ultrasound image annotation is an important step for clinical breast examination. According to 20 

the breast ultrasound practice guidelines, all breast ultrasound images are recommended to be 21 
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correctly labeled (American College of Radiology 2011). However, the routine manual 1 

annotation method involves multiple hand motions including the graphical arrow position change 2 

and textual sequence typing (Dixon 2008). In an ultrasound examination of a patient, to save a 3 

proper diagnosis ultrasound image, the time spent on image annotation usually takes a large part 4 

of the whole scanning time. For patients with several images to be saved, the annotation takes 5 

even more time in the whole examination. This automated annotation method was expected to 6 

save the breast examination time. The time comparison between this automated annotation 7 

method and the conventional manual annotation method was an important task for the clinical 8 

test. To fairly compare the scanning times of the two annotation methods, a step of pre-scanning 9 

on two breasts was designed in this clinical experiment. By using this design, the two scanning 10 

procedures were performed in the same conditions so the time difference was mainly caused by 11 

the difference between annotation methods. In the proposed annotation method, the axillary part 12 

was not included. However, in clinical breast examination, this part was also diagnosed. In 13 

conventional manual annotation methods, besides the three breast pictograms, operators can use 14 

axillary pictograms to annotate lesions on this part. To compare our method with the 15 

conventional annotation, only breast parts were scanned in this clinical test. Based on this study, 16 

further efforts can be made on automated annotation of other parts including axillary part. 17 

Table 4-3 shows that this automated annotation method can greatly help to save the examination 18 

time. For patients with one breast lesion, the saved time took 42.9% of the whole scanning time. 19 

For patients with two and three lesions, this ratio was 50.4% and 59.8%, respectively.  These 20 

results showed that our new annotation method could help to save about half of the examination 21 

time in clinical breast diagnosis. This is an important improvement for clinical breast 22 

examination and is very useful for routine breast examination. The operators can get out of the 23 
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complex and repetitive annotations and more patients can benefit from the breast ultrasound 1 

examinations. In the existing clinical breast ultrasound examination, when several lesions with 2 

the same characters such as cyst are found, only one typical ultrasound image is saved as the 3 

examination result. This can help to save the examination time especially for patients with 4 

several lesions, which is common for cyst patients. However, this also causes inaccuracy for the 5 

later review, diagnosis and treatment. In the result of the clinical test (Table 4-3), the average 6 

scanning time only increased about 17s when the lesion increased from one to two. In addition, 7 

to add an ultrasound image, the operator only needed to put the probe to the proper position of 8 

the breast and stepped on the foot switch. Compared with the conventional manual annotation 9 

method, the procedure was greatly simplified. Therefore, with the help of this automated 10 

annotation method, all lesion images could be saved without increasing much scanning time and 11 

action. Compared with only one typical lesion image saved, we believed that the increased lesion 12 

images could help to provide more diagnosis information. 13 

During clinical tests, to reduce the influence of the patient motions, the patients were asked to 14 

keep still during the scanning procedure and lighten her breath as possibly as she could. However, 15 

this caused inconvenience to patients and the routine breast ultrasound examination had no such 16 

requirements. In clinics, the involuntary movements and breathing of the subject are inevitable in 17 

breast ultrasound scanning. So the involuntary movements or breath may cause errors to our 18 

annotation because these motions change positions of reference points while the new positions 19 

data cannot be updated. The patient motion is also a problem in other areas of 3D scanning, such 20 

as MRI, ultrasound and hand-held laser imaging for surface modeling in plastic and 21 

reconstructive surgery and residual limb evaluation for prosthetic socket designing. Some 22 

researchers (Lowen et al. 2004; Patete et al. 2009; Sanders and Lee 2008) use several cameras to 23 
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track markers, which are placed on the body surface, to measure the body motion. This method 1 

can help to reduce the body movement artifacts. On the basis of the image characteristics, 2 

researchers (Douglas et al. 2002; Xue et al. 1997; Zheng et al. 2001) have developed the motion 3 

compensation methods to solve this problem. For our system, the cameras and markers would 4 

increase the system complexity in clinics. In the future, based on the current spatial sensor fixed 5 

on the ultrasound probe, another sensor will be applied to detect the subjection motions. This 6 

sensor can be attached on the patient’s body, and the real-time movement information can be 7 

transferred to the computer from the additional sensor. The initial positional data is recorded. 8 

When there is movement, the difference can be obtained, and the spatial data of reference points 9 

can be modified according to this difference in real time. Furthermore, postprocessing movement 10 

compensation approaches can be further developed to decrease the body movement artifacts. 11 

During this clinical test, the patients kept the supine position and did not change the examination 12 

position. However, the patient’s posture may be changed since the scanning requirements in 13 

clinical breast ultrasound examinations. In this situation, the large motion changes can be 14 

modified by re-recording the locations of reference points.  15 

Table 4-3 showed the scanning time comparison result between the manual method and our 16 

automated method. It was found that our automated annotation method could save more scanning 17 

time with the increase of lesion number. However, in the tested subjects, only two of them had 18 

two lesions and one had three lesions. Only small number of patients with multiple lesions was 19 

tested in the clinical trial. Therefore, this test could only give a preliminary conclusion for the 20 

situation with multiple lesions. To further analyze this situation, more patients with multiple 21 

lesions shall be recruited. 22 
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5.3 The rendering method for providing breast coronal images 1 

Based on a clinical ultrasound scanner and an electromagnetic spatial device, a rendering method 2 

for providing breast coronal images was introduced in this study. By using this method, the 3 

operator could scan the whole breast with the routinely used 2D ultrasound probe to find all 4 

lesions. When coronal images are needed, the operator may choose images in lesion part to be 5 

reconstructed instead of switching to a special 3D probe. So this method could provide coronal 6 

images with simplified scanning procedure and minimal examination time. In addition, this 7 

rendering method aimed at providing breast coronal images and it directly projected raw B-mode 8 

image data to the required coronal image. By omitting the volume reconstruction stage, this 9 

method could save rendering time and avoid one resampling process.  10 

5.3.1 Volume rendering 11 

In this system, to get rendering image, one important step was the definition of ROI manually. 12 

This step could help to retain the tumor information and discard the other parts to reduce the 13 

rendering time. However, in this method, the ROI was manually defined. If this step can be 14 

finished automatically, this system will provide coronal images automatically thus saving 15 

examination time. Automatic ROI detection methods have been studied by researchers in 16 

different fields. In the compressed image data transmission, it was reported that automatic ROI 17 

detection was used to protect the important information (Xue et al. 2010). To allow efficient 18 

compression for data storage, Ye et al. (2008) proposed an automatic method which identified 19 

ROI according to the edge information in high frequency sub-bands. To segment dental X-ray 20 

images, Modi et al. (2011) presented an algorithm using region growing approach and Canny 21 
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edge detector to automatically detect ROI. It was also demonstrated that automated ROI 1 

selection was used in breast MRI images. This method firstly divided a lesion into several 2 

clusters and then calculated the most enhancement characteristics (Stoutjesdijk et al. 2007). For 3 

the applications of automatic ROI in ultrasound images, Nguyen et al. (2005) reported a method 4 

using support vector machines (SVM) based on top bound selection to visualize a fetal 5 

morphology on fetal volume image.  Compared with other types of image, B-mode images of 6 

breast are more difficult for automatic segmentation because of the irregular shape of breast 7 

tumors and image speckle noise. Su et al. (2011) reported an automatic ROI detection method for 8 

B-mode breast ultrasound images. In this method, after pre-processing, an image was divided 9 

into grids and features were detected. Then, according to the feature vectors, classification was 10 

performed to select ROI range. Based on these methods, automatic detection may be developed 11 

for this new system and its performance on clinical data processing shall be tested.  12 

In most of the 3D freehand ultrasound examinations, there are three stages to get a new rendering 13 

image (Fenster et al. 2001; Gobbi et al. 2002; Meairs et al. 2000; Nelson and Pretorius 1998; 14 

Ohbuchi et al. 1992; Rohling et al. 1999; Sakas et al. 1995; Sherebrin et al. 1996). The first step 15 

is scanning. In this step, images from ultrasound scanner and spatial data from positional sensor 16 

are acquired. In the second stage, a regular voxel array is reconstructed from a set of B-mode 17 

ultrasound images and their corresponding positional data. Different reconstruction algorithms 18 

have been developed by researchers, such as voxel-based method (VBM) (Berg et al. 1999; 19 

Coupé et al. 2005; Trobaugh et al. 1994; Tuthill et al. 1998), pixel-based method (PBM) (Carr et 20 

al. 2000; Nelson and Pretorius 1997; San José-Estépar et al. 2003) and function-based method 21 

(FBM) (Rohling et al. 1999; Sanches and Marques 2000; Sanches and Marques 2002). Finally, 22 

the reconstructed array is visualized by surface rendering or reslicing. The aim of our proposed 23 
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method was to get the breast coronal images. For this purpose, the second step of volume 1 

reconstruction was not a necessary stage. So we bypassed this step in the image reconstruction 2 

part. The final image slices were obtained directly from the raw B-mode ultrasound images and 3 

their positional data. For the conventional three-step method, two re-sampling steps, including 4 

from the B-mode image pixels to the voxel array and from the voxel array to the final slice pixels, 5 

are required.  While in our method, only one re-sampling step, from B-mode image pixels to the 6 

final slice pixels, was involved. Since re-sampling procedure involves the image data 7 

approximation. By avoiding a re-sampling step, this method was expected to have more accurate 8 

visualization (Gee et al. 2002). In addition, the reconstruction time could be obviously saved by 9 

bypassing the step of volume reconstruction. 10 

In freehand 3D breast ultrasound image, there is a deformation problem which is due to the soft 11 

nature of the breast.  12 

When the operator moves the probe across the breast surface, the soft tissues deform easily. 13 

Several sweeps are usually needed to cover the whole breast and the deformation differs for each 14 

sweep. Though this deformation is small, the reconstructed volume may appear blurred when 15 

these sweeps are compounded together. To avoid the influence of the deformation, only one 16 

sweep was performed to cover the lesion region in the clinical tests of this study. For one 17 

scanning sweep, the breast as well as the lesion may be compressed to some degree, but this 18 

compression was almost consistent during the whole image acquisition duration. However, in 19 

routine breast examinations, several sweeps across the breast are often needed, especially for the 20 

fatty breast or the large lesions. To correct the soft tissue deformation, different approaches have 21 

been adopted by researchers. One approach is to develop breast mechanical model to predict the 22 
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deformation in clinical imaging.  Since the breast has complicated anatomic structure, modeling 1 

has many uncertainties and remains a changing problem (Tanner et al. 2006). Based on the 2 

assumption of homogeneous breast interior, many researchers proposed simplified breast models 3 

(Chung et al. 2008; Schnabel et al. 2003; del Palomar et al. 2008). However, this simplification 4 

may cause inaccuracy. Samani et al. (2001) proposed a realistic breast model. In the model, the 5 

adipose and fibroglandular tissues were modeled by non-linear finite-strain formulations, while 6 

for the skin, the linear elastic model was chosen. In the report of Kuhlmann et al. (2013), a 7 

Coupled Eulerian-Lagrangian (CEL) mechanical model was proposed to represent the large 8 

deformations of the soft tissues in breast. Another approach for solving the problem of soft tissue 9 

deformation is to use the non-rigid registration methods (Crum et al. 2004; Guo et al. 2006; 10 

Leung et al. 2009; Narayanasamy et al. 2007; Treece et al. 2002). A sub-volume based method 11 

was developed to evaluate the ultrasound image deformations and validation experiments 12 

showed that this method could help to correct the deformations over 85% when this method was 13 

applied to register the distorted images with the original ones (Krucker et al. 2002). Xiao et al. 14 

(2002) used the local statistics and the block matching scheme to register the tissue deformations 15 

on ultrasound images. The registration error was presented less than 0.19 mm. Khallaghi et al. 16 

(2012) introduced a feature-based registration algorithm on the basis of gradient information and 17 

image intensity. They compared their method with fast free-form, Demons, and B-spines 18 

registration methods and demonstrated its potential for recovering non-rigid deformations. 19 

Researchers also applied the combination of optical positional sensing device and non-rigid 20 

registration method to evaluate the deformations during the freehand 3D ultrasound scanning 21 

procedures (Gee et al. 2003, Treece et al. 2002). A registration method, which was used to track 22 

characteristics on images of the soft tissues in real time, was developed by Leung et al. (2009). It 23 
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was demonstrated that this method could achieve a high registration rate at an average of 5.5 1 

frames per second (Leung et al. 2009). The ultrasound echoes combined with a cross-correlation 2 

algorithm were also reported to estimate the tissue deformation (Lu et al. 2005, Lu et al. 2009). 3 

Based on existing approaches for breast deformation correction, effective deformation 4 

measurement method will be further investigated for our system. 5 

5.3.2 Validation experiments 6 

In the validation tests of the current automated annotation method, the system accuracy on 7 

distance and angle measurements, and the repeatability on reference points and annotation 8 

parameters were investigated. Though this rendering method and the annotation method were 9 

based on the same instruments, this method involved a reconstruction procedure based on 10 

ultrasound images and spatial data. Therefore, validation tests of this rendering method were 11 

necessary before the clinical trials.  12 

In the validation experiments, phantoms were needed to test the system accuracy and 13 

repeatability.  Today, various commercial tissue phantoms have been available for different 14 

medical applications, such as the breast phantom used in the phantom test of the annotation 15 

method. In this study, to test the system performances, phantoms containing inclusions with 16 

different sizes were required, as shown in Figure 3-15. Moreover, these phantoms should have 17 

the similar ultrasonic characteristics with the clinical breast tissues with breast tumor. Therefore, 18 

rather than commercial phantoms, it was desirable to tailor phantom configurations for these 19 

specific requirements. To mimic the breast features, the acoustic properties of tissue substitute 20 

used here should be similar to the breast. The most critical properties include the sound speed, 21 

acoustic impedance, attenuation, backscattering coefficient and nonlinearity parameter 22 
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(International Commission on Radiation Units and Measurements 1998).  However, the 1 

backscattering coefficient and nonlinearity parameter are difficult to measure and rarely reported 2 

in the literature (Shui et al. 2008). Therefore, only the first three properties were taken into 3 

account in this study. Breast tissues are mainly composed of muscles, tendons, ligaments, fat and 4 

glandular tissues. It was reported that the velocity, attenuation, and acoustic impedance of breast 5 

were 1510 m/s, 0.75 dB/cm MHz, and 1.54 MRayl, respectively (International Commission on 6 

Radiation Units and Measurements 1998). The gelatin-based tissue substitute is one of the 7 

earliest materials for ultrasound imaging test (Culjat et al. 2010). Gelatin is a homogeneous 8 

colloid gel, which is derived from the collagen of animal tissues. It was reported that its sound 9 

speed, attenuation, and impedance were between 1520 to 1650 m/s, 0.2 to 1.5 dB/cm at 1MHz, 10 

and 1.60 to 1.73 MRayl dependence on different concentrations (Bush and Hill 1983; Madsen 11 

1978). Another substitute, agarose gel-based tissue mimic, was widely used in soft tissue 12 

phantoms to achieve sufficient attenuation and scattering properties (Madsen et al. 1998). The 13 

mixture of gelatin and agar was usually employed to mimic the breast to have the properties near 14 

to the breast tissues and was widely reported by the researchers (Culjat et al. 2010; Madsen et al. 15 

1982; Madsen et al. 2006). Therefore, in this study, the gelatin and agar were used as the matrix 16 

of the breast phantom. In clinics, different types of breast lesions have different ultrasound 17 

images. To simplify the mimic question, the cyst which is mainly full of liquid was selected to be 18 

mimicked. In this study, a special type of bead, crystal soil, was employed as the breast lesion 19 

substitute. As the previous description, this material can hold up to 180 times its volume in water 20 

so the composition of the inclusion is almost water. Beads with different sizes were chosen to 21 

mimic different cysts. After choosing the mimic materials, proper fabrication procedure was 22 

performed and breast phantoms with different lesion substitutes could be completed. Figure 3-23 
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15d was a typical ultrasound image of the employed breast phantom, which had very similar 1 

ultrasonic characteristics with the clinical breast cyst images. 2 

In clinical breast examinations, coronal plane means the plane parallel to the skin. In the 3 

validation experiments of this study, the plane was defined parallel to the phantom surface, as 4 

shown in Figure 3-15a. It was found that there was a good linear correlation (y = 1.0147x, R2 = 5 

0.9927) between the measurement results of this rendering method and the micrometer results, 6 

demonstrating the good accuracy in coronal plane of this proposed method. The ICC values in 7 

intra-rater and inter-rater were also calculated to study the system repeatability. Very high values 8 

demonstrated the system had good repeatability for providing coronal images.   9 

5.3.3 Clinical test 10 

In this study, clinical tests were performed to further demonstrate the system performance in 11 

patients. The setup used in clinical tests was not totally the same as that employed in validation 12 

experiments. The ultrasound scanner in clinics (DC-8, Mindray, Shenzhen, China) differed from 13 

that in our lab (EUB-8500, Hitachi, Tokyo, Japan). This issue has been discussed in the previous 14 

subsection. Both of two scanners could provide clear ultrasound images so the change had little 15 

influence on the performance of our system. As the preliminary clinical test of this rendering 16 

method for providing coronal images, only three patients with breast tumor were recruited.  17 

To compare the scanning time of our system with the commercial 3D probe, the two scanning 18 

procedures were performed by the same operator on the same patient. After one scanning 19 

procedure was finished, the patient was asked to keep the same position on the scanning bed 20 

until the other scanning was done. In addition, to demonstrate the time difference between this 21 
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rendering method and the commercial 3D probe, the image annotation procedure was not 1 

included in the whole scanning. That is because the two systems used different annotation 2 

methods, which could obviously cause time difference. In the scanning procedure of our system, 3 

after scanning the whole breast, the operator moved the probe to lesion part to scan this region. 4 

To acquire enough raw data for the later reconstruction, the scanning was slowed down. In this 5 

study, about 300 to 400 B-mode images for lesions with different sizes were needed to form a 6 

clear coronal image. For the scanning of the commercial system, to acquire enough data, the 7 

operator needed to put the 3D probe on the lesion region and kept stationary for about 15 8 

seconds.  9 

The scanning time comparison between our rendering method and the commercial 3D probe was 10 

performed. On average, the scanning time of our system was 64 s and the acquisition time of the 11 

commercial system was 74 s. Our system had a better performance in the scanning time 12 

compared with the procedure using the combination of the linear probe and 3D probe. During the 13 

scanning procedure of the commercial scanner, the probe switch was a necessary but time-14 

wasting step. The operator firstly used the 2D probe to review the patient’s breasts because this 15 

probe could provide real-time display of breast ultrasound images with its fast acquisition speed.  16 

And then the operator switched to a 3D probe to get the volume of lesion region. To perform the 17 

switch, several hand motions were needed. The operator put down the 2D probe to the probe 18 

holder and picked up the 3D probe. She then changed the machine interface to the 3D scanner 19 

interface. Finally, suitable probe parameters such as depth and frequency were set according to 20 

the scanning requirements. This fussy changing procedure usually took over than 10 s, which 21 

was a waste of time for the clinical examinations. For our system, there was no probe switch so 22 

the time for this part could be saved and the operation was simplified.  23 
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The coronal images obtained by the two systems were also compared. For the three patients, the 1 

differences between the results of our system and the commercial 3D probe were 1.2mm*2.0mm, 2 

1.6mm*2.1mm and 1.0mm*2.0mm (width * height), with the new method smaller by 5.6% to 3 

11.9% in width and height. One potential reason for the differences was that the new method 4 

involved superimposing data of 2D images within a certain thickness to form the coronal image. 5 

This step might lead to the loss of some details in the tumor edge. While using the 3D probe, 6 

reslicing was used to obtain a coronal slice. However, it was difficult to determine whether the 7 

image obtained by the 3D probe represented the true dimensions of the tumors. In addition, the 8 

pressures applied on the breast differed for the two systems because they had different 9 

acquisition modes. In the commercial 3D probe, the operator held the probe on the lesion region 10 

and kept stationary. While in our system, the operator swept the probe across the lesion part 11 

slowly. Generally speaking, a larger force was applied on the breast when using our system. 12 

Different forces could cause different tumor deformations because of the soft nature of the breast. 13 

This also might lead to the difference in tumor size measurement on the coronal images. For the 14 

future clinical tests, the actual dimensions of the tumor should be measured using another 15 

independent while accurate method, such as MRI scanning or measurement based on tumors 16 

obtained in the surgery. The actual dimensions are then used as the reference values for 17 

comparison with our system results. Except using the independent reference method, the image 18 

quality will also be improved to clearly display the image characteristics such as the spiculation. 19 

In this study, instead of the volume reconstruction, direct rendering method was used to get 20 

coronal image. However, due to the speckle and noise in raw ultrasound images, the coronal 21 

image was a little blurred, as shown in Figure 4-9. In order to overcome this limitation, Berge et 22 

al. (2014) proposed a new rendering method for ultrasound images. This method was based on 23 



CHAPTER 5 DISCUSSION 

114 
 

the ray casting algorithms and the gradient-like nature of the ultrasound images. In the 3D 1 

rendering results of the carotid artery, this method could display the vessel path more clearly 2 

compared with the standard visualization method. In the future study, this method can also be 3 

used in our system to get the coronal images. Another approach to enhance the image quality is 4 

to reduce the influence of the tissue deformation. As described in Section 5.3.1, the deformation 5 

can be corrected using the registration method.  6 

The clinical trial demonstrated that this newly developed system was feasible for providing 7 

coronal images in clinical breast examinations. However, in this experiment, only three patients 8 

were tested. More patients with breast lesion shall be recruited to further demonstrate the clinical 9 

feasibility of this system. In addition, the value of breast coronal image will also be assessed in 10 

the large-scale clinical test. Chen et al. (2013) analyzed the diagnosis value of coronal images in 11 

differentiating benign lesion and malignant tumor, and reported as high as 96.8% in accuracy and 12 

100% in specificity. Other researchers also demonstrated high specificity (98.4% in Wang et al. 13 

2012; 94.6% in Watermann et al. 2005) in breast diagnosis using coronal image. Based on the 14 

coronal images provided by this newly developed system, the diagnosis accuracy and specificity 15 

will be valued in future study. The diagnosis performance without coronal image will also be 16 

analyzed using the conventional 2D ultrasound images. The comparison between the two 17 

methods will be performed to demonstrate the value of coronal image in clinical breast diagnosis. 18 

 19 
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CHAPTER 6 CONCLUSIONS AND FUTURE STUDIES 

6.1 Conclusions 

The development of a breast ultrasound system for providing automated 3D annotation and 

coronal images has been reported in this thesis. The new system consisted of a 2D ultrasound 

scanner, an electromagnetic spatial sensing device and a computer. The corresponding 

experiments to test the system feasibility and clinical applications for breast ultrasound 

examination were described. The findings of this study are summarized as follows. 

1. A software was developed for data acquisition, annotation calculation, coronal image 

reconstruction and visualization.  

This software mainly contained two functions, i.e. automated annotation and image rendering. 

During breast ultrasound scanning, the B-mode images and their positional information were 

simultaneously collected by our system. The annotation information was calculated for each 

ultrasound image. By using the 3D annotation model, 2D annotation pictogram and textual 

sequence, the annotation information together with the image were displayed on the software 

interface in real time. When a breast lesion was found, the operator moved the probe to the lesion 

region and scanned it slowly. After breast scanning, based on images and spatial data of lesion 

region, the coronal images of the breast lesions were reconstructed and visualized by the 

software. 

2. A 3D automated annotation method for breast ultrasound examination was developed. 
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Unlike the conventional annotation method, this method employed three parameters to display 

the image position, including the distance to the nipple, the radial angle and the probe tilt angle. 

By using these parameters, all positional information of the ultrasound image could be fully 

obtained. Three reference points, including the right collarbone end point and the left and right 

breast nipple points, were recorded for each patient to calculate the above three parameters from 

the absolute positional data. Besides the 2D annotation pictogram and textual sequence, a 3D 

annotation model was employed to intuitively display these parameters. 

3. Validation and clinical tests were performed for the automated 3D annotation method. 

It was found that this annotation method had good accuracy and repeatability in phantom tests. 

Before clinical tests, experiments on breast phantoms were performed. By comparing with the 

camera record, this system could fully show the image positional data in real time. Results of 

clinical test revealed that this automated annotation method could greatly save the examination 

time compared with the conventional method. It was also demonstrated that this method had 

good linear correlation with the manual annotation method.  

4. A rendering method for providing breast coronal images was proposed. 

In this rendering method, the operator first defined the reconstruction range by selecting the start 

and end frame, and setting the ROI region on an image. After reviewing the spatial data of all 

images, the image coordinate system in coronal plane was defined. The resolutions of the coronal 

image were then determined by the operator. Finally, the pixel value of new image was 

calculated through data mapping and gap filling.   
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5. Validation and clinical tests were conducted for the rendering method. 

Custom-made phantoms, which mimicked breast tissue and lesion, were designed for validation 

experiments. The results demonstrated good accuracy and repeatability of the developed method 

in phantom tests. In clinical test, a commercial 3D scanner was employed to verify the 

performance of this rendering method. Results on breast patients demonstrated that this method 

could help to reduce the acquisition time in clinical scanning. Coronal images from this 

rendering method and the 3D scanner were comparable in general.  

6.2 Future studies 

On the basis of findings of the present study, the following topics are proposed for future 

research: 

1. To include the axillary region in the automated 3D annotation method. 

This study provided a useful annotation method for clinical breast ultrasound examination. 

However, only the breast mammary parts were included in this annotation method. In clinical 

breast scanning, the axillary region is also an important scanning part because tumors often 

appear in this region when a patient has breast disease. In the future development, the display on 

this axillary region of the 3D annotation model will be provided according to the spatial data. 

2. To use an actual breast contour image for 3D annotation. 

A 3D breast model was successfully employed to intuitively display the spatial information in 

this study. However, this model was established in advance and the dimension of this model was 
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predefined. So the shape and size of the actual breast could not be reflected using this model. In 

further studies, to get the breast contour image, a camera and a line laser projection will be used. 

And the current 3D breast model can be replaced by the reconstructed 3D surface image to better 

demonstrate the spatial annotation. 

3. To employ another spatial sensor to compensate potential patient motions. 

Although the clinical test of the proposed annotation method verified the potential applications 

of this method in breast ultrasound examinations, during the test, the patients were asked to keep 

still and lighten her breath as possible as she could. This caused inconvenience to patients and 

the routine breast ultrasound examination had no such requirements. In further studies, another 

spatial sensor can be attached on the subject to detect the movement, including breathing and 

involuntary movements. The initial spatial data of the patient will be recorded at the beginning of 

the scanning. When there is movement, the difference will be obtained to modify the spatial data 

of the system reference points. 

4. To develop an automated ROI definition method for the breast coronal image formation. 

In the proposed rendering method to form the breast coronal image, an important step was the 

definition of ROI. This step was performed manually. If this step can be realized automatically, 

this system will provide coronal images automatically and further save the reviewing time in 

clinical breast examinations. In future studies, based on the existing methods (Modi et al. 2011; 

Nguyen et al. 2005; Stoutjesdijk et al. 2007; Su et al. 2011; Xue et al. 2010; Ye et al. 2008), an 

automated ROI definition method, which is suitable for breast ultrasound images, will be 

developed. 
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5. To validate coronal image formation using an independent reliable reference method. 

In the clinical test of the rendering method, the results from a 3D scanner were compared with 

the measurement results on coronal images of our system. Though the two results were 

comparable, the measurement results from this new method were smaller by 5.6% to 11.9%. It 

was difficult to confirm whether the image obtained by the 3D probe represented the true 

dimensions of the tumors. In future clinical studies, the actual dimensions of the tumor will be 

measured using another independent while accurate method, such as MRI scanning or 

measurement based on tumors obtained in the surgery. The actual dimensions will then be used 

as the reference values to test our system results. 

6. To investigate registration methods to overcome the problem of breast deformation in multiple 

sweeps. 

In the patient scanning using the rendering method, only one sweep was used to get images of 

breast lesion. So there was no obvious blurs caused by the deformation. However, in clinical 

breast examinations, multiple sweeps are usually needed, especially for the fatty breast or large 

lesions. In further studies, based on the existing registration methods (Crum et al. 2004; Guo et al. 

2006; Leung et al. 2009; Narayanasamy et al. 2007; Treece et al. 2002; Xiao et al. 2002), a new 

registration approach will be developed for our system to decrease the influence caused by breast 

deformation.  

7. To conduct a large scale of clinical tests for patients with breast lesions. 



CHAPTER 6 CONCLUSIONS AND FUTURE STUDIES 

120 
 

In this study, 21 breast patients were recruited to test the annotation method and three patients 

were recruited to test the rendering method. More patients with breast lesions will be recruited to 

further test the clinical performance of the two methods, especially for the rendering method. 
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