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Abstract 

Prostate cancer (PCa), the most common cancer in men across the UK, is a multifocal 

disease with characteristic heterogeneity and foci that can range from low-grade indolent 

to aggressive disease. In current clinical care, the well-established diagnosis for PCa is 

trans-rectal ultrasound (TRUS) guided biopsies. The TRUS procedure follows by the 

Gleason scoring that usually requires the expertise of a trained histopathologist. However, 

an inter-observer variation exists between two histopathologists besides a large 

discrepancy existing on initial biopsy and after the final radical prostatectomy. Therefore, 

a reliable diagnosis is of high demand to make an optimal decision for PCa treatment. 

This research work aims to apply two emerging optical imaging modalities to 

quantitatively evaluate the degree of malignancy.  

This research thesis presents the vibration optical coherence elastography (OCE) to 

quantify the tissue stiffness on a microscopic scale. A feasibility study of ten patients 

suspected with PCa was designed to scan TRUS guided biopsies with the vibration OCE. 

Meanwhile, the effect of fixatives on the tissue stiffness was studied with five different 

tissues preserved in the fixatives along a controlled timeline. A subsequent clinical study 

involving 60 more patients was conducted to follow the feasibility study, which leads to 

a large clinical study containing a total of 840 core biopsies. Additionally, the second 

harmonic generation (SHG) microscopy focused on the cells and surrounding matrix 

within the prostate tissue. The SHG study with 42 core biopsies was intended to 

investigate the reason of stiffness increase of the cancerous tissue in the prostate.  

The experimental results indicates that the vibration OCE is capable to provide 2D and 

3D high-resolution elastogram of biopsies with different malignancies. Moreover, a high 

diagnostic accuracy of differentiating malignant biopsies from benign ones is confirmed, 

as well as a significant difference in Young’s modulus of biopsies of different Gleason 

scores. For SHG, distinct patterns of collagen distribution are shown for PCa of different 

Gleason scores, along with a ratio of anisotropic to isotropic (A: I ratio) that correlates 

with the disease aggressiveness. To sum up, the two techniques described in this research 

thesis are complementary, where one depicts the stiffness of prostate tissues and the other 

illustrates the orientation of collagen structure around the cancerous lesion. With further 

development, these approaches may help in vivo diagnosis of PCa quantitatively and 

characterise grade of cancer as well. 



 
1 | P a g e  

 Chapter 1  

Chapter 1. Introduction 

 

Prostate adenocarcinoma (PCa) is the most common cancer in men in the UK. In routine 

clinical care, PCa is suspected if men have a raised serum prostate-specific antigen (PSA) 

level and/or abnormal digital rectal examination (DRE). Conventional ultrasound is a 

popular clinical imaging technique for lesion anatomy based on the acoustic properties of 

soft tissues, but many soft tissues can share similar ultrasonic echogenicity. In prostate 

ultrasound imaging, trans-rectal ultrasound (TRUS) guided biopsy is already in use 

clinically around the world to guide prostate biopsies. Besides that it is always a 

frightening and painful procedure for the patients, tumours of prostate may be invisible 

or barely invisible in standard ultrasound examinations. The sensitivity and specificity in 

detecting PCa is about 40-50% for conventional TRUS B-mode imaging [1]. This leads 

to unreliable assessment of the tumour volume [2] and cancer staging [3, 4]. 

The cancer staging is usually confirmed by the histopathologic verification under 

microscope using Gleason scoring system [5] as a gold standard. The scoring method is 

largely relied on the knowledge and experience of the histopathologists. Generally, a 

higher Gleason score means a more aggressive tumour and a worse prognosis. 

Notwithstanding an inter-observer variation exists between two histopathologists besides 

a large discrepancy existing on initial biopsy and after the final radical prostatectomy 

(RP). Cohen et al. [3] conducted a meta-analysis of 14839 patients worldwide, who were 

diagnosed of PCa with TRUS biopsy and then underwent RP. It was found that only 58% 

of the patients in whom the RP grade was accurately predicted. In addition, it is 

controversial about the sensitivity and specificity of the technique, as well as associated 

risks of overdiagnosis and overtreatment. Therefore, a quantitative diagnosis is of high 

demand to make an optimal decision for PCa treatment.  

Many soft tissues can share similar echogenicity and intensity in ultrasound and magnetic 

resonance imaging (MRI), but they may have different mechanical properties. The 

differing elasticity of soft tissue has been an established practice for centuries to 

differentiate healthy from diseased tissue, especially in breast and prostate tissue. PCa 

was traditionally diagnosed with DRE of the prostate by feeling the stiffness alteration in 

the prostate. For the establishment of a quantitative diagnosis using the mechanical 

properties of the prostate, a direct mechanical evaluation of prostate elasticity was first 

investigated by Krouskop et al. [6] with displacement loading experiments. It was found 
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that tissue from PCa has a measurable elevated Young’s modulus compared with the 

normal prostate glandular tissue. Elastography enables deeper tissue elasticity imaging 

based on the assumption that soft tissue is a linear elastic solid with isotropic mechanical 

properties [7, 8]. Ultrasound elastography has become a commonly used approach for 

clinical elasticity imaging [9]. However, it depends largely on the performing skills of the 

operator. Moreover, many cancer foci in the prostate gland has very small size less than 

1 mm [10], whilst the spatial scales of current elastography techniques limit the ability to 

identify such small lesions. Alternatively, optical imaging techniques can break the limit 

of ultrasound and MRI to realize micro-scale resolution [11].  

Optical coherence tomography (OCT) is an emerging optical imaging technique which 

works similar to ultrasound except that OCT uses near-infrared light rather than acoustical 

waves. OCT enables micro-scale spatial resolution and millimetre-scale imaging depth 

[11]. Elastography with OCT to detect tissue deformation is termed as optical coherence 

elastography (OCE). Phase-sensitive (PhS) method has been widely utilized to detect the 

displacement owing to a large displacement dynamic range. To generate mechanical 

stimulation, the compression method is the most commonly used one to implement in 

OCE. However, the lack of direct measurement of the absolute elasticity has limited its 

potential clinical applications. Both surface acoustic wave (SAW) and shear wave (SW) 

method can provide quantitative evaluation of tissue stiffness, but the lateral resolution is 

lower due to the long wavelength of the mechanical wave.  

In this study, a novel vibration OCE method was adapted from Guan et al.[12] by 

combining PhS-OCE configuration with a magnetic shaker. This method was capable to 

provide quantitative Young’s modulus of biological tissues with a high spatial resolution. 

Thus it might be suitable for the early PCa detection. Therefore, the vibration OCE 

method was applied in a large clinical study to evaluate the degree of malignancy in the 

men suspected with PCa. Moreover, it is not well understood about the stiffness change 

of the TRUS biopsy tissues embedded in the neutral buffered formalin (NBF) in the 

routine clinical care for PCa patients. Hereby, the effect of fixatives on the tissue stiffness 

was also studied in this research thesis along a controlled timeline with vibration OCE.  

Extracellular matrix (ECM) remodelling is significant in cancer progression with collagen 

as the dominant structural component providing mechanical strength and flexibility of 

tissue. A novel technique that can identify and characterize features of the epithelial-

stromal microenvironment is of great diagnostic potential and interest. Second harmonic 

generation (SHG) has been widely used for biomedical researches [14, 18, 22, 25]. In 
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biological tissues, only non-centrosymmetric structures are capable to emit SHG light, 

and such structure like collagen which is a main loading component in most tissues. In 

the normal prostate ECM, collagen type I and type III are the major structural components 

[5, 6]. In this study, the purpose of using this technique is to investigate the role of 

collagen in the prostate elasticity change, and possibly in cancer progression. 

 

1.1 Research Aims 

The overall objective of this research thesis is to implement two emerging optical imaging 

modalities to quantitatively evaluate the degree of malignancy. This goal is achieved by 

the following three aspects of original work.  

1. Studying the impact of fixatives on the tissue stiffness using vibration OCE.  

2. Estimating the diagnostic accuracy of vibration OCE in detection and grade 

characterisation of PCa with ex vivo prostate biopsies. 

3. Investigating the cells and surrounding matrix using SHG microscopy to uncover the 

relationship between the collagen orientation and the degree of malignancy.  

 

1.2 Structure of Thesis 

Chapter 2. Prostate Cancer and Technical Background 

This chapter will provide a literature background for this research project. The first part 

is the introduction of PCa including the gold standard Gleason scoring system and the 

current diagnostic methods such as the PSA serum test and DRE. In the second part, a 

brief review is provided on the tissue biomechanics of prostate, theory of elastography, 

and current elastography techniques in clinical trials to detect prostate disease, namely 

strain and shear wave elastography. At last, the theory and development of OCT and OCE 

technique is reviewed. The pros and cons will be compared and summarized for the 

current OCE methods including SAW, SW and compression elastography.  
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Chapter 3. Evaluation of Fixative Effects on Tissue Stiffness with Vibration Optical 

Coherence Elastography 

In the case of PCa diagnosis, the TRUS biopsy tissues is deposited in 10% formalin before 

the histopathological procedure. In this chapter, the effects of tissue preservation (10% 

formalin and Thiel fluids) on the elastic properties of five different kinds of fresh tissues 

will be studied. Understanding the effects of storage and preservation conditions on the 

mechanical properties of soft tissue has both clinical and experimental significance. The 

system configuration of the vibration OCE will be detailed including the applied 

parameters and the scanning protocol, as well as the principle of stiffness quantification. 

Briefly, a magnetic shaker stimulates vibration to the sample and the sample deformation 

is detected by the PhS OCT. For scanning the sample, the tissue elasticity was measured 

within a controlled timeline of 6 months. This method is proved to be capable to depict 

that the formalin solution has an ascending impact on the tissue elasticity, but the 

elasticity of the tissues in Thiel solution remains almost constant. Meanwhile, it reveals 

the optimal time for the tissues to achieve full fixation. Therefore, the findings of this 

chapter forms a basis for performing vibration OCE to evaluate the degree of malignancy 

using ex vivo prostate biopsies embedded in the formalin.  

 

Chapter 4. Elastic Quantification of Biopsies from Men Suspected with Prostate 

Cancer Using Vibration Optical Coherence Elastography 

Chapter 4 describes a large clinical study of implementing vibration OCE to evaluate the 

degree of malignancy. This study recruited 70 patients suspected with PCa who 

underwent TRUS biopsy before the histopathological process. Both 2D and 3D scanning 

was performed on each biopsy with vibration OCE method. The results showed that 

stiffness of cancer tissue was approximately 57.63% higher than that of benign ones. A 

high diagnostic accuracy of vibration OCE method is confirmed in the detection and 

characterisation of PCa. Using histology as a reference standard and 600kPa as a cut-off 

threshold, the data analysis showed sensitivity and specificity of 89.6% and 99.8% 

respectively. Furthermore, there is a significant difference noticed in Young’s modulus 

of different Gleason scores estimated by vibration OCE. 
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Chapter 5. Second Harmonic Generation Imaging of Collagen Orientation in 

Prostate Biopsies from Men Suspected with Prostate Cancer   

In this chapter, the collagen assembly in prostate tissue was investigated with SHG 

microscopy. It was intended to investigate the reason of stiffness increase of the cancerous 

tissue in the prostate with a total of 42 core biopsies. A novel technique such as SHG that 

can identify and characterize features of the epithelial-stromal microenvironment is of 

great diagnostic potential and interest. The results present the normal area of prostate 

biopsy with a papillary pattern, while the malignant foci with a reticular pattern. Distinct 

patterns of collagen distribution were seen for different Gleason grade disease. A 

parameter (A:I ratio) based on the ratio between anisotropically and isotropically aligned 

collagen fibres was applied to compute the regularity in collagen fibre orientation. This 

ratio was found to be correlated with the disease aggressiveness, i.e. the collagen fibres 

tended to be more oriented/anisotropic when PCa became more aggressive. 

 

Chapter 6. Conclusion and Perspectives   

A final summary will draw in this chapter to present the complementary role of these two 

imaging techniques in identifying PCa and evaluating malignancy. Vibration OCE has 

been proved to be a potential method of high diagnostic accuracy in depicting the tissue 

stiffness related to the gold standard. Meanwhile, SHG microscopy has been capable to 

illustrate the orientation of collagen structure around the cancerous lesion which will be 

helpful to understand PCa progression. This chapter will also summarise the limitation of 

this research work and potential future works. 
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Chapter 2. Prostate Cancer and Technical Background 

 

This chapter aims at providing a literature background for this research project using 

optical coherence elastography to characterize the mechanical properties of prostate 

biopsies. It will be divided into several sections below. 

1. The first section starts with the introduction of prostate cancer from the 

histological and pathological point of view including the gold standard Gleason 

scoring system, and followed by comparing the advantage and disadvantage of 

the current diagnostic methods. The lack of a reliable diagnostic method was 

highlighted as a clinical evidence and triggers the motivation of this study that the 

employment of elastography might be a potential diagnostic technique.  

2. Prostate elastography intends to achieve a more accurate diagnosis objectively by 

providing quantitative mechanical properties. This section includes a brief 

description of tissue biomechanics of prostate, theory of elastography, and 

different elastography techniques that have already been researched in prostate 

disease. The reported evidence of performance will also be summarised and 

compared in this section. This section lays a foundation of using elasticity as a 

biomarker for this research project.  

3. An alternative elastography is optical coherence elastography equipped with a 

much higher resolution than current clinical elastography techniques. It is a novel, 

safe, and non-invasive optical imaging elastography, aiming at early detection of 

subtle changes in diseased tissues. The theory and development of this technique 

will be provided in this section. Further description of the system setup used in 

this research project will be given in detail in Chapter 3.  

 

2.1 Prostate Cancer  

The prostate is an exocrine gland situated at the origin of the urethra, beneath a man's 

bladder, and toward the front of the rectum. The prostate secretes fluid that nourishes and 

protects sperm. The fluid makes up around 20 to 30 percent of semen. During ejaculation, 

the muscles of prostate help to expel the semen. It is approximately the size of a large 

walnut and weighs between 20 and 30 grams, while an enlarged prostate can weigh up to 

100 grams. The prostate gland is composed of three zones: central, peripheral and 
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transitional zones. The peripheral zone of the prostate gland is where majority of PCa 

originate. PCa can develop when cells in the prostate start to grow in an uncontrolled way. 

The most common kind of PCa (approximately 95%) is adenocarcinoma which starts in 

some of the cells that line the prostate – called glandular epithelial cells. The 

aggressiveness of PCa is characterized by Gleason score based upon the cell pattern under 

the microscope in the current clinical care. It is given by n + m, where n is the dominant 

pattern of the tumour, and m is the next-most frequent pattern. Generally, a higher 

Gleason score means more advance the cancer, and a worse prognosis. 

 

2.1.1 Histology and pathology of prostate cancer  

Microenvironment 

The normal prostate gland is composed of epithelial and stromal cells [13]. Pathogenesis 

of PCa is not yet well understood. It usually begins with the transformation of normal 

cells to carcinoma cells, and continues with tumour growth, invasion and metastasis. 

Tumour stroma is different from the stroma in normal tissue. Considerable evidence [14-

16] has shown that a new reactive stroma forms to enhance tumorigenesis during PCa 

progression. As illustrated in Figure 2.1, secretory luminal and basal cells in the normal 

human prostate gland are confined by basement membrane, and surrounded stroma is 

consisted of extracellular matrix (ECM), fibroblasts, smooth muscle cells (SMC), 

immune cells, nerves and blood vessels. PCa cells proliferate and invade through 

basement membrane into the host stroma followed by ECM remodelling and basement 

membrane degradation. The disruption creates a new stromal microenvironment termed 

‘reactive stroma’ to support cancer cell survival, proliferation and migration, and induces 

angiogenesis. In the new formed stroma, stromal cell is substituted by myofibroblasts, the 

order of ECM is disturbed with increased angiogenesis, collagen deposition, and influx 

of tumour associated macrophages (TAM).  
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Figure 2.1 Sketch of the microenvironment of (a) normal prostate gland, and (b) prostate cancer (PCa). 

Smooth muscle cells (SMC), extracellular matrix (ECM), tumour associated macrophages (TAM). 

 

Classification systems 

Gleason system has been the single most powerful prognostic factor for PCa since the 

introduction of this system by Gleason et al. based on a study of 270 patients [17] upon 

the architectural pattern of the glands of the prostate tumour under the microscope. Each 

pattern has a corresponding Gleason grade of 1 to 5 where Gleason 1 is the most well-

differentiated tumour pattern while Gleason 5 is the least. A higher Gleason score/grade 

means a more aggressive tumour and a worse prognosis. By 1974, Gleason and his team 

expanded to 1032 men in a following study [18]. The histologic and clinical diagnosis of 

PCa as well as its treatment has evolved since the original system, therefore urological 

pathologists have been adapting Gleason system to accommodate the changing practice 

of contemporary medicine. An International Society of Urological Pathology (ISUP) 

consensus has been held in 2005 [19] and 2014 [20] to address the controversial areas and 

improve the overall Gleason system. The difference of the original and modified Gleason 
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systems is compared in Figure 2.2. As most of the tumours typically have two histological 

patterns, a Gleason score is reported as a mathematical equation (n+m) where n is the 

predominant pattern of the tumour (greater than 50% of the total pattern), and m is the 

next-most prevalent. 

 

Figure 2.2 Comparison of original (a) and 2015 modified ISUP (b) Gleason schematic diagrams of 

histologic patterns of prostate adenocarcinoma. Adapted from Epstein et al. 2016 [20].  

 

Alternatively, the term Gleason score can be assigned in the form of the final sum of n 

and m. If the latter is presented, the number can range from 2 to 10. In today’s practice, 

the lowest score assigned on prostate biopsy is Gleason 3+3=6 [20], which is in the middle 

of the range. This could make some patients assume that a diagnosis of Gleason score 6 

on biopsy is serious and expect that treatment is necessary, thus overtreatment can happen. 

In the current application of the Gleason system, Gleason 3+4 and 4+3 are often 

considered the same prognostic group (Gleason score 7), whereas the latter is more poorly 

differentiated cancer. A contemporary grading system with Grade Groups 1-5 [20] for 

PCa was recently proposed by Epstein et al. in 2013 based on data from John Hopkins 

Hospital with a more accurate grade stratification than the current Gleason system. They 

validated the accuracy of the new system with the outcomes in a multi-institutional study 

with 20845 radical prostatectomy (RP) cases [21]. It is recommended by ISUP and the 
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World Health Organization (WHO) to report the Grade group in conjunction with the 

overall or global Gleason score of a prostate biopsy or RP to increase the prognostic 

accuracy and simplify the procedure. The details of stratification and corresponding 

histological description of each grade group is listed in the table below. 

Table 2.1 Histological definition of new five-tier grading system. Adapted from [20]. 

Grade 

group 

Gleason 

score 
Histological definition 

1 6 (3+3) -Only individual discrete well-formed glands 

2 7 (3+4) 
-Predominantly well-formed glands with lesser component of 

poorly formed, fused, cribriform glands 

3 7 (4+3) 
-Predominantly poorly formed, fused, cribriform glands with 

lesser component of well-formed glands 

4 

8 (4+4 or  

3+5 or 

5+3) 

-Only poorly formed, fused, cribriform glands or 

-Predominantly well-formed glands and lesser component 

lacking glands 

-Predominantly lacking glands and lesser component of well-

formed glands 

5 

9-10 (4+5 

or 5+4 or 

5+5) 

-Lack of gland formation (or with necrosis) with or without 

poorly formed, fused, cribriform glands 

 

2.1.2 Diagnosis of prostate cancer 

According to Prostate Cancer UK (PCUK), PCa is the most common cancer in males in 

UK. Every day, about 130 men are diagnosed with PCa across UK and two men die from 

PCa in Scotland. PCa often grows slowly and there may be no warning signs in the early 

PCa. If symptoms emerge, many are like those caused by an enlarged prostate, such as 

trouble urinating, blood in the urine or semen, and pain in the lower back, hips or thighs. 

PCa is commonly diagnosed in the men aged 50 and over, especially between 65 and 69. 

It is of great significance of screening and diagnosis of early PCa to identify curable lesion 

in time before spreading outside the prostate. Although there are screening programmes 

for breast, cervical and bowel cancer in the UK, no test is reliable enough to be used as 

part of a screening programme for PCa. The European Association of Urology (EAU) 

[22] is still against systematic population-based screening in the latest 2016 guidelines on 
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PCa in Europe. The benefits and drawbacks of a potential screening program for PCa 

need to be revaluated.  

 

Current protocol for diagnosis 

Figure 2.3 is a flowchart of the routine clinical care for PCa. If men have a raised serum 

prostate-specific antigen (PSA) level, the patients are referred to clinics to have a digital 

rectal examination (DRE). Abnormal DRE results can indicate that the patients might be 

suspected with PCa. Then physicians perform a trans-rectal ultrasound (TRUS), which is 

followed by pathological examination using Gleason scoring system and Grade groups. 

The patients with a positive TRUS biopsy are further scheduled magnetic resonance 

imaging (MRI) or computerised tomography (CT) scans to confirm the size of the tumour 

and whether it has been spread to other parts of the body. In this section, the main 

diagnostic methods will be introduced, as well as the pros and cons of each method.  

Figure 2.3 Current diagnostic protocol for PCa.    

 

MRI or CT scan 

Positive  

PSA follow-up Negative TRUS biopsy 

Clinic DRE test 

Elevated PSA 

Abnormal 

PSA follow-up Normal 

PSA follow-up Negative 

Positive  

Treatment plan 
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Prostate specific antigen  

Serum prostate specific antigen (PSA) testing, a blood test to measure the amount of PSA 

in the serum, was introduced in the late 1980s. It is often recommended for men over 50 

or of a higher risk of genetics and ethnicity. A man with a family history of PCa or breast 

cancer are more likely to get PCa, and the risk of PCa might be higher for the black men 

than other men. PSA is a glycoprotein produced by the secretory epithelial cells of both 

benign and malignant prostate gland so it is normal for all men to have a small amount of 

PSA in their blood. An elevated PSA level may be a sign of PCa, but it also can be caused 

by advancing age or other conditions such as prostatic hyperplasia, prostatitis, or prostate 

trauma. Studies [23, 24] have shown controversial results of PCa screening with the PSA 

test and have generated conflicting recommendations. Moreover, there are significant 

PCa with PSA levels lower than the normal threshold.  

There are two well-designed large randomized trials regarding PSA screening: the 

Prostate, Lung, Colorectal and Ovarian (PLCO) screening trial [25, 26] in the United 

States and the European Randomized Study of Screening for Prostate Cancer (ERSPC) 

[27, 28] initiated in Netherlands and Belgium. Both trials launched the PSA screening in 

1993, but ERSPC had six other countries (Sweden, Finland, Italy, Spain, Switzerland, 

and France) that participated into the study between 1994 and 2003. It was reported in the 

PLCO’s results that the PSA screening cannot reduce mortality, and organized screening 

has no benefits outweighing opportunistic screening. Although ERSPC showed the PSA 

test could reduce the death risks by 20% in a report at 9 years’ follow-up [27], but this 

needs to be balanced against the harms like overdiagnosis and overtreatment.  

A disparity exists between these two studies because there were some differences between 

the two trials. First of all, the ERSPC study is more sensitive to find PCa due to a lower 

cut-off level (3.0 ng/mL), while the PLCO study used 4.0 ng/mL. Moreover, different 

screening protocols and threshold values of PSA were used in the different countries of 

the ERSPC study, and the heterogeneity of data is the main limitation. Also, 46% of the 

control group in the PLCO study had at least one PSA test prior to trial entry, and 78% in 

the screened group [29]. These data suggest that there would be less difference between 

two groups in the PLCO study. Notwithstanding, a lower level of contamination was 

noticed in ERSPC than in PLCO [29].  

In summary, many organisations in different countries recommend against a national 

screening programme for PCa based on several reasons.  
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Firstly, the PSA test is not accurate enough to justify a national screening programme. A 

low threshold value will lead to increased morbidity, but the absolute reduction in 

mortality of PCa is not significant.  

Secondly, the main downside of PSA screening is overdiagnosis that means cancers are 

identified in men but will never cause any symptoms or shorten life [30]. Due to the 

disease nature of PCa, the PSA test is unable to differentiate between indolent and 

aggressive PCa. Diagnosing aggressive cancers is lifesaving, but diagnosing indolent PCa 

can lead to problematic overtreatment that is worse than the disease itself. PCa is so slow-

growing that many men might die with PCa instead of from PCa.  

Thirdly, a false-positive result can cause great anxiety to the patients and often triggers 

an unnecessary prostate biopsy. In fact, there is about 75% of men with a raised PSA level 

do not have PCa [27]. A population-wide screening programme using the PSA test also 

means many men would have biopsies unnecessarily and complications [31, 32] including 

infection, erectile dysfunction, urinary, and bowel problems.  

Last but not least, although ERSPC has showed a decrease in the number with increased 

years of follow-up study [27, 28], 781 men would need to be screened and 27 additional 

men would receive unnecessary treatment to save one man from PCa in a report at 13 

years’ follow-up [28].  

Therefore, more research is needed to determine the trade-offs of a screening programme. 

Given the evidence against a national screening programme, the National Health Service 

(NHS) provides a Prostate Cancer Risk Management Programme (PCRMP) which allows 

patients to make the decision whether to go for a PSA test after informing the possible 

benefits and harms of the PSA test. Furthermore, the results published from Prostate 

Testing for Cancer and Treatment (ProtecT) trial [33-35] provide further perspective 

about survival and quality of life for patients diagnosed by PSA screening. 

 

Trans-rectal ultrasound guided biopsy 

A further test to diagnose PCa is trans-rectal ultrasound (TRUS) guided biopsy as 

illustrated in Figure 2.4 (a). This procedure is followed by evaluation of the tumour 

volume and aggressiveness under the microscope by the pathologists. TRUS imaging is 

based on increased brightness with respect to the strength of the echo. Prostate biopsy is 

currently the most reliable way to confirm PCa. Because the conventional grey-scale 

TRUS is insensitive to identify the small lesion, it normally requires about 12 small 
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samples of tissue from different part of the prostate as demonstrated in Figure 2.4 (b). 

Since the establishment of TRUS sextant biopsy method in 1989 [36], there has been a 

strong research focus on accurately characterising patients for effective management. 

Increasing cores of biopsy could result in a higher detection rate without considering risks 

and complications. 

 

Figure 2.4 Schematic diagrams of (a) the trans-rectal ultrasound biopsy (TRUS) for the man suspected 

with prostate cancer (PCa) and (b) the standard 12 core biopsy. 

 

Eichler et al. [37] compared across different biopsy schemes and concluded that the 

protocol with 12 cores that compromised the adverse events could detect 31% more 

cancers than the sextant cores. Nevertheless, there has been a large disparity existing 

between Gleason score on the initial biopsies and after the final RP. Cohen et al. [3] 

conducted a meta-analysis of 14839 patients worldwide, who were diagnosed of PCa with 

TRUS biopsy and then underwent RP. It was found that only 58% of the patients in whom 

the RP grade was accurately predicted. Serefoglu et al. [4] evaluated the false-negative 

risk from 90 patients and found that only 43.3% of patients had the same Gleason score 

of preoperative biopsy and postoperative specimen with the false-negative rate of more 

than 30%. A healthcare challenge remains that the improvement of the accuracy of 

detecting in the initial prostate biopsy would enable more appropriate therapy choices to 

be made and especially avoid unnecessary RP.  

The other healthcare challenge is the complications of the prostate biopsy, though biopsy-

related mortality is rare [32]. It is common to have typically minor complications after 
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the TRUS procedure such as pain and bleeding which are usually self-limiting and do not 

require intervention [32]. In a prospective cohort study [31] (Prostate Biopsy Effects: 

ProBE nested within ProtecT study in UK), one in five men at seven days after a first 

biopsy had reported a negative attitude to repeat biopsy due to unfavourable experience. 

At 35 days after biopsy, 43.6% of 984 men had pain, 65.8% of 976 men had haematuria, 

and 94.0% of 937 men had any infective/haemorrhagic symptoms. Moreover, the 

hospitalization rates for complications after the procedure have increased dramatically 

and the most common reason is infectious complications. It was reported [38] in a 

population based study of 75190 men who received TRUS biopsy in Ontario, Canada that 

55.4% of men were misdiagnosed with PCa. The rate of hospitalization within 30 days of 

the procedure increased from 1.0% in 1996 to 4.1% in 2005 (p < 0.0001).  

 

Scans and staging 

Sometimes imaging modalities such as magnetic resonance imaging (MRI), computerised 

tomography (CT) scans or X-rays are utilized to confirm the size of the tumour and detect 

whether the cancer has spread outside the prostate. This helps accurately stage cancer and 

make an optimal decision for treatment.  

The scan results are usually recorded using the tumour node metastasis (TNM) system, 

where the T stage represents the extent of the cancer has spread in and around the prostate 

(usually by DRE or MRI scan), the N stage represents whether the cancer has invaded to 

the regional lymph nodes (usually by MRI or CT scan), and the M stage represents 

whether the cancer has metastasised to other distant parts of the body (usually by bone 

scan). Moreover, the TNM stage is used to define if the cancer is localised (the cancer 

contains inside the prostate and possibly be T=T1 or T2, N=N0 or NX, M=M0 or MX), 

locally advanced (the cancer starts to break out of the prostate and possibly be T=T1 or 

T2, N=N1, M=M0 or T=T3 or T4, N=N0 or N1, M=M0), or advanced (the cancer spreads 

from the prostate to other parts of the body and possibly be any T or N stage, M=M1). 

Another classification for localised PCa is the EAU risk groups [22] by combining the 

serum PSA, Gleason grade and clinical stage for biochemical recurrence after local 

treatment. Three risk groups are defined: low-risk (PSA<10 ng/mL and Gleason score<7 

and clinical stage T1-2a), medium or intermediate-risk (PSA=10-20 ng/mL or Gleason 

score=7 or clinical stage T2b), and high-risk (PSA>20ng/mL or Gleason score>7 or 

clinical stage T2c or any PSA or Gleason score, clinical stage T3-4 or N1). 
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Digital rectal examination  

Digital rectal examination (DRE) is a traditional modality to tell the difference by feeling 

the prostate through the wall of the rectum. It is one example of the standard medical 

practise, palpation, based on qualitative assessment of the size, shape and stiffness. As 

illustrated in Figure 2.5, the doctor wears a pair of glove, inserts one finger into the rectum 

with lubrication, and perceives the prostate to check for anything abnormal. PCa is much 

stiffer than normal prostate [6], and benign prostatic hyperplasia (BPH) is much larger. 

The underlying reason for DRE is that stiffness difference of tissue is correlated with 

pathological changes. 

 

Figure 2.5 Illustration of digital rectal examination. Adapted from Wikipedia 2017 [39]. 

 

However, palpation is only suitable for superficial evaluation, but not capable to find a 

pathological lesion which is small in size or deep in body location. Though DRE can 

detect the prostate abnormity by feeling the prostate, it is highly dependent on the 

operator’s experience and limited to the posterior part of the prostate. It was reported that 

only 20% cancers can be detected by DRE [40]. Also, same limitation as the PSA test, 

the DRE test is difficult to quantify the aggressiveness of the cancer and misdiagnosis can 

happen. Since the introduction of the PSA test into clinical practice in the late 1980s, the 

DRE test is commonly employed with the conjunction with the PSA test [41]. 
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2.1.3 Summary of diagnostic methods 

In summary, the differing elasticity of soft tissue has been an established practice for 

centuries to differentiate healthy from diseased tissue, especially in breast and prostate 

tissue. PCa was traditionally diagnosed with DRE of the prostate by feeling the stiffness 

alteration in the prostate. Conventional ultrasound is a popular clinical imaging technique 

for lesion anatomy based on the acoustic properties of soft tissues, but many soft tissues 

can share similar ultrasonic echogenicity. In prostate ultrasound imaging, TRUS is 

already in use clinically around the world to guide prostate biopsies. However, tumours 

of prostate may be invisible or barely invisible in standard ultrasound examinations, 

which leads to unreliable assessment of the tumour volume [2] and cancer staging [3, 4]. 

Other scanning methods such as MRI and CT are suitable for tumours larger than 3 mm, 

not sensitive to subtle changes of small tumour.  

 

2.2 Prostate Elastography  

The direct mechanical evaluation of prostate elasticity was investigated by Krouskop et 

al. [6] with displacement loading experiments. It was found that tissue from PCa has a 

measurable elevated Young’s modulus compared with the normal prostate glandular 

tissue, and tissue from prostate with BPH is significantly softer than normal tissue. This 

was followed by a lot of work in the advancement of direct mechanical assessment of 

prostate samples using different indenters [42-44], but it has been the engineering changes 

to apply indenters in vivo. Therefore, there has been much more attention in 

sonoelastography (ultrasound elastography) techniques for visualizing anatomy as well 

as mechanical properties of soft tissues which can take advantage of the use of in vivo 

TRUS imaging and moreover overcome the shortcoming of conventional ultrasound.  

The reported elasticity values of prostate vary over two orders of magnitude in the 

abovementioned literature. This is probably because of the variance in location of the 

tissue (e.g. central, peripheral, transitional zone) the tissue condition (e.g. healthy or 

malignant, in vivo or ex vivo, fresh or fixed in formalin), experimental conditions (e.g. 

precompression loading and ambient temperature for ex vivo study), frequency of 

mechanical excitation, and measurement method (e.g. mechanical assessment method, 

ultrasound, MRI).  



 

 20 | P a g e  

 

 Chapter 2  

 

Figure 2.6 Number of elastography papers published on the area of prostate in the last 20 years.  

 

A systematic review was performed by searching Web of Science database for English 

language publications in June 2017 using the key work ‘elastography’ and ‘prostate’. 

There are 142 papers published excluding the ones with reply only. As the chart 

demonstrated in Figure 2.6, a substantial increase of interest has begun since 2008 to 

implement elastography using various excitation and measurement techniques to guide 

prostate biopsy in vivo and increase the diagnostic accuracy of PCa. The following 

contents will provide a brief review of tissue biomechanics, physics of elastography and 

main classifications regarding the application in prostate from research and clinical 

perspective. 

 

2.2.1 Tissue biomechanics 

Prostate is among the primary group of tissue called soft connective tissue. In contrary to 

hard tissue such as bone, the cells in soft tissue are separated by extracellular matrix 

(ECM). Soft tissue has high flexibility and soft mechanical properties owing to complex 

fibre-reinforced composite structures which tend to have preferred directions. Therefore, 

the mechanical behaviour of biological soft tissues is determined by the concentration 

and structural arrangement of constituents such as collagen and elastic fibres, the hydrated 

matrix of proteoglycans, etc. [45]. Among them, collagen is a protein predominant in the 

ECM and the main load carrying element [46, 47].  
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The tensile response of soft tissues is nonlinear stiffening as illustrated in Figure 2.7. It is 

a typical stress-strain curve for biological tissue, and soft tissues are presented to undergo 

large deformations before failure. At the very beginning of deformation, elastic fibres are 

mainly responsible for the stretching mechanism, and then collagen fibres involve in to 

bear loads by gradually lining up with the load direction. The tissue becomes stiff at 

higher stress with straightened collagen fibres until the ultimate tensile strength is reached 

and fibres begin to break.  

 

Figure 2.7 Schematic diagram of a typical stress-strain curve for biological tissue with three distinct 

regions: toe region (A), linear region (B), and failure region (C).  

 

The tendency of a material to resist deformation when loaded is commonly termed as 

‘stiffness’, ‘hardness’ or ‘elasticity’, which is the parameter elastography evaluates. 

Elastic behaviour is defined if a material deforms when loaded and returns to its original 

shape after the applied force is removed. In reality, many soft tissues exhibit both elastic 

and viscous behaviour, which is viscoelastic. Some recent studies [44, 48] have used 

viscoelastic models (Kelvin-Voigt and Kelvin-Voigt functional derivative) to 

characterize prostate mechanical response, but these are small studies with preliminary 

results.  

Moreover, soft tissues are heterogeneous materials due to their complex composition in 

microscopic perspective. A complex mechanical system is required to fully characterize 

general soft tissues using a great number of parameters such as Young’s modulus, shear 

modulus, bulk modulus, nonlinearity, Poisson’s ratio, viscosity, anisotropy and 

heterogeneity indices, etc. However, in most practical cases, even one elasticity parameter 
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is adequate to address the pathological difference in most soft tissues, such as Young’s 

modulus. This is the basis for manual palpation of cancer lesion in breast and prostate 

practice, where the variations of the Young’s modulus of tissue are measured by 

perceiving the structural changes. Soft benign tissues have larger deformation whereas 

stiff cancer lesions have smaller deformation.  

To yield quantitative information of tissue mechanics, proper assumptions are needed to 

simplify the comprehensive mechanical model of soft tissues. Using compression method, 

most commonly, the stress is assumed to be uniformly distributed throughout the sample. 

Also, tissue is approximated as a linear elastic solid with homogenous properties.  

(1) 'Linear' means the strain of tissue is not of functional relationship to the stress for 

the level of strain typically less than 10% [6].  

(2) Pure ‘elastic’ tissue (spring like) can be characterized with elastic modulus such 

as Young’s modulus.  

(3) Soft tissues of 'homogenous' properties assumes the tissue will stay the same with 

the orientation.  

Given the assumption that the elastic modulus is independent of these variables, it shows 

a high correlation with the clinical data [1, 49] where elasticity could be a reliable 

biomarker for PCa using ultrasound elastography.     

 

2.2.2 Principles 

Elastography enables deeper tissue elasticity imaging by portraying information about the 

tissue stiffness or elasticity that is the resistance to the deformation. It was originally 

realised by ultrasound based technique called strain elastography. Given the assumption 

of soft tissue as a linear elastic solid with isotropic mechanical properties, the stress, 𝜎, is 

the ratio of the applied loading force, 𝐹, to the cross-sectional area, 𝐴, over which the 

force is applied. 

                                                            𝜎 =  
𝐹

𝐴
                                                       (1) 

The resulting deformation is quantified by strain, 𝜀, which is an engineering term to 

measure relative deformation. It is the ratio of the magnitude of the deformation, ∆𝐿, 

divided by the original length, 𝐿, of the material or tissue as given in Eq. (1). The images 

of tissue strain are named elastograms.  
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                                                             𝜀 =
∆𝐿

𝐿
                                                       (2) 

The difficulty to deform soft tissues via compression and shear is expressed by the 

Young's modulus, 𝐸, and the shear modulus, 𝐺. Herein 𝐸 is the ratio of the stress over the 

strain in tensile/compression and 𝐺 is that in shear. These moduli are typically calculated 

using two methods [7] as shown in Eq. (3) and (4) which are the principles for strain 

elastography (SE) and shear wave elastography (SWE), respectively. In strain imaging, 

displacement in the same direction as pulse propagation of compressive wave 

(longitudinal wave) is measured to calculate strain, while in shear wave speed imaging, 

the displacement of tissue in the orthogonal direction to the shear wave (transverse wave) 

propagation is measured to calculate their speed. 

1) Quasi-static method which can calculate E using Hooke’s law after externally 

applying stress, 𝜎, and measuring strain, 𝜀. 

                                                              𝐸 =
𝜎

𝜀
                                                       (3) 

2) Dynamic method which can calculate E and G after propagating shear waves and 

measuring the propagation speed, 𝑐𝑠. 

                                                𝐸 = 2(1 + 𝑣)𝐺 = 3𝐺 = 3𝜌𝑐𝑠
2                            (4) 

where the tissue density, 𝜌, differs for various tissue, and Poisson’s ratio, v, is near 0.5 

(between 0.490 and 0.499 [50] for an incompressible soft tissue due to the high water 

content of soft tissues. 

To perform elastography imaging, two common elements are required: excitation and 

detection. Excitation of mechanical load or stress is achieved either by an internal 

physiological motion source or an external excitation source. The internal source includes 

cardiovascular pulsation and respiratory motion. The external source includes shear wave, 

surface acoustic wave (SAW) and acoustic radiation force (ARF). For detection of the 

tissue response, the deformation or displacement in tissue is measure, and then the tissue 

stiffness or elasticity can be calculated. The measurement can be performed using either 

magnetic resonance imaging (MRI), ultrasound imaging, X-ray or optical imaging. The 

classification of different elastography techniques can be based on both excitation and 

detection methods. 
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2.2.3 Ultrasound elastography 

Ultrasonography has been widely used as a medical imaging technique for diagnosis in 

current clinical practice with many clinical applications, such as real-time visualization 

of internal organs and foetus. Ultrasound elastography provides images of tissue stiffness 

with the use of ultrasound. Quasi-static elastography or strain elastography (SE) was a 

pioneer elastography technique developed by Ophir Group in 1991 [8].  In quasi-static 

elastography, an external compression is applied to the tissue, and the morphology of the 

prostate tissue changes after the application of the compression wave. Softer tissue has 

more deformation (strain) than stiffer tissue does for a given applied force or stress. The 

conventional B-mode ultrasound images are compared pre- and post- the compression, 

which yields to a colour map of local tissue strain termed elastogram.  

Since 2005, increasing availability of ultrasound elastography systems especially SE 

techniques has enabled large numbers of new applications in all sorts of tissues in clinical 

practice. Among them, the most common clinical applications are breast, liver, prostate, 

thyroid, lymph nodes, arterial wall and thrombosis [10]. Ultrasound elastography is 

generally categorized by the differences in the measured physical quantity, the excitation 

method, and the method of displaying the tissue response. In clinical practice, the most 

dominant ultrasound elastography techniques are classified as quasi-static elastography 

or strain elastography (SE), shear wave elastography (SWE) and transient elastography 

(TE) [51]. Among them, SE and SWE are most commonly used in prostate elastography 

[52].  

 

Prostate strain elastography 

In the scenario of prostate quasi-static elastography, a mechanical compression requires 

the operator to apply alternative pushes with the transrectal ultrasound transducer [1] or 

a saline-filled sheath around the transducer in endocavity applications [53]. The 

compression wave can be generated by manual compressions and decompressions of the 

prostate tissue. Instead, a more consistent and stable compression can be achieved by a 

water-filled balloon [54] placed between the probe and the rectal wall. This modified new 

elastography method can therefore improve the reproducibility of prostate imaging.  

The elastogram is superimposed on the B-mode images as a colour map, and it typically 

utilizes blue colour to indicate region of low strain or stiff tissue, and red colour to be 

region of high strain or soft tissue as demonstrated on Figure 2.8. A stiff nodule larger 

than 5 mm diameter was noticed in Figure 2.8 marked with arrow [55] using SE, while it 
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was not noticeable in the standard grey-scale ultrasound image. Since SE is a qualitative 

technique, tissue stiffness is estimated by visualizing the difference in strain between 

adjacent areas without quantitative elastic analysis [56].  

 

Figure 2.8 Strain elastography (SE) (left) and ultrasound (right) images of a prostate with a stiff and 

malignant nodule pointed by arrow. Adapted from Guirgiu et al. 2011 [55]. 

 

The first clinical study on the detection of PCa by real-time SE was performed by Cochlin 

et al. [49] in 2002. They applied real-time SE on any abnormal areas detected by grey-

scale ultrasound and evaluated SE results with biopsy data in 100 patients. The sensitivity 

and specificity of elastography imaging for the detection of PCa were 51% and of 83%, 

respectively. Pallwein et al. [57] increased the number of recruited patients to 492 and 

compared the SE findings with systematic biopsy results. They reported a robust 

sensitivity of 87% and a specificity of 72%. However, several groups were not able to 

reproduce such promising results. More studies with inconsistent values reported for 

sensitivity and specificity are summarised in Table 2.2. Instead using histopathological 

needle biopsy data as a reference standard, a few studies [54, 58-61] have focused on 

assessing the efficacy of SE by comparing the findings to histopathological analysis of 

the whole mount sections after RP. Among them, Brock et al. [61] carried out a study in 

229 patients with biopsy-proven PCa using grey-scale ultrasonography and real-time SE 

with a sensitivity and specificity of 18% and 50%, respectively.  
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Additionally, several groups have performed a meta-analysis to assess the accuracy of SE 

imaging in detection of PCa. Teng et al. [62] included six studies with 527 patients using 

biopsy as the reference standard. They reported that transrectal sonography had a pooled 

sensitivity of 62% and specificity of 79%. Zhang et al. [63] conducted another meta-

analysis of data from seven studies with 508 patients using RP results as the reference 

standard. It was reported that real-time SE has a pooled sensitivity of 72% and specificity 

of 76%. Most SE imaging has shown promising results for PCa diagnosis over 

conventional grey-scale sonoultrasound. However, the technique has limited applications 

due to the inter- and intra-observer disparity. 



 

 27 | P a g e  

 

 Chapter 2  

Table 2.2 Summary of strain elastography studies assessing malignancy of masses in the prostate.  

Year  Reference Patients Gold 

standard 

Reference 

standard 

Location Sensitivity 

(%) 

Specificity 

(%) 

PPV 

(%) 

NPV 

(%) 

Accuracy 

(%) 

2002 Cochlin et al. [49] 100 Biopsy Colour pattern  51 83 72   

2008 Pallwein et al. [57] 492 Biopsy Colour pattern  86.9 71.9 61.6 91.4 77 

2008 Kamoi et al. [64] 107 Biopsy Colour pattern  68 81 68 81 76 

2008 Salomon et al. [59] 109 RP specimen Colour pattern  75.4 76.6 87.8 59 76 

2009 Ferrari et al.  84 Biopsy Colour pattern  51 75 64 64 64 

2010 Aigner et al. [65] 94 Biopsy Colour pattern  74 60 39 93  

2010 Tsutsumi et al. [54] 55 RP specimen Colour pattern Anterior 84 80 75 87  

Middle 85 91 79 94  

Posterior 60 96 93 71  

2011 Brock et al. [66] 229 RP specimen Colour pattern  50.4 71.5 75.8 43.6 59.1 

2011 Giurgiu et al. [55] 65 Biopsy Colour pattern  67.9 62.2 57.6 71.9  

2011 Zhang et al. [67] 83 Biopsy Strain index  74.5 83.3   90 

2012 Brock et al. [61] 178 Biopsy Colour pattern  60.8 68.4 32.4 87.8  

2013 Brock et al. [68]  86 RP specimen Colour pattern  49 73.6 77.8 50.7 61.8 

2014 Zhu et al. [69] 56 RP specimen Colour pattern  67.6 89.5   82.7 

Positive predictive value (PPV), negative predictive value (NPV), radical prostatectomy (RP)
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Prostate shear wave elastography 

Shear wave elastography (SWE) is a more recent technique which can remove the bias 

with a quantitative elasticity assessment of the mechanical properties of soft tissues in 

real time [1]. It monitors the propagation of shear waves and estimates shear wave 

velocity through tissue [7]. Shear wave velocity is affected by the tissue stiffness and 

propagates faster in stiffer tissue than in softer tissue. There is no requirement for 

compression on the rectal wall to produce elastograms. Alternatively, an endorectal 

transducer is employed to generate shear wave remotely in the prostate. The external 

excitation sources can use the acoustic radiation force of a focused ultrasonic beam [1]. 

Then tissue stiffness can be derived by measuring the speed of the shear wave propagation 

[51]. Similar to SE, the colour-map elastogram of the shear wave velocity or the Young’s 

modulus is displayed as overlay on the B-mode images. Figure 2.9 demonstrated two 

regions of interest (ROI) in both SWE and ultrasound images. One ROI was in the lateral 

peripheral zone with mean elasticity of 18.4 kPa, and the other ROI in the same sextant 

was located in the left base paramedian with mean elasticity of 54 kPa, whilst no 

difference was noticed between the two ROIs in the ultrasound B-mode images. The 

biopsy performed in the stiffest area revealed an 11 mm Gleason 7 adenocarcinoma [70].  

 

Figure 2.9 Shear wave elastography (SWE) (top) and B-mode ultrasound (bottom) images of (a) benign 

area outlined with dashed line, and (b) malignant area outlined with solid line. Adapted from Correas et 

al. 2015 [70]. 
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Recent studies [70-74] are listed in Table 2.3 using SW to reveal PCa lesion. Due to the 

quantitative nature of this modality, elasticity value can be generated for the prostatic 

tissues. In 2012, Barr et al. [71] showed initial results of using a threshold elasticity value 

of 37 kPa to differentiate between benign and malignant prostate lesions. This produced 

a higher sensitivity (96 %) and specificity (96 %) than any of the SE imaging in Table 

2.2. They also reported the Young’s modulus of benign vs. cancer lesions were 21.5 ± 

11.5 kPa vs. 58.0 ± 20.7 kPa respectively. Despite of the encouraging results of using 

elasticity as a diagnostic biomarker, it was a single small study with limited number of 

patients. In another research, Ahmad et al. [72] did not use a threshold value of elasticity, 

but applied a cut-off value of PSA level. Although they reported a high sensitivity and 

specificity, the Young’s modulus value for both the benign vs. the cancer areas was more 

than two-fold of that from Barr et al. [71]. Woo et al. [74] assumed that the variance may 

be caused by the size of the prostate and technique of the operator.  

As summarised in Table 2.3, a large overlap of the elasticity range is noticed between of 

benign and cancer lesion which suggests that not all cancers are stiff, and vice versa not 

all stiff lesions are cancerous. They could be calcifications or fibrosis. Different cut-off 

value was applied to these five major SWE researches. This resulted in a disparity of the 

assessment of the elasticity of prostate lesion. The inconsistent cut-off value also led to a 

variance of the accuracy of the SWE method. The worst performance for SWE in terms 

of sensitivity was 43% [74], and the best was 96% [71]. Few publications included the 

specific resolution of the system they used, but many cancers detected were larger than 2 

mm. According to the latest report from Correas et al. [70], he performed well-designed 

analysis of the relationship between SWE accuracy and size of PCa lesion size. It was 

reported that SWE can efficiently identify cancers of 3 mm or larger with a high accuracy 

of 95%. However, the accuracy was 55% for a minimal foci size of 2 mm.  

Although adequate experience and knowledge of both techniques are necessary for 

operating either elastography method, SWE does appear much easier to carry out than SE 

and requires less learning curve as no manual compression is needed. There is, however, 

minimal pressure applied to the end-fire transducer which requires bending to image the 

prostate. During SWE imaging, the whole prostate cannot be imaged at once due to the 

limited size of ROI, and the anterior transitional zone is rarely assessed because of the 

signal attenuation in large prostates. Other limitations of SWE also include the slow frame 

rate of one image per second and the delay to obtain image stabilization for each plane 

acquisition.  



 
30 | P a g e  

 Chapter 2  

Table 2.3 Summary of shear wave elastography studies assessing malignancy of masses in the prostate. 

Year  Reference Patients Gold 

standard 

Cutoff 

parameter 

Benign (kPa) 

[min – max] 

Cancer (kPa) 

[min – max] 

Sensitivity 

(%) 

Specificity 

(%) 

PPV 

(%) 

NPV 

(%) 

2012 Barr et al. [71] 53 Biopsy YM 37 kPa 21.5 ± 11.5 

[30 – 110] 

58.0 ± 20.7 

[9 – 107] 

96.2 96.2 69.4 99.6 

2013 Ahmad et al. [72] 50 Biopsy PSA<20 µg/L 

PSA>20 µg/L 

74.9 ± 47.3 133.7 ± 57.6 90 

93 

88 

93 

93 

98 

83 

81 

2014 Boehm et al. [73] 60 RP specimen 50 kPa 42 

[29 - 71.3] 

88 

[54 – 132] 

80.9 69.1 67.1 82.2 

2014 Woo et al. [74] 87 Biopsy YM 43.9 kPa 33.2 ± 16.7 

[2.3 - 150.1] 

54.6 ± 46.0 

[13.5 - 191.2] 

43.0 80.3 15.3 94.6 

2015 Correas et al. [70] 184 Biopsy YM 35 kPa 21 (12) 

[8 – 218] 

53 (43) 

[10 – 267] 

96 85 48 99 

The Young’s Modulus (YM) value of benign and cancer tissues are presented with mean standard deviation except for Correas et al. [70] with median 

(interquartile). Boehm et al. [73] reported the elasticity value in shear modulus.  
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2.2.4 Magnetic resonance elastography  

The technique of elastography for use in conjunction with magnetic resonance imaging 

(MRI) is named magnetic resonance elastography (MRE). It measures the stiffness of the 

soft tissue by assessing the propagation of shear waves using magnetic resonance methods. 

Although elastography was introduced to the field of MRI shortly after its use in 

ultrasound, there have been far fewer publications on prostate imaging. Moreover, they 

are mostly limited to feasibility studies using prostate phantom [75, 76] or canine models 

[77, 78]. Thought potential has been shown in human in vivo studies, only a few clinical 

studies [79-81] have been conducted yet, and these were performed in a limited number 

of patients. It is difficult to decide the trade-off between the spatial resolution and 

penetration depth of the excitation of the shear waves. Also, MRE was too sensitive to 

the patient movement. These could limit number of human studies in vivo. 

Kemper et al. [79] applied vibration to the pelvic bone of 7 healthy volunteers using an 

external oscillator. They reported the shear modulus of the central portion (2.2 ± 0.3 kPa) 

was lower than peripheral portion (3.3 ± 0.5 kPa) of the prostate gland. Li et al. [80] used 

transpelvic excitation with a study of 18 patients. It was reported that the elasticity of the 

lesions of PCa vs. healthy peripheral zone of the prostate was 6.55 ± 0.47 kPa vs. 2.26 ± 

0.45 kPa. These MRE techniques were not capable of acquiring high signal-to-noise ratio 

(SNR) motion encoded MR signals at 1.5 T, and transmitting shear waves of sufficient 

amplitude into the prostate in a patient friendly manner.  

 

Figure 2.10 A patient was diagnosed with PCa before imaging. (a) T2-weighted image, (b) diffusion-

weighted image, (c) MR elastogram. Two ROIs with abnormal signals were selected in a prostate outlined 

with a white dashed line. Adapted from Arani et al. 2013 [81]. 

 

Recently, Arvin et al. [81] conducted endorectal MRE and found that shear waves with 

frequencies up to 300 Hz could propagate across the entire prostate. The stiffness of 

central gland and peripheral zone of 8 volunteers was reported to be 19 ± 5 kPa and 17 ± 

3 kPa respectively. As illustrated in Figure 2.10, a low signal in the T2-weighted image 
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(outlined with red circle), was correlated to a region of increased stiffness in the MRE 

image (outlined with red circle). Also, a region of restricted diffusion in the diffusion-

weighted image (DWE) (outlined with dark circle), corresponded to a region of elevated 

stiffness in the MRE image (outlined with dark circle). However, histology was not 

performed as part of this study.  

Alternatively, transurethral [77] and transperineal [82-84] approaches have yielded 

success in inducing shear waves. However, the anatomy of human is very different from 

canine and further study is required for the feasibility of transurethral method in human. 

In terms of the transperineal approach, Sahebjavaher et al. [84] recently presented an 

initial patient study originally with 18 patients by comparing the MRE results with whole-

mount pathology, but the reconstruction maps were sensitive to small changes in the wave 

patterns in repeat cases. Moreover, long mechanical wavelength (between 15 and 35mm) 

limits the smallest detectable tumour with the excitation frequency of 70 Hz and trans-

perineal excitation beyond 100 Hz were difficult or impossible because of the high 

attenuation of the waves near the perineum. 

 

2.2.5 Summary of mechanical properties of prostate 

In conclusion, these elastography studies have shown promise to use elasticity as a 

diagnostic biomarker for PCa, especially the quantitative elasticity assessment. However, 

currently in clinical care, elastography technique is not recommended to be used alone 

for routine care of PCa, and prostate biopsy [85] must always be combined with the results 

of the transrectal ultrasound B-mode and with other imaging techniques. Table 2.4 

summarized the pros and cons of the current elastography modalities in the detection of 

PCa. Many cancer foci in the prostate gland has very small size less than 1 mm [10]. 

However, the spatial scales of current elastography techniques limit their applications to 

identify such small lesions. With improved diagnostic accuracy and advanced technology, 

quantitative elastography in vivo will hopefully reduce the number of painful TRUS 

biopsies. Further evaluation is required for whether elastography can predict grade of 

cancer, especially differentiate indolent from significant diseased lesion. 
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Table 2.4 Comparison of different elastography techniques employed in PCa detection.  

Technique Advantages Disadvantages 

 

 

US SE 

 additional contrast to 

US 

 economic 

 most mature 

 portable 

 observer disparity 

 learning curve required 

 qualitative 

 

 

US SWE 

 quantitative 

 easier to perform than 

SE 

 less learning curve 

 portable 

 limited size of ROI 

 signal attenuation 

 slow frame rate 

 

 

MRE 

 quantitative  

 whole-prostate imaging 

 sensitive to patient movement 

 limited study 

 signal attenuation 

 expensive 

 non-movable 

US (ultrasound), SE (strain elastography), SWE (shear wave elastography), MRE 

(magnetic resonance elastography). 

 

2.3 Elastography with Optical Coherence Tomography  

Optical imaging techniques have also been proposed for elastography. In the landmark 

paper published in 1998, Schmitt et al. [86] first employed optical coherence tomography 

(OCT) [87] to measure local displacement induced by quasi-static compression. OCT is 

a 2D/3D imaging technique with micro-scale spatial resolution and millimetre-scale 

imaging depth [11]. Elastography with OCT is termed as optical coherence elastography 

(OCE). The spatial resolution of OCE ranges from several to hundreds of microns and 

the depth of view is the same or even larger (up to 10 mm) than OCT depending on the 

different methods used. Current clinical imaging such as ultrasound elastography and 

MRE delineates the imaging scale at whole-organ level, whilst laboratory imaging such 

as atomic force microscopy (AFM) [88, 89] and optical tweezer [90] targets at cellular 

level. OCE is potential to bridge the gap between organ-level and cellular-level imaging 

of the biomechanical properties.  
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This thesis intends to introduce this kind of OCE technique for the characterization of 

PCa. Although this technique is a comprehensive system and has advanced a lot in the 

recent years with many different variations, this section aims at providing a general 

background of this technique. Similar to ultrasound elastography, OCE is also consisted 

of two parts, namely excitation and detection. It generally has an external or internal 

excitation approach to deform the tissue and an OCT-based detection method to measure 

the corresponding tissue response. Since the detection methods are based on OCT (the 

main part of OCE), this section starts with an introduction to OCT explaining the working 

process and imaging resolution. In the second part of this section, the displacement 

detection methods and prominent loading methods will be discussed.  

 

2.3.1 Optical coherence tomography 

The working principle of optical coherence tomography (OCT) is analogous to ultrasound 

imaging except that OCT uses near-infrared light rather than acoustical waves. The speed 

of sound is ~1500 m/s, whilst that of light is ~3x108 m/s. In order to achieve a 10-

µm resolution, a time resolution of ~30 femtosecond (30x10-15 s) is required [91]. It is not 

possible to use direct electronic detection as ultrasound does, instead high-speed optical 

gating, optical correlation, or interferometry must be used for the measurement of signal 

in OCT setup. Owing to the use of light, there is no need for direct contact with tissue or 

transducing medium (ultrasound gel), which makes OCT to be a non-invasive and 

noncontact method especially suitable for clinical application. The evolution of OCT 

technology originated from time-domain systems to spectral-domain systems.  

 

Time-domain OCT 

OCT is essentially based on low-coherence interferometry (typically a Michelson 

interferometer) by measuring the magnitude and echo time delay of backscattered light 

from internal microstructures in tissues [92]. Time-domain OCT (TD-OCT) is defined if 

the interferometer output is detected as the reference arm is scanned. As shown in Figure 

2.11, the incident light from a low coherence light source is split into two beams, namely 

a reference beam and a sample beam. The light reflected by the scanning reference 

combines with the backscattered light from the sample travelled with different distances. 

An interference pattern only occurs when the two path lengths are matched to within the 

coherence length.   
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Figure 2.11 A schematic diagram of a typical time-domain OCT with a classic Michelson interferometer.  

 

In TD-OCT, the reference mirror is mechanically stepped to change the optical path 

length and produce A-scans (axial scans) which are the measurement of backscattered 

intensity versus depth (axial position). Early OCT instruments relied on TD-OCT using 

a low coherence light source and interferometer with a scanning reference arm. However, 

such designs are not suitable for 3D in vivo imaging with low sensitivity and long 

acquisition time.  

 

Fourier-domain OCT 

Detection of interference signal is also possible in the Fourier domain using a low 

coherence interferometer (implemented using fibre optics) with a broadband light source. 

The measurement of the interference spectrum is performed with a spectrometer and a 

high-speed line scan camera. This method was first proposed by Fercher et al. [93] in 

1995 and defined as spectral-domain OCT (SD-OCT). In Figure 2.12 with a schematic of 

a typical SD-OCT, a broadband light source is divided into two beams. The time offset 

between the fixed reference beam and the sample beam is determined by the path length 

difference, which is the depth-related information of the structure in the tissue. The 

interference spectrum of the two beams is measured by the spectrometer as a function of 

wavelength. It is then read by a computer and numerically resampled from wavelength to 

frequency or wavenumber. Therefore, the interference spectrum is a spectral modulation 

Low	Coherence	
Light	Source

Scanning	Reference

Detector
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Beam	
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rescaled as a function of frequency. Lastly, the depth-resolved information is 

reconstructed by performing a fast Fourier transform (FFT) on the interference signal.  

 

Figure 2.12 A schematic diagram of a typical spectral-domain OCT set up. 

 

In SD-OCT, A-scans (axial scans) are generated by the measurement of the echo 

magnitude and echo delay of the backscattered light from the tissue, where the scan rate 

is determined by the line scan rate of the high-speed camera. A series of A-scans are 

termed B-scan (cross-sectional image) which is acquired by transversely scanning the 

OCT beam across the sample. A phase-sensitive image can be generated by calculating 

the phase difference between points at the same depth in adjacent A-lines. SD-OCT can 

also realize a volumetric imaging, and 3D images can be generated by raster scanning 

with a serious of B-scans. SD-OCT has been proved to have a much higher sensitivity 

and speed over TD-OCT [94] owing to the simultaneous measurement of all the echoes 

of light and without the need for mechanically stepping the reference arm. The other form 

of Fourier-domain OCT is known as swept-source OCT (SS-OCT) which uses 

photodetectors and an interferometer with a frequency swept, narrow-bandwidth light 

source.  
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Image Resolution 

Image resolution is essential for the performance of an imaging system. In OCT imaging, 

the axial and transverse resolution are determined independently, which makes OCT 

superior to conventional and confocal microscopy. In microscopy, the axial resolution is 

determined by the depth of field, while in low-coherence interferometry the axial 

resolution [91] is mainly governed by the coherence length of the light source. The 

coherence length is given by the full-width at half-maximum (FWHM) of the 

autocorrelation function. Assuming a light source with a Gaussian-shaped spectrum, the 

axial resolution, ∆𝑧, is 

∆𝑧 =  
2 ln 2

𝜋
 ∙  

𝜆2

∆𝜆
≈ 0.44 ∙  

𝜆2

∆𝜆
 

where ∆𝜆  is the FWHM bandwidth of the Gaussian spectrum and 𝜆  is the centre 

wavelength of the light source. It is noted that the axial resolution is inversely proportional 

to the bandwidth of the light source, hereby the light sources with broad bandwidth are 

preferred for microscale axial resolution. It is important to know that the actual resolution 

within the imaged tissue sample varies by different degree of dispersion, absorption and 

scattering of the sample.  

For the transverse or lateral resolution of OCT imaging, as in conventional microscopy, 

it is governed by the focal spot size, which is defined as the diffraction limited minimum 

spot size of the focused Gaussian beam in the sample arm. The transverse or lateral 

resolution, ∆𝑥, is the diameter of the beam at its waist, which is given by 2𝜔0 (two times 

the beam waist) 

∆𝑥 =  2𝜔0 =
4𝜆

𝜋
 ∙  

𝑓

𝑑
 =  

4𝜆

𝜋
 ∙  

1

2𝑁𝐴
≈ 0.63 ∙

𝜆

𝑁𝐴
  

where 𝜔0 is the beam waist of the Gaussian beam, 𝜆 is the center wavelength of the light 

source, 𝑓 is the focal length of the objective lens, 𝑑 is the spot size of the incident beam 

on the objective lens, and 𝑁𝐴  is the numerical aperture of the objective lens. The 

transverse resolution is inversely proportional to the numerical aperture. Therefore, high 

transverse resolution requires focusing objective lens with a large numerical aperture.  

At the same time, the transverse resolution, ∆𝑥, also governs the depth of focus, or the 

confocal parameter, 𝑏, which is expressed as (two times the Rayleigh range, 𝑧𝑅) 

𝑏 = 2𝑧𝑅 = 2 ∙
𝜋𝜔0

2

𝜆
= 2 ∙

𝜋 (
∆𝑥
2 )

2

𝜆
=

𝜋∆𝑥2

2𝜆
≈ 1.57 ∙

∆𝑥2

𝜆
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where 𝜔0is the the beam waist of the Gaussian beam, ∆𝑥 is the transverse resolution, and 

𝜆 is the center wavelength of the light source. Since the depth of focus is proportional to 

the transverse resolution, the finer the transverse resolution, the smaller the depth of focus 

will be. There is a trade-off between the two. 

For the OCT penetration depth, it is predominant limited by light scattering within sample. 

The scattering can be defined as 1/𝜆𝑐
𝑘, where the coefficient k is dependent on tissue 

morphology [95]. In ophthalmology, light source with wavelength of ~800 nm is mostly 

used. The eye is transparent with minimal attenuation and scattering, which makes easy 

optical access to the anterior segment and the retina. While for other biological tissue 

imaging, the optimum wavelengths are between ~1300 and ~1500 nm applied for a deeper 

penetration depth of 1 to 2 mm.  

 

2.3.2 Optical coherence elastography 

2.3.2.1 Displacement detection 

Speckle-tracking method 

The early OCE studies relied on the pioneer work of Schmitt et al. using the speckle-

tracking method with cross correlation technique to detect the tissue response after 

loading. Speckle is the fine-scale, random, mottled intensity pattern generated by the sub-

resolution sample scatters present in all coherent imaging systems. The use of speckle for 

displacement detection is because each speckle realization is subjected to the precise 

location of scatters within the tissue. In this case, the tissue displacement is assessed by 

the shift of speckle pattern between sequential B-scans with the cross-correlation.  

However, the minimum displacement between measurements is about half of the speckle 

size [96]. Such process decreases the spatial resolution of displacement measurement, 

which is much lower than the OCT imaging. One benefit of speckle tracking is that both 

the axial and shear motion can be tracked simultaneously. Nevertheless, three-

dimensional tracking is not demonstrated using speckle tracking. Although it has been 

realized in ultrasound elastography and MRE, the long acquisition time has limited the 

application. OCE has higher acquisition speed than ultrasound, and 3D tracking using 

OCE may provide additional information for shear strain in anisotropic tissues.  
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Phase-sensitive OCT 

Instead of using changes in the intensity information, the other main method for 

displacement detection, phase-sensitive OCT, obtains the phase information from 

complex OCT signal. Phase-sensitive technique was first proposed for the measurement 

of flow velocity based on the Doppler shift [97]. After the advent of Fourier-domain OCT, 

it has been a predominant method used for displacement detection in OCE. After 

mechanical loading, the axial displacement produces a phase shift between two A-scans 

obtained from the same lateral positions. The change in axial displacement, ∆𝑢𝑧, is given 

by  

∆𝑢𝑧 =
∆∅𝜆

4𝜋𝑛
 

where ∆∅ is the phase shift, 𝜆 is the wavelength of the light source, and 𝑛 is the refractive 

index of about 1.4. As noted in the equation above, only the axial displacement can be 

detected. The minimum phase difference that can be measured is determined by the phase 

sensitivity of the OCT system, which is related to the signal to noise ratio (SNR). In 

practice, the typical displacement sensitivity is between 0.1-1 nm [91].  

A major limitation of phase-sensitive detection is the ambiguity caused by phase 

wrapping. It is possible to unwrap the phase, but is sensitive to noise. This can be 

improved by intensity threshold and weighting the phase difference to give preference to 

the ones evaluated from pixels with high SNR. On the other hand, faster acquisition can 

be applied in dynamic loading to mitigate phase wrapping. Additionally, robust 

algorithms are desirable for unwrap phase correctly.  

Table 2.5 Comparison of different displacement detection techniques employed in OCE.  

Technique Axial resolution 
Lateral 

resolution 

Minimum 

displacement 

Maximum 

displacement 

Speckle 

tracking 
5-10 times OCT 5-10 times OCT ~half pixel size 

~half OCT 

resolution 

Phase 

sensitive 
Same as OCT Same as OCT ~20 pm 

~half source 

wavelength 

 

Phase-sensitive is superior to speckle-tracking method since the former one has larger 

displacement dynamic range, about 20-fold greater than for the latter one [98]. Also, the 

spatial resolution of phase-sensitive OCE is comparable to the underlying OCT system. 
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The emerging of phase-sensitive OCT detection enabled OCE techniques to reconstruct 

the biomechanical properties of tissues with high accuracy and high sensitivity to tissue 

displacement. Hereby, phase-sensitive OCE will be applied to this research thesis, and 

details of the instrument configuration will be provided in Chapter 3. 

 

2.3.2.2 Loading methods 

There are a wide group of methods employed in OCE techniques. These methods can be 

broadly classified based on how the excitation induced, whether it is static or dynamic 

load, localized or global applied, external or internal loaded, elastic travelling or standing 

waves generated, and contact or noncontact method. A discussion will be included in each 

method to stress the advantage and disadvantage. The choice of a loading method is 

largely depended on the requirements of the application. 

 

Surface acoustic wave method 

Surface acoustic wave (SAW) method is an emerging OCE technique based on the 

propagation of mechanical wave along the tissue surface. In order to induce SAW, various 

loading methods can be used, including contact methods [99, 100] such as a metal rod as 

illustrated in Figure 2.13 (a) or a piezoelectric transducer, and noncontact methods [101-

103] such as pulsed laser as illustrated in Figure 2.13 (b) and a focused air puff. Such 

non-destructive loading has remarkable potential in delicate tissues such as cornea.  

 

Figure 2.13 A schematic of surface acoustic wave (SAW) generated using (a) contact loading and (b) 

noncontact loading. Adapted from Kennedy et al. 2014 [11] and Li et al. 2011 [102]. 

reflection	mirror
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When such dynamic load is applied on the surface of the sample such as phantom or tissue, 

a SAW is generated. If the load is perpendicular to the surface, isotropic elastic material 

behaves as Rayleigh waves [104] which contains both longitudinal and transverse motion. 

For a homogeneous sample, the relationship between the Young’s modulus, 𝐸, and the 

phase velocity, 𝑐𝑝, of SAW can be expressed as [100] 

𝐸 = 𝜌𝑐𝑝
2 (2.618 + 1.332𝑣) 

where 𝑣 is the Poisson’s ratio about 0.5, and 𝜌 is mass density of the sample.  

For layered sample with different stiffness of each layer, the possible effect of wave 

dispersion needs to be considered, which is related to the depthwise distribution of the 

sample elasticity. In this case, the effective penetration depth, z, can be approximated to 

the corresponding wavelength, 𝜆𝑠, using the equation below 

𝑧 ≈ 𝜆𝑠 =
𝑐𝑝

𝑓𝑠
 

where 𝑐𝑝 is the phase velocity of SAW, and 𝑓𝑠 is the SAW frequency. Due to the variation 

of elasticity with depth, SAW with lower frequency penetrates to deeper layers, whilst 

that with higher frequency is limited in the superficial layers. Using the abovementioned 

two equations, the SAW velocity at different depth can be used to achieve depth-resolved 

quantitative measurement with the mapping of Young’s modulus. Using a homemade 

metal-rod shaker, Figure 2.14 illustrated that a hard nodule deep (1.5 mm) below the 

human forearm skin surface was identified with a good contrast with the surrounding 

normal tissue.  

 

Figure 2.14 (a) OCE structure image and (b) the resulting elastogram with SAW OCE of in vivo human 

forearm skin with a hard nodule in the middle. Adapted from Li et al. 2012 [99]. 

 

The main advantage of employing SAW method is capable to measure the elasticity 

beyond the standard OCT imaging limit, which suggests the possibility of OCE to 
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implement in dermatology. However, the location of the elasticity might have errors due 

to the approximation between the depth and the wavelength. Also, the long wavelength 

of SAW leads to a lower lateral resolution (~500 m). Another drawback of this method 

is that the elasticity measurement of superficial layer of the tissue may not be possible 

since that the minimum depth can be probed is limited by the maximum frequency of 

SAW can be detected. 

 

Shear wave method  

Shear wave (SW) is mainly generated using dynamic loading with a fixed frequency [105, 

106] or focused impulse excitation with a short pulse duration [107-109], as well as 

mechanical loading with a broad frequency range [110]. Analogous to ultrasound shear 

wave elastography, the relationship between the tissue Young’s modulus, 𝐸, the shear 

modulus, 𝐺, and SW velocity, 𝑐𝑠, can be written as 

𝐸 = 2(1 + 𝑣)𝐺 = 3𝐺 = 3𝜌𝑐𝑠
2 

where 𝑣 is the Poisson’s ratio around 0.5, and 𝜌 is mass density of the sample. Since both 

the SAW and bulk SW can may present at depths, differentiating SW from SAW remains 

a problem. Song et al. [106] employed point loading at the side of the sample by a slender 

stainless-steel rod tip fixed on a stacked piezoelectric actuator (5 cycle bursts of 5 kHz 

sine waves) as presented in Figure 2.15 (a).  

 

Figure 2.15 A schematic of the shear wave (SW) generated by (a) a piezoelectric actuator at 5 kHz, and 

(b) a focused ultrasound beam using a 20 MHz piezoelectric transducer. Adapted from Song et al. 2013 

[106] and Razani et al. 2012 [109]. 
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SAW was expected to attenuate rapidly with depth by operating the transducer in the 

kilohertz range. Thus, the detected sub-surface lateral motion was considered to directly 

relate to bulk SW behaviour. As shown in Figure 2.15 (b), a 20 MHz piezoelectric 

transducer produced a focused ultrasound beam in burst mode [109] within the titanium 

dioxide-gelatine phantom. The SW travelled in the direction indicated by the white arrow. 

The propagation was radially outwards from the focal point and normal to the direction 

of the focused beams.  

For a homogenous sample where the spatial variation of elasticity is larger than the SW 

length, the SW with a specific frequency will propagate at a constant velocity. Here, the 

linear relationship between the phase delay, ∆∅, and the distance along a wave path, ∆𝑟, 

can be expressed as  

𝑐𝑠 =
𝜔∆𝑟

∆∅
 

where 𝑐𝑠 is the SW speed, and 𝜔 is the angular frequency. By applying the two equations 

above and similar setup in Figure 2.15 (a), the elasticity map can be reconstructed as 

shown in Figure 2.16 (b) [105]. The stiff inclusion was identified within the agar phantom 

with clear boundary as expected. However, the linear fitting of the phase delay curve 

performed over ~500 m, which limited the lateral resolution of SW OCE. A drawback 

of such SW setup is that it requires direct contact with tissue, while SW generated by non-

destructive radiation source as Figure 2.12 (b) might be an option for future biomedical 

applications. Since SW methods in OCE are still in early stage of development, many of 

the papers published limit in the feasibility study in phantom [105] and ex vivo studies 

such as cardiac muscle [107] and carotid artery [108]. 

 

Figure 2.16 (a) B-mode structural image, and (b) shear modulus mapping of agar phantom with inclusion. 

Adapted from Song et al. 2013 [105]. 
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Compression method 

Compression elastography is the most straightforward method to implement in OCE and 

also the most mature one in probing prostate mechanical properties with ultrasound 

elastography as reviewed above. Schmitt et al. [86] first explored elastography on a scale 

substantially smaller than previous studies utilizing a piezoelectric actuator and a circular 

glass cover slip glued on top of its ring-shaped head. The actuator ensured to provide 

displacements up to 100 m in the linear range, and the glass attempt to serve as an optical 

window and a compression plate. In this case, the mechanical excitation is a static, 

uniform, and whole-range compression, which had been the only method utilized until 

2008. However, it requires direct contact with tissue by loading the compression via the 

surface of the glass.  

Analogous to ultrasound elastography, the local strain is estimated by measuring the 

change in displacement over an axial depth range. The elastogram reconstructed is a map 

of this local strain. Since the direct measurement of the local stress within the sample is 

not possible, the elastic modulus cannot be generated from the local strain. Nevertheless, 

this pioneer study with the strain results from gelatine scattering models, pork meat, and 

intact skin opened the world of developments of OCE technique and possible applications 

of this technique in both research and medical areas.  

 

Figure 2.17 A schematic of compression loading method using (a) a ring actuator and (b) resulting 

displacement (u) vs. depth (z) and corresponding strain (𝜀𝑙). Adapted from Kennedy et al. 2014 [11] and 

2009 [111]. 
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Innovated by Schmitt’s work, dynamic loading has also been used in compression OCE. 

Kennedy et al. [111] applied dynamic loading by a ring actuator to demonstrate a 

feasibility study in bilayer silicone phantoms and in vivo human skin. A schematic of the 

sample arm setup is shown in Figure 2.17 (a). The ring actuator in contact with the sample 

surface had an aperture of 15 mm and a resonance frequency of 45 kHz. In Figure 2.17 

(b), the vibration amplitude was measured as resulting displacement and the dynamic 

strain was calculated according to the change in vibration amplitude versus axial depth, 

similar to static elastography loading. Thus the soft phantom had larger strain than the 

hard phantom.  

With faster acquisition speed [112], a significant improvement of OCE resolution was 

observed in Figure 2.18 compared to the previous result [111]. In Figure 2.18 (a), strong 

contrast was visible between different layers of skin, where the stratum corneum has a 

thickness of ~300 µm. It was noted that the living epidermis had a higher strain the strain 

rate than the stratum corneum as shown in Figure 2.18 (b). The OCE signal with colour 

map was superimposed on the OCT signal as illustrated in Figure 2.18 (c). Compression 

OCE was also capable of a 3D OCE imaging of human skin in vivo [112]. However, the 

lack of direct measurement of absolute elasticity may limit its potential applications.  

 

Figure 2.18 (a) OCT, (b) OCE, and (c) overlaid images of skin from the tip of the middle finger. SC 

(stratum corneum), LE (living epidermis). Image size is 1.4 x 1.4 mm. Adapted from Kennedy et al. 2013 

[112]. 

 

Summary of loading methods 

The difference of the abovementioned loading methods is compared in Table 2.6, wherein 

the dynamic range was calculated by dividing the maximum to minimum measured 

parameter. Among them, compression method stands out with high resolution and larger 

dynamic range. SAW and SW can only measure bulk elasticity and the lateral resolution 

is lower due to the long wavelength of the mechanical wave. For the prostate elastography 

imaging, the aim is to obtain subtle changes in stiffness of biopsy tissue, which is usually 
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1-2 mm in diameter. However, the current compression method is not quantitative. 

Hereby in this research thesis, compression method will be employed with modification 

added to the traditional instrument to achieve quantitative measurement of prostate tissue 

with high resolution. Details will be provided in Chapter 3.   

Table 2.6 Comparison of different loading techniques employed in OCE.  

Technique 
Axial 

resolution 

Lateral 

resolution 

Measured 

parameter 

Dynamic 

range 

Quanti

-tative 

SAW N/A 
500-1000 

µm 

Phase velocity, 

𝑐𝑝 
~450 [99] Yes 

SW N/A 500 µm 
Phase velocity, 

𝑐𝑠
2 

~14 [106] Yes 

Compression 
40-120 µm 

[98] 

Same as 

OCT 

Local strain,  

𝜀𝑙 
~660 [113] No 

 

2.4 Concluding Remarks 

To conclude this chapter, it lays a foundation for the whole research work by providing 

three major bricks. The first brick is the background of PCa disease and current clinical 

diagnostic methods, which serves as the motivation for this thesis. After finishing the 

disadvantage of DRE, it begins the second brick with current researches of prostate 

elastography techniques. Promises is presented with elastography but resolution remains 

a challenge. Finally, the last brick is an introduction of high-resolution OCT elastography. 

Comparison was provided of the different OCE techniques, and phase-sensitive 

compression OCE is proposed to be employed for this thesis. Further modification of the 

instrument follows in the next chapter.    
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Chapter 3. Evaluation of Fixative Effects on Tissue Stiffness with 

Vibration Optical Coherence Elastography  

 

This research thesis aims at quantitative evaluation of degree of malignancy of human 

prostate cancer using vibration optical coherence elastography. It is based on the 

assumption that all the prostate biopsies are fixed to the same level before the vibration 

optical coherence elastography scanning. Accordingly it will firstly evaluate the fixative 

impact on the biological tissues using the vibration optical coherence elastography. The 

details of this fixative study will be provided in this chapter.  

This chapter is also going to introduce the optical coherence elastography with vibration 

method, where the system configuration and parameters will be detailed, as well as a brief 

explanation of the working principle.  

 

3.1 Introduction 

Fixation of biological tissues is a crucial step for preparing specimens for the 

histopathological examination under a microscope. Besides of prohibiting tissue from 

degrading, fixation enables easier handling, prolonged storage and precise sectioning of 

tissues to uniform morphology. By far the most commonly used fixative is formaldehyde 

(CH2O). Aldehyde can form an increased number of inter- and intra-fibrillar cross-links 

of primary amine groups of polypeptide chains [114-116]. Consequently, covalent 

chemical bonds stabilize soluble proteins to insoluble structural proteins and the whole 

structure is given mechanical strength. A saturated 37% – 40% (w/v) formaldehyde water 

solution is formed by dissolving the gaseous formaldehyde in water, i.e. 100% formalin. 

On top of that, a small amount of methanol is usually added as a stabilizer to prevent 

oxidation and polymerization.  

In practise, ten-percent (v/v) formalin solution containing 4% (v/v) formaldehyde widely 

used universal fixative for routine histologic use in many laboratories and in a diagnostic 

setting for pathologic purpose. Ten-percent formalin solution is produced by diluting one 

part of stock 37%-40% (w/v) formaldehyde solution with nine parts of water. 

Alternatively, phosphate buffer at neutral pH is usually used for diluting called 10% 

neutral buffered formalin (NBF). Routinely tissues are required for a period of 24 to 48 

hours [117] embedded in the formalin for a proper fixation. It is assumed that this period 
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is enough for the fixatives to diffuse into the tissue and the chemical reactions of 

formaldehyde with various components to finish. The volume of the formalin solution is 

depended on the size and thickness of tissues [118], which is usually in excess of 20 times 

the volume of the tissue.  

Formaldehyde is considered dangerous and toxic and as a result concerns have been raised 

about the potential health risks of traditional formalin embalming techniques [119]. The 

Thiel method is a new soft-fix embalming technique. The main components of Thiel 

solution are water, glycol, salts, and very low concentrations of harmful components: 

formaldehyde, chlorocresol and morpholine. Due to the high concentration of salt 

components, proteins in the tissues are denatured, leading to a homogenization of the 

tissues [120]. The embalming procedure consists of intravascular injection and followed 

by immersion in Thiel fluid for at least 2 months. The Thiel embalming method was first 

developed by anatomist Walter Thiel in 1992 [121]. It has been modified since then and 

is currently utilised by the Centre for Anatomy and Human Identification (CAHiD) at the 

University of Dundee [119]. According to recent reports [118, 119], Thiel embalming can 

provide long-lasting preservation with impressive flexibility and tissue quality, especially 

for the application in microvascular exercise.  

In addition to the successful application on histopathology, fixed and preserved tissue is 

also served as a useful tool for clinical training and biomedical instrumentation design 

[122, 123]. In this case it is not only the tissue morphology that need to be considered but 

also its mechanical properties since they have significant influence on the design and 

performance of such instruments. Fixation induced mechanical property changes have 

attracted attention and studies have been carried out to investigate the effects of tissue 

preservation methods on the mechanical properties of different kinds of tissues using 

traditional mechanical loading methods [122-128]. However, to the best of our 

knowledge there are some limitations regarding to the current studies of the fixation 

effects to mechanical properties of tissue: 1) the traditional loading method cannot 

provide real time elasticity change since it is a relatively time consuming technique, thus 

the detailed elasticity change with precise time line during the fixation procedure cannot 

be determined; 2) the degree of influence of different fixation methods to mechanical 

properties in relation to different kinds of tissues remains unknown. 

Optical Coherence Tomography (OCT) is an optical imaging technique that enables high-

resolution, cross-sectional imaging of tissue microstructures, in vivo, non-invasive and in 

real time [86, 111, 112, 129-141]. Optical Coherence Elastography (OCE) has become 
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increasingly utilised as it carries the potential to provide ultra-high resolution imaging 

which not only has the ability to detect subtle changes in material structure but also can 

characterise materials based on their mechanical properties (stiffness). The basic concept 

of OCE is to stimulate vibration in the target tissue and measure the vibration amplitude 

corresponding to strain. Areas with higher vibrating amplitude indicate a softer material 

while areas with lower vibrating amplitude indicate a stiffer material [12, 111, 112]. 

Compared with other elastography methods, i.e. ultrasound and magnetic resonance 

elastography, OCE is capable of providing ultra-high microstructural and mechanical 

characterization, and therefore has the potential to resolve the microscopic heterogeneity 

in the assessment of mechanical properties of tissues. OCE also has high acquisition speed 

with 2D image acquisition rates in the range of 10s to 100s of kHz, and potentially even 

higher, which has great potential to fulfil real-time 2D elastography. OCE has high 

mechanical sensitivity which enables displacement detection up to picometers [142]. It 

has the potential to detect differentiations between small alterations in mechanical 

properties. The mechanical properties of tissue can be estimated using OCE while 

providing the ultra-high resolution with elastography of OCT images.  

This chapter explores the use of quantitative OCE to provide quantitative mechanical 

property changes induced by fixation procedure. To achieve this goal, the elasticity 

changes of five different kinds of tissue were compared under the fixation of 10% diluted 

formalin and Thiel fluids. A vibrating shaker was used to generate phase change in the 

sample.  Phase sensitive optical coherence tomography (PhS-OCT) was utilized to record 

the phase change of samples in a precise controlled time line, from which the time impact 

of quantitative Young’s modulus was deduced. The technique has great potential 

application in the further development of fixatives for better maintenance of tissue 

properties. The results also have significance on influencing fixative choice in biomedical 

instrument design.  

 

3.2 Materials and Methods 

3.2.1 Sample preparation  

To investigate the time impact of elasticity by formalin and Thiel fluids, five different 

tissue types were submerged into each fixative from fresh. The tissue types were porcine 

fat, porcine liver, chicken breast, chicken tendon and chicken cartilage. For each tissue 

type, 5 samples were prepared for the experiment. Random samples of chicken breast and 

porcine fat were taken with a 16-gauge biopsy needle. The chicken tendon samples were 
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selected by directly dissecting a chicken drumstick. For the porcine liver and the chicken 

cartilage, the random samples were cut and trimmed with a scalpel. The sample size was 

approximately 2 mm in diameter and 1cm in length.  

The two fixative solutions chosen were 10% formalin dilution and Thiel embalming fluids. 

Thiel embalming fluids are primarily salt based with boric acid and contain a very low 

concentration of formalin. The solution volume applied to each sample is ~30 ml. For the 

formalin treatment, the samples were immersed in 10% formalin dilution for 6 months. 

Thiel fluids utilised in this study are arterial infusion fluid, venous infusion fluid and tank 

fluid [119] formulated in the Centre for Anatomy and Human Identification (CAHiD) at 

the University of Dundee. The composition of each fluid is demonstrated in Table 4.1. 

For the Thiel treatment, the samples were submerged in a mixture of 50/50 arterial and 

venous infusion fluids for 24 hours then transferred to tank fluid for the following 6 

months. All fixation and experiments were conducted at room temperature.  

Table 3.1 Composition of Thiel Embalming Fluids as Used in this study 

 Arterial and Venous 

infusion (50/50) mixture 

 

Tank fluid 

Hot tap water [mL] 535.5 850 

Boric acid [g] 16.35 24 

Ammonium nitrate [g] 107.1 80 

Potassium nitrate [g] 26.75 40 

Sodium sulphite [g] 42.35 54 

Glycol [mL] 159.55 80 

Glycol/Chlorocresol mix [mL] 34.95 15 

Formalin 37% [mL] 52.35 16 

Morpholine [mL] 15.45 - 

Alcohol [mL] 136.6 - 

Total volume [mL] ca. 1000 1000 

     

Imaging experiments were performed after 0, 10 minutes, 20 minutes, 30 minutes, 40 

minutes, 50 minutes, and 1 hour, 70minues, 80 minutes, 90 minutes, 100minutes, 110 

minutes, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 7 hours, 8 hours, 9 hours, and 1 day, 

2 days, 3 days, 4 days, 3 months, 6 months after immersing the tissues in the fixatives.  
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During the OCE scanning, the tissue sample was taken out of the fixative and placed on 

2% agar (mixed with 5% whole milk to produce a scattering background) phantom with 

a thickness of ~8 mm which acted as an elasticity reference [12, 143]. Each sample was 

scanned at the three clearly marked positions at each time interval. The scanning process 

took approximately 2 minutes per sample. The sample was kept moisture during the scan 

and returned to the fixative immediately after the procedure.  

 

3.2.2 System configuration  

The OCE system consists of two main parts: signal detection and vibration stimulation. 

For signal detection, a phase-sensitive optical coherence tomography (PhS-OCT) with 

spectral-domain configuration is adapted to measure the displacement of tissues. For 

vibration stimulation, a magnet shaker is used to produce vibration within the sample. 

The configuration of the main components in the vibration OCE system is illustrated in 

Figure 3.1.  

 

Figure 3.1 A schematic of system setup of the vibration OCE system consisting of (a) signal detection 

using PhS-OCT and (b) vibration stimulation using a shaker. SLD (superluminescent diode), CCD 

(charged coupled device) line-scan camera. 
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Phase-sensitive optical coherence tomography 

As shown in Figure 3.1 (a), the PhS-OCT system employs a superluminescent diode (SLD, 

S5FC1021S, Thorlabs) as a broadband light source, with a centre wavelength of ∼1302 

nm and bandwidth of ∼85 nm. A three-port circulator is used to separate optical signals 

that travel in opposite directions in an optical fibre. After passing the optical circulator, 

the light from the SLD is split into two beams using a 10/90 fibre coupler (FC1310-70-

10-APC, Thorlabs) that is based on Michelson interferometry. One beam of ten percent 

light is delivered to a stationary mirror that refers to the reference arm, while the other 

beam of ninety percent light is focused on the sample via an objective lens (LSM02, 

Thorlabs) of 18 mm focal length. For the realization of 2D and 3D scanning, a Galvano 

mirror (2-axis Galvanometer, GVS002, Thorlabs) is also utilized in the sample arm with 

precise motor control, where one mirror scans rapidly to form a B-scan (2D), and the 

other one is responsible for a C-scan (3D). 

Then the backscattered beam from the sample arm and the reflected beam from the 

reference arm recombine in the fibre coupler to form the interference light that is further 

delivered through the optical circulator into a spectrometer. The spectrometer equips with 

a collimating lens (F280APC-C, Thorlabs), a diffractive grating (1200 lines/mm), a 

camera lens (AC-508-100-C, Thorlabs) with a focal length of 100 mm, and a high-speed 

InGaAs line-scan camera (GL2048L, UTC Aerospace Systems, NJ, USA). A computer 

with NI (National Instruments Corp., TX, USA) platform works for synchronizing 

Galvano scanner driving signal and camera trigger signal, as well as real-time imaging 

processing and data acquisition of the line-scan camera. The program of the data 

acquisition was implemented in LabVIEW (National Instruments Corp., TX, USA).  

 

Vibration generation 

To generate vibration, a sine-wave signal modulated at ~8 kHz is generated by a function 

waveform generator (33220A, Agilent Technologies, USA) and an amplifier (7724 DC 

enabled AC power amplifier, AE Techron). The signal is then sent to drive a magnet 

shaker (LDS V201, Brüel & Kjær Sound & Vibration Measurement A/S, Denmark) as 

illustrated in Figure 3.1 (b). The vibration is transmitted from the shaker to compress the 

sample and trigger vibration within the sample in the axial direction. The amplitude of 

the vibration to the sample is controlled by the voltage output from the amplifier. Table 

3.2 shows the gain of the amplifier and the resulting voltage output to the magnet shaker.  
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Table 3.2 Voltage (V) output to the shaker by adjusting the AF amplifier Gain (%). AF (audio frequency), 

SD (standard deviation). 

Gain% Test1 (V) Test2 (V) Test3 (V) Mean (V) SD (V) 

10 0.20 0.30 0.30 0.27 0.06 

15 0.80 0.80 0.80 0.80 0.00 

20 1.30 1.30 1.30 1.30 0.00 

25 1.70 1.80 1.80 1.77 0.06 

30 2.20 2.30 2.30 2.27 0.06 

35 2.80 2.80 2.90 2.83 0.06 

40 3.30 3.30 3.40 3.33 0.06 

45 3.80 3.90 3.90 3.87 0.06 

50 4.40 4.50 4.50 4.47 0.06 

55 4.90 5.10 5.10 5.03 0.12 

60 5.50 5.70 5.70 5.63 0.12 

65 6.20 6.40 6.50 6.37 0.15 

70 7.00 7.30 7.30 7.20 0.17 

75 8.00 8.20 8.30 8.17 0.15 

80 9.00 9.00 9.10 9.03 0.06 

85 10.00 10.00 10.10 10.03 0.06 

90 11.40 11.20 11.30 11.30 0.10 

95 12.30 12.30 12.30 12.30 0.00 

100 12.30 12.30 12.30 12.30 0.00 

 

 

Figure 3.2 A polynomial fitting of the mean value of the voltage output to the shaker and the different 

Gain (%) of the AF amplifier.   

 

Additionally, the voltage on the shaker is plotted at different gains of the amplifier in 

Figure 3.2. A linear fitting demonstrated a high R-squared value of 97.93%. The optimum 
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gain is between 50% and 80% for the biological tissues of biopsy shape. Hence, the 

maximum displacement applied to the samples is ∼1 µm to ensure the generated strain 

was in pure linear-elastic regime. 

 

Specifications  

The parameters of the main components are listed in Table 3.3 For this system 

performance, it provides an axial resolution of 8.8 μm and a transverse resolution of 7.9 

μm in air. The total depth range is measured to be ~2.8 mm in air, while ~2.1 mm in 

biological tissue by assuming that the refractive index of the sample is ~1.35. Additionally, 

the dynamic range of the PhS-OCT system is ∼100 dB at 0.5 mm axial depth with a phase 

noise of 3 mrad. However, the signal to noise ratio (SNR) in the region of interest (ROI) 

of the tissue sample is ∼50 dB. The acquisition rate is determined by the spectrometer of 

a maximum rate of ∼76335 A-scans/s.  

Table 3.3 Specifications of phase-sensitive OCE system.  

Specifications values 

Superluminescent diode (SLD, S5FC1021S, Thorlabs) 

Central wavelength 1302 nm 

Bandwidth 85 nm 

Axial resolution 8.8 µm 

Objective lens (LSM02, Thorlabs) 

Effective focal length 18 mm 

Lens working distance 7.5 mm 

Lateral resolution 7.9 µm 

InGaAs Linescan Camera (GL2048L, UTC Aerospace Systems, NJ, USA) 

Resolution 2048 x 1 

Pixel pitch 10 µm 

Maximum Line rate  76335 lps (lines per second) 

Practical sampling frequency 47 kHz 

2-axis Galvanometer (GVS002, Thorlabs) 

Maximum mechanical scan angle ±12.5 ˚ 

Practical x-axis travel length 3 mm 

Practical y-axis travel length 3 mm 

A-scans per M-scan 512 

Magnet shaker (LDS V201, Brüel & Kjær, Denmark) 

Maximum frequency range  13 kHz 

 

Scanning protocol 

The structural images of the samples generated by the PhS-OCT system were shown as a 

function of depth. While the shaker continued to fire the stimulus to the sample, the 

vibration signal was acquired using M-B mode as illustrated in Figure 3.3. For the 
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acquisition of a cross-sectional 2D structural and elastography image, the OCT probe 

beam stayed for 512 repeats during A-line scan at every spatial location (total 512 

locations) sequentially within the B-scan mode. A complete B–scan consists of 512 × 512 

A-scans. Accordingly, a cross-section view of the structure was revealed, and further 

imaging processing in MATLAB R2015b (The MathWorks, Natick, MA, USA) 

generated an elastogram of the sample.  

 

Figure 3.3 A schematic of the scanning protocol using M-B mode for the fixative tissue, wherein the agar 

phantom as a reference, x-axis is the lateral position of the sample, z-axis is the direction of laser beam, 

and t-axis represents the time location during M-scan.  

 

3.2.3 Stiffness quantification 

Agar phantom 

In the vibration OCE, the 2D stiffness of biological tissues was quantified using the agar 

phantom as a reference. Tissue-mimicking phantoms play an important role in all kind of 

medical imaging modalities. The physical gels using agar are obtained through physical 

procedures such as heating and cooling. Agar-based tissue phantoms, while being more 

cost-efficient, is simple and safe to prepare, and biologically compatible. C. Li et al. [99, 

144] studied the elasticity of single-layer phantoms by calculating the phase velocities of 

surface wave. It was reported that the Young’s modulus of 1%, 2% and 3% agar phantoms 

was approximately 80 ± 2.99 kPa, 193 ± 4.01 kPa, 515 ± 3.59 kPa with a phase velocity 

of 4.87 ± 0.94 m/s, 7.55 ± 1.09 m/s, 12.33 ± 1.03 m/s respectively. In this thesis, two-

percent agar phantom will be used as a quantitative reference.  
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Fourier transform amplitude 

The vibration amplitude within the sample can be measured as phase shift using PhS-

OCT. Figure 3.4 (a) illustrates a structural image of the cross-section view of a 2% agar 

phantom. As shown in Figure 3.4 (b), the phase difference of a lateral position chosen 

with a red arrow in the structural image is represented as the grey and white strips. Then 

the vibration signal of a point, chosen with a blue arrow, is denoted as the sinusoid signal 

in Figure 3.4 (c). After the fast Fourier transform (FFT) of the vibration signal, a peak at 

~8 kHz is revealed in Figure 3.4 (d), which is the modulated frequency of the shaker. The 

FFT amplitude at ~8 kHz is related to the displacement of the point at the lateral position 

of the red arrow and axial position of the blue arrow.  

 

Figure 3.4 Data processing of 2% agar phantom with (a) structural image, (b) phase shifts along time of 

the lateral position of the structure image labelled with red arrow, (c) the vibration signal along time of a 

point in the lateral position labelled with blue arrow, and (d) FFT amplitude of the phase difference as a 

function of frequency.  
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Theory 

The quantitative 2D stiffness of the sample was estimated from the data processing 

procedure previously described [12, 143]. The vibration amplitude, related to the strain, 

is highly sensitive to the change of material elasticity. In vibrational OCE, the mechanical 

field is usually considered as a constant stress field, which means it is assumed that the 

same force is applied onto an area [113]. By applying stress, 𝜎 , on the sample, the 

relationship between Young’s modulus, 𝐸, and strain, 𝜀, is expressed as  

                                                𝐸 = 𝜎 𝜀⁄                                                          (5) 

Under the condition of same mechanical field, the softer material has a larger deformation 

(strain), whilst the stiffer material has smaller deformation (strain). Hereby, under the 

same stress (𝜎1 ≈ 𝜎2) for a heterogeneous material, the ratio of Young’s modulus is 

written as Eq. (6). 

                                       
𝐸1

𝐸2
=

𝜎1 𝜀1⁄

𝜎2 𝜀2⁄
=

𝜎1𝜀2

𝜎2𝜀1
≈

𝜀2

𝜀1
                                            (6) 

The strain, ε, is expressed as the displacement, 𝛥𝐿, over the total length, 𝐿, of the sample. 

In vibration OCE, the strain is calculated using Eq. (7), where, 𝑑1 is the displacement 

amplitude estimated at a depth of 𝑧 from the top of the sample and 𝑑2 is the estimation at 

a depth of 𝑧 + 𝛥𝑧.  

                                          𝜀 =
∆𝐿

𝐿
=

𝑑2−𝑑1

∆𝑧
                                                   (7) 

Herein, the magnitude of d1 and d2 is measured from the FFT spectrum as the absolute 

value of the FFT amplitude. Using the agar phantom as a reference, different vibration 

amplitude is generated from the biological tissue and the agar phantom. After subtracting 

the background noise and averaging all the A-lines, the FFT amplitude is plotted at each 

points along the depth of a chosen lateral position [12]. Accordingly, the ratio of the strain 

between the two layers is approximately as the ratio of the slopes between the linear fits 

of the points in the tissue area and the phantom area.  

A heterogeneous material, hereby under the same stress, the ratio of Young’s modulus in 

different regions is equivalent to the inverse ratio of the strain. Thus, the quantitative 

Young’s modulus of the biological tissues, which was placed on the agar phantom, can 

be estimated. By applying Eq. (7), the ratio of strain is the inverse ratio of the Young’s 

modulus. Previous publications [99, 144] proved that the Young’s modulus of 2% agar 
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phantom is known as ~193 kPa. Given the Young’s modulus of the agar phantom, the 

Young’s modulus of the biological tissue can be calculated. 

 

3.3 Results 

3.3.1 The effect of formalin fixation to tissue elasticity   

It was found that the Young’s modulus of all tissue types increased due to the formalin 

fixation. However, each tissue type varied in time, speed and degree of fixation. Although 

the elasticity properties of soft tissues (chicken breast, porcine liver and fat) were similar 

before fixation, the porcine liver had the lowest Young’s modulus among them. After 

embedding them in the formalin for 6 months, the elasticity of the porcine fat was even 

softer than the porcine liver. The elasticity change of formalin embedded porcine fat, liver, 

chicken breast, cartilage is presented in Figure 3.5, while the chicken tendon has a much 

large scale of Young’s modulus that is shown in Figure 3.6. Each error bar represents the 

standard deviation of the three scans of each sample at each time point. 

 

Figure 3.5 Elasticity change of fat, liver, muscle, and cartilage embedded in formalin for 6 months with a 

precisely controlled time line. Each error bar represents the standard deviation of the three scans of each 

sample at each time point.  
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Figure 3.6 Elasticity change of tendon embedded in formalin for 6 months with a precisely controlled 

time line. Each error bar represents the standard deviation of the three scans at each time point. 

 

Chicken breast 

The 2D elastography image with absolute Young’s modulus values (Figure 3.7) 

demonstrates the typical elasticity change of chicken breast which was fixed in 10% 

formalin dilution. The elasticity data was measured intensively at first 2 hours with a 10-

minutes interval, for the following hours, and then 3 days. The overall Young’s modulus 

of specimen can be calculated from the elastograms. The Young’s modulus was 

calculated by averaging Young’s modulus value over the whole area associated. In 

addition, a clear tissue-air-agar boundary can be seen on the elasticity images, although 

the signal decreases at deeper locations. This is expected because the accuracy of the 

phase measurement relies on the intensity level from structure image [12]. 
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Figure 3.7 Typical elastograms of formalin fixed chicken breast with a precisely controlled time line. 

 

As displayed Figure 3.7, the elastograms were not taken from the identical detecting point 

on the chicken breast. However, the detection points were close to each other and no 

larger deviation needed to be considered. It can be clearly observed that the elasticity of 

formalin fixed chicken breast remained almost constant from the beginning of fixation to 

100 minutes. A clear increase of tissue stiffness could be observed from 110 minutes of 

fixation. The stiffness increases slowly and tends to stabilise after approximately 1 day 

and remained constant afterwards.  

Details of the change of formalin fixed chicken breast can be found in Figure 3.7. The 

Young’s modulus of the chicken breast increases significantly by 106.3% from 110 

minutes’ fixation (244.7 ± 12.0 kPa) to120 minutes’ fixation (504.9 ± 43.4 kPa). The 

majority increase occurs with the first 120 minutes. After 120 minutes, the Young’s 

modulus of the chicken breast raised slowly with fluctuations and reached approximately 

645 kPa at 6 months of fixation. The overall rise of the Young’s modulus of the chicken 

breast induced by formalin was ~164%.  
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Chicken cartilage 

The Young’s modulus of the chicken cartilage increased at a slower rate between 60-120 

minutes’ fixation (from 718.4 ± 63.2 kPa). The cartilage stiffness increased gradually 

until 4 hours where it reached its stability at ~1100 kPa, with 53.1% overall increase. The 

elasticity change of formalin fixed chicken cartilage is demonstrated in Figure 3.8 with 

typical elastograms at 0, 30 minutes, 90 minutes, 3 hours, 9 hours, 1 day, and 3 days.  

 

Figure 3.8 Typical elastograms of formalin fixed cartilage with a precisely controlled time line. 

 

Chicken tendon 

The Young’s modulus of the chicken tendon is much higher compared to other tissue 

types. The initial value is 13249.4 ± 1908.1 kPa. The increase in elasticity occurred 

between 120 minutes and 180 minutes and became stable at ~20556.9 ± 1779.3 kPa. The 

overall increase is 55.2%. The elasticity change of formalin fixed chicken tendon is 

demonstrated in Figure 3.9 with typical elastograms at 0, 30 minutes, 90 minutes, 3 hours, 

9 hours, 1 day, and 3 days. 



 
62 | P a g e  

 Chapter 3 

  

 

Figure 3.9 Typical elastograms of formalin fixed tendon with a precisely controlled time line. 

 

Porcine liver 

The elasticity changes in the porcine liver were observed much earlier and occurred faster 

compared to all other tissue types. Changes in elasticity occurred within 20-30 minutes 

(from 249.7 ± 26.3 kPa) of formalin fixation and stabilised in approximately 50 minutes 

(to ~550 kPa) with overall increase of 120.2%. The elasticity change of formalin fixed 

porcine liver is demonstrated in Figure 3.10 with typical elastograms at 0, 30 minutes, 90 

minutes, 3 hours, 9 hours, 1 day, and 3 days. 

 

Figure 3.10 Typical elastograms of formalin fixed porcine liver with a precisely controlled time line. 

 

  



 
63 | P a g e  

 Chapter 3 

  

Porcine fat 

Formalin had the least effect on the porcine fat, with overall increase by 54.7% from 

280.7± 30.8 kPa to 434.2 ± 39.5 kPa. All other tissue types displayed a greater response 

to formalin fixation. The elasticity change of formalin fixed porcine fat is demonstrated 

in Figure 3.11 with typical elastograms at 0, 30 minutes, 90 minutes, 3 hours, 9 hours, 1 

day, and 3 days. Note that different from other kinds of tissues which were relatively 

homogeneous in elastograms, the fat tissue is heterogeneous in nature with hollows in the 

images. It is because that the adipocytes in the porcine fat specimen appear transparent 

under OCT and only the other cells such as stroma cells can be revealed. 

 

Figure 3.11 Typical elastograms of formalin fixed porcine fat with a precisely controlled time line. 
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3.3.2 The effect of Thiel fixation to tissue elasticity   

Figure 3.12 and Figure 3.13 displays the time impact on the elasticity changes of porcine 

fat, liver, chicken muscle, cartilage and tendon by Thiel fluid fixation. Each error bar 

represents the standard deviation of the three scans of each sample at each time point. In 

the first four days, the Young’s modulus of all tissue types embedded in Thiel fluid 

fixation tend to remain stable with only small fluctuations compared to the formalin 

fixation. However, the increment of stiffness was observed from 4 days to 6 months in all 

the tissues. Among them, the porcine fat underwent a large increase of 72.5% from 211.9 

± 43.5 kPa to 365.5 ± 19.4 kPa.  

 

Figure 3.12 Elasticity change of fat, liver, muscle and cartilage embedded in Thiel fluid for 6 months with 

a precisely controlled time line. Each error bar represents the standard deviation of the three scans of each 

sample at each time point. 
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Figure 3.13 Elasticity change of tendon embedded in Thiel fluid for 6 months with a precisely controlled 

time line. Each error bar represents the standard deviation of the three scans at each time point. 

 

Figure 3.14 shows the elastograms taken from the chicken breast specimens fixed with 

the Thiel fluid. The chicken breast elasticity does not show any significant increase and 

remains almost constant from the beginning to the end of 3 days.  

 

Figure 3.14 Typical elastograms of Thiel fluid fixed chicken breast with a precisely controlled time line. 
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3.4 Discussion and Conclusion 

Normally, the Thiel cadavers are submersed in a tank for at least 3-6 months before use, 

whilst the Thiel preserving time for smaller organs or tissue samples can be weeks. To 

replicate the real fixation process, we investigated the elasticity change of the tissues 

embedded in formalin and Thiel solution for 6 months. As time elapses, the formaldehyde 

penetrates into the tissue gradually and terminates any ongoing biochemical reactions 

inside the tissue. The produced cross-links of the proteins result in the augment of the 

tissue elasticity.  

The data gathered displays an ascending trend in the elasticity changes for the samples 

immersed in 10% formalin dilution, but constant values of Young’s modulus with only 

slight fluctuation for all tissue types immersed in Thiel solutions. This is because that 

formalin solution has a much higher concentration of formaldehyde than Thiel solutions. 

After four days, however, the tissues in the Thiel solution tended to become stiffer slightly, 

whilst no significant increase was observed in formalin samples. Though the measured 

elasticity of the tissues is an approximate value acquired by comparing with the Young’s 

modulus of the agar phantom, this method is still capable to monitor the change of tissue 

mechanical properties over time. 

Due to the variety of the size and density of different tissue types, the distribution of 

Young’s modulus is not uniform in some of the elasticity images illustrated by the uneven 

colour. For example, adipose tissue has a heterogeneous structure, where the adipocyte 

looks transparent in the OCE images. It is also noted that there was little alteration 

observed in the elasticity of the porcine fat samples fixed with formalin. The primary 

component of fat tissue is adipocyte, but formaldehyde can change the tissue mechanical 

properties owing to the cross links of the protein structure. Therefore, less significant 

tissue stiffness change is produced in fat tissue as compared to other tissues.  

Beside of adipocytes, fat tissue also contains stromal vascular fraction of cells such as 

preadipocytes, fibroblasts and vascular endothelia cells. The elasticity increment mainly 

comes from the surrounding stroma part, but not the adipocytes. Traditional loading 

method and sonoelastography can only measure the bulk elasticity of the tissues, and they 

are limited in the resolution. Although the Young’s modulus of fat tissue acquired in this 

study is the average value of the whole area, more details of the surrounding stroma 

components can be revealed with OCT structure imaging and elastograms.  
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Although the tissue was vacuum-packed before transferring to the OCE lab, there had 

been autolysis and decomposition to a certain extent. In addition, there was evaporation, 

especially on the surface of the tissue while preparing and scanning the sample. Attributed 

to the biochemical reactions and manual operation, a slight increase of tissue stiffness at 

the origin could be possible. When preparing the porcine liver sample, the process of 

cutting and trimming the sample took considerably longer (5 minutes) as the liver sample 

was too soft to handle. In comparison, the preparation time for the chicken breast and 

porcine fat using a biopsy needle took less than one minute. Thought the loss of moisture 

was minimised and well controlled in the other tissues, the situation could be worse in the 

liver due to the nature of the tissue compared to other tissue types. Thus, the original value 

of elasticity of the liver was further increased and higher than literature reports [145, 146].  

Theoretically, the tissue samples were ceased from further degradation by utilizing 10% 

formalin thus it can preserve functional cell and tissue structure, and is beneficial to 

immunohistochemistry techniques. For the formation of Thiel Fluid, the combination of 

salts and glycol and reduced formalin can cease any further degradation of samples and 

provide a softer and flexible fixation than those fixed with formalin solution. However, it 

is difficult to stain Thiel nerves by standard H&E (Haematoxylin and Eosin stain) 

histological examination procedure due to the high concentration of salts in the Thiel 

fluids [147].  

In conclusion, this chapter demonstrates that quantitative OCE method is suitable for 

monitoring elasticity changes during the fixation procedure of 10% formalin and Thiel 

fluids. It is found that the elasticity changes of tissues in formalin solution display a rising 

trend, but changes in elasticity of Thiel fixed tissues are not obvious. This is likely as a 

result of the significantly reduced formalin concentrations in Thiel solutions. 

Nevertheless, the reduced changes of elasticity in Thiel fixed specimens help to retain 

lifelike textures and properties of tissues, enabling surgical and clinical training more 

approaching to the reality compared to traditional rigid formalin fixed specimens. It is 

proved that a novel technique, vibration OCE, is capable to characterise and assess new 

fixation methods. Though there is no one fixative suitable for all the situations, it is of 

great potential using our structural images and elastograms to evaluate the time and 

concentration of the fixative required to produce specific tissue characteristics in the 

histopathology.  
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Chapter 4. Elastic Quantification of Biopsies from Men Suspected 

with Prostate Cancer Using Vibration Optical Coherence 

Elastography  

 

The previous chapter has proved the feasibility of using vibration optical coherence 

elastography in monitoring the elasticity change of tissue with a small scale like biopsy 

size. Based on the findings from last chapter, this chapter involves a large clinical study, 

for the first time, to investigate the prostate tissue stiffness using vibration OCE and reveal 

the relationship between tissue stiffness and the degree of malignancy, as well as the 

prediction of the final Gleason grade of radical prostatectomy.  

 

4.1 Introduction 

Prostate cancer (PCa) is a heterogeneous disease with a multifocal origin [148]. The 

disease is usually suspected using serum prostate-specific antigen (PSA) test and/or 

digital rectal examination (DRE). In the routine clinical care, the trans-rectal ultrasound 

(TRUS) guided biopsies has become the worldwide accepted standard in PCa diagnosis. 

The degree of malignancy is characterised following histopathologic verification under a 

microscope using the Gleason scoring system [5] by a pathologist. A healthcare challenge 

is to improve accuracy of detecting and the Gleason grade characterisation of initial 

prostate biopsy as this would make more appropriate therapy choices. Radical 

prostatectomy (RP) is a surgical option for localised disease aiming at cure. However, the 

data obtained from the histopathological examination of RP specimen indicate that a large 

disparity exists between the Gleason score of biopsy samples and the RP specimen [3, 4].  

RP is primarily meant to remove all malignant tissues while preserving neurovascular 

bundles and continence mechanism for good quality outcomes [149]. Intraoperatively, 

the decision for RP is based on a combination of preoperative imaging, biopsy histology 

and macroscopic assessment. The final decision on margin status, however, is confirmed 

after many days of surgery which is the least helpful as corrective surgery is impossible 

in contrast to other organs such as breast cancer [150]. Patients with positive surgical 

margins have a higher risk of cancer recurrence and need further treatment. An 

intraoperative diagnostic technique which can reliably assess the margin status of tissues 

with regard to presence or absence of cancer cells would have a huge potential implication 
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of surgical techniques and prostate cancer (PCa) patient outcomes. Frozen section and 

imprint cytology are currently used but are often not reliable [151, 152].   

Optical imaging techniques have been explored to address this issue in a number of 

previous publications. A number of optical imaging techniques have been proposed, 

including optical coherence tomography (OCT) [153] and Raman spectroscopy [154], 

however the use of tissue stiffness measurements has not been reported. Tissue from PCa 

has a higher elasticity modulus than the normal prostate glandular tissue [6]. Changes in 

the elasticity may indicate an abnormal pathologic process as the elasticity of tissue is a 

result of increased cell density and collagen deposition [155, 156]. Probing the elastic 

properties of prostate tissue has become a popular research topic these days [48, 72, 74].  

This can also be obtained using optical imaging such as OCT which has a much higher 

microscale resolution. It has the potential to improve the limit of conventional medical 

imaging [11].  Furthermore, this technology is promising to uncover the microscopic 

heterogeneity of prostate tissue and even early tumour.  

The use of OCT to perform elastography is a technique known as optical coherence 

elastography (OCE) with sub-nanometre displacement sensitivity [113]. Although the 

penetration depth of OCT (1-2 mm) is much less than that of ultrasound and MRI, this 

limit is overcome by developing fibre optics like needle probes for elastography 

measurements [157, 158]. Guan et al.[12] combined phase sensitive OCE (PhS OCE) 

with an ultrasound transducer to provide quantitative Young’s modulus of a degenerated 

tendon model with a high spatial resolution. A high signal to noise ratio was reported 

while monitoring the elasticity alteration of the tendon treated with collagenase of 

different concentration and time. In the previous chapter, a vibration OCE method 

incorporating a combination of a spectral-domain OCT (SD-OCT) system and an 

electromagnetic shaker has been proved to be capable to monitor the fixative effects on 

the biopsy-size tissue samples. Such results presented the clinical potential of using 

vibration OCE for the elastic evaluation of prostate tissue. 

Building on the technological advance and experience, it is hypothesized that OCE can 

reliably differentiate benign and malignant prostate tissues with high diagnostic accuracy. 

Moreover, the technology could have potential in charactering different grades of prostate 

cancer based on the change of tissue morphology as well as mechanical properties. The 

vibration OCE will be applied for both 2D and 3D quantitative imaging of ex vivo human 

prostate tissue. Quantitative 3D elastography images of biopsy cores will then correlate 

with histopathological reports for cross-validation. This technique has the potential to 
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greatly increase the utility and impact of OCE in a clinical setting, for real-time detection 

and characterisation of cancers. If combined with OCT needle probe this technique is 

promising to be used to reduce the number of biopsy required. It is also hypothesis that 

ex vivo measurements of tissue stiffness on biopsy material may have an improved 

prediction of the final Gleason grade of radical prostatectomy with the patients 

undergoing laparoscopic RP. 

 

4.2 Patients and Methods 

4.2.1 Patients recruitment  

Ethical approval was granted by Tayside ethical committee (14/ES/0049). Informed 

consent was obtained from all the patients before their biopsy procedures for the reported 

study. We recruited 70 patients (age range 56-85) underwent TRUS guided 12-core 

biopsy between April 2014 and December 2015, 10 of whom participated in our 

feasibility study with slight different design of protocol. Afterwards, a small group of 11 

patients underwent laparoscopic RP using a rapid prototyping mould based approach 

published previously [159]. 

In this chapter, the statistical analysis will only include 60 patients with a well-designed 

protocol as shown in Figure 4.1. If the participants were suspected with PCa based on 

elevated PSA and abnormal DRE examination results, 12 biopsies were taken from each 

participant. Afterwards, OCE scanning was performed on the ex vivo biopsy tissues that 

were submerged in the formalin solution for 24 hours before OCE. Then the specimens 

were sent for histopathological examination. The final step of this study is to correlate the 

OCE findings with the histopathological reports as a golden standard. 



 
71 | P a g e  

 

 Chapter 4  

Figure 4.1 Flowchart of patient recruitment.  

 

According to the histopathologic report after the vibration OCE, there are 37 PCa patients, 

1 patient with carcinosarcoma, and 22 patients not suspicious of malignancy whose 

biopsies were classified into the region of benign/normal biopsy tissues. Two combined 

Gleason scores are usually assigned to the PCa patients to evaluate the aggressiveness 

and prognosis of the cancer with a higher number to be more malignant. Wherein the 

lowest score given is Gleason 3+3=6 [20] in the current clinical care. At least one non-

cancerous prostate diseases were reported in 17 patients among the 22 cancer-free patients, 

for instance, benign prostatic hyperplasia (BPH), atypical small acinar proliferation 

(ASAP), prostatitis and/or prostatic intraepithelial neoplasia (PIN). Table 4.1 displays the 

details of patient number and percentage for each classification.  

Table 4.1 Histopathologic classification of patients suspected with prostate cancer. 

Category Number of patients Percentage 

Prostate adenocarcinoma 37 61.7 % 

Carcinosarcoma 1 1.7 % 

Non-cancerous disease 17 28.3 % 

Disease-free 5 8.3 % 

Total 60 100% 
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4.2.2 Histopathology of biopsies 

All participants underwent standard 12-core TRUS guided biopsies of prostate gland. The 

biopsy size was mainly determined by the geometry of the 18-gauge biopsy needle and 

the force applied during the operation procedure. Each biopsy was a circular core 

approximately 0.8-1.2 mm in diameter and 5-20 mm in length. For each participant, the 

12 specimens were put into 10% neutral buffered formalin (50 mL) immediately after 

TRUS procedure and stored in the independent containers. According to the previous 

study [160] of the effect of fixative on tissue stiffness, the samples were embedded in the 

formalin for 24 hours before the elasticity test (OCE) was performed on each biopsy.  

After the OCE imaging, biopsies were then sent to the pathology department at Ninewells 

Hospital preparing for the pathological analysis using a routine histological protocol. The 

haematoxylin and eosin (H&E) staining was applied to exam the cellular structure and 

report the degree of malignancy. After processing the tissue, the ~5 µm section was 

mounted between a glass slide and coverslip. At least three histological slices were 

obtained from each biopsy. Lastly, the staging and percentage of cancer involvement were 

reported by an experienced pathologist blinded to the OCE data. The detailed 

histopathology report included the presence/absence of malignancy, grade of cancer, 

percentage core involvement, and perineural infiltration.   

The histopathological data of a total of 720 cores were categorised into non-cancerous 

prostate tissue (448 core biopsies) and cancerous prostate tissue (272 core biopsies).  

Among them, there were 260 PCa samples which were further divided into 7 sub-groups 

as shown in Table 4.2. This sampling size with a varied spectrum should be sufficient for 

evaluating OCE imaging in the diagnosis of PCa with different aggressiveness.   

Table 4.2 Histopathologic classification of biopsies from patients diagnosed with prostate cancer. 

Gleason score 3+3 3+4 3+5 4+3 4+4 4+5 5+4 Total 

Number of 

biopsies 
58 54 4 46 48 39 11 260 

Percentage 22.3% 20.8% 1.5% 17.7% 18.5% 15.0% 4.2% 100% 

 

4.2.3 Imaging system 

Details of system setup has been described in the previous chapter. Briefly, the OCE 

system consists of two main parts: signal detection and vibration stimulation. For signal 

detection, a phase-sensitive optical coherence tomography (PhS-OCT) with spectral-

domain configuration is adapted to measure the displacement of tissues. The PhS-OCT 
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system employs a superluminescent diode (SLD, Thorlabs) as a broadband light source, 

with a centre wavelength of ∼1302 nm and bandwidth of ∼85 nm. For the system 

performance, it provides an axial resolution of 8.8 μm and a transverse resolution of 7.9 

μm in air. Additionally, the dynamic range of the PhS-OCT system is ∼100 dB at 0.5-

mm axial depth with a phase noise of 3 mrad. However, the signal to noise ratio (SNR) 

in the region of interest (ROI) of the tissue sample is ∼50 dB. The acquisition rate is 

determined by the spectrometer of a maximum rate of ∼76335 A-scans/s. To generate 

vibration, a sine-wave signal modulated at ~8 kHz is generated by a function waveform 

generator (Agilent Technologies, USA) and an amplifier (AE Techron). The signal is then 

sent to drive a magnet shaker (Brüel & Kjær Sound & Vibration Measurement A/S, 

Denmark). The vibration is transmitted from the shaker to compress the sample and 

trigger vibration within the sample in the axial direction.  

 

Figure 4.2 A schematic of the scanning protocol using M-B mode for the prostate biopsy tissue, wherein 

the agar phantom as a reference, x-axis is the lateral position of the sample, z-axis is the direction of laser 

beam, and t-axis represents the time location during M-scan.  

 

For the scanning protocol of the prostate biopsy tissue, it is slightly different from that of 

the fixative tissues. As illustrated in Figure 4.2, a complete B-scan (a cross-section view) 

consists of 256 × 256 A-scans. Three-dimensional (3D) elastogram was then realized with 

consecutive B scans along the length of the prostate biopsy at an interval of 50 µm. Herein 

the acquisition time for a set of OCE data was 3 minutes for a size of 2 mm × 2 mm × 3 

mm. After the acquisition of one data set, the transitional stage was moved 2.5 mm in y 

direction for next acquisition, and repeated until the whole biopsy core was scanned. 

During the OCE scanning, the biopsy core was placed on 2% agar phantom with a 
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thickness of ~8 mm as an elasticity reference [144]. The total scanning time for each 

biopsy was dependent on the biopsy length, approximately 20 minutes on average. Finally, 

the raw structure and elastogram data sets were processed by MATLAB R2015b (The 

MathWorks, Natick, MA, USA) [12] to generate structural and elastogram frames for 

each B-scan. The frames were then imported into Amira (Mercury Computer Systems, 

Berlin, Germany) and reconstructed into 3D data sets at full resolution.   

 

4.2.4 Statistical methods 

This research thesis is based on a clinical study that aims at verifying the feasibility of the 

test imaging method and improving the diagnostic accuracy of PCa. To evaluate the 

diagnostic test study, the outcome of the test imaging method was compared against the 

gold standard, i.e. histopathology of TRUS guided biopsy, which is the best single test 

considered the current preferred method of diagnosing PCa. This is a blind study valid 

for assessing the diagnostic accuracy of the new imaging method.  

It is noted here that the scanning procedure and the subsequent imaging analysis of test 

imaging was performed on the biopsies from people suspected with PCa before the 

histopathological assessment without knowing whether or not they have cancer or degree 

of malignancy. For the histopathological process, the pathologists who interpret the 

histological slides of the prostate biopsies were blinded to the results of the test imaging 

method. Since the reference diagnosis (histopathological verification) is open to 

subjective interpretation, it is crucial to ensure interpreting the results of the reference 

diagnosis without knowing the results of the test imaging method.  

A systematic statistical analysis was conducted after obtaining both OCE and histological 

results. The Young’s modulus (kPa) estimated from 720 biopsy cores by the OCE system 

was compared amongst malignant and benign tissues, as well as different Gleason scores. 

All the statistical analysis was conducted in the platform of SPSS 22 (SPSS, Chicago, IL, 

USA) software. The p value of 0.05 was considered to be statistically significant using 

analysis of variance (ANOVA) test. Receiver operating characteristic (ROC) curve was 

utilized to reveal the diagnostic accuracy of OCE technique in differentiating benign and 

malignant prostate tissues. Differences among different pathological groups were 

assessed using the Games-Howell test.  

The accuracy of the optical imaging method was evaluated by sensitivity and specificity 

that are independent of the population of interest recruited in the test, while positive 
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predictive value (PPV) and negative predictive value (NPV) rely on the prevalence of 

PCa in the population of interest. Herein, the population of interest refers to the sum of 

true positive (TP), false positive (FP), true negative (TN) and false negative (FN). A table 

is presented in Table 5.3 to demonstrate the relationship among the abovementioned 

jargon.  

 

Table 4.3 The relationship among the fundamental terms for a clinical test. 

 
Gold Standard# Result 

 
Positive Negative 

T
est*

 o
u

tco
m

e 

Positive True Positive (TP) False Positive (FP) 
Positive Predictive Value = 

TP/(TP+FP) 

Negative False Negative (FN) True Negative (TN) 
Negative Predictive Value  = 

TN/(FN+TN) 

 
Sensitivity = 

TP/(TP+FN) 

Specificity = 

TN/(FP+TN) 
 

Test*: the new diagnostic method, i.e. vibration optical coherence elastography was used to evaluate the 

malignancy of the prostate biopsies.  Gold Standard#: the histopathological result of the TRUS biopsy was 

applied as the gold standard to confirm PCa. 

 

True positive  

True positive (TP) is the case when the test shows positive, as does the gold standard. In 

other words, the test correctly identifies the patients with PCa. 

False positive  

False positive (FP) identifies the patients who have PCa but the test outcome is positive. 

In other words, the test incorrectly detects the patient with PCa.  

True negative  

True negative (TN) is defined test gives negative, as does the gold standard. In other 

words, the test correctly classifies the patients as PCa-free.  

False negative  

False negative (FN) counts the patients who have PCa but the test outcome is negative. 

In other words, the test incorrectly reports the patient as PCa-free.  
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Sensitivity 

Sensitivity of the test imaging method refers to the ability of the test to correctly identify 

those patients with PCa, which is the probability of being test positive when PCa present. 

For example, a test imaging method with 90% sensitivity correctly detects 90% patients 

with PCa (TP) but 10% patients with PCa are undetected (FN).  

Sensitivity =  
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 (𝑇𝑃)

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 (𝑇𝑃) + 𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠(𝐹𝑁)
 

Specificity 

Specificity is the ability of the test imaging method to correctly detect those patients 

without PCa, which is the probability of being test negative when disease absent. For 

instance, a test imaging method with 90% specificity correctly detects 90% patients 

without PCa (TN) but 10% patients without PCa are incorrected identified with PCa (FP).  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =  
𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 (𝑇𝑁)

𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 (𝐹𝑃) + 𝑇𝑟𝑢𝑒 𝑁𝑒𝑎𝑔𝑒𝑖𝑣𝑒𝑠 (𝑇𝑁)
 

Cut-off value 

The cut-off value is set as a threshold above or below which the test imaging method is 

positive. The sensitivity and specificity of the test are inversely proportional, and 

dependent on the cut-off value.  

Positive predictive value  

Positive predictive value (PPV) gives the proportion of patients with a positive test result 

who truly have PCa.  A high PPV suggests that the test imaging method is compatible to 

the gold standard diagnosis.   

𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑣𝑒 𝑉𝑎𝑙𝑢𝑒 (𝑃𝑃𝑉) =
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 (𝑇𝑃)

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 (𝑇𝑃) + 𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒𝑠 (𝐹𝑃)
 

Negative predictive value  

Negative predictive value gives the proportion of patients with a negative test result who 

do not have PCa. Likewise, a high NPV also suggests that the test imaging method is 

compatible to the gold standard diagnosis.   

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑣𝑒 𝑉𝑎𝑙𝑢𝑒 (𝑁𝑃𝑉)

=
𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 (𝑇𝑁)

𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 (𝑇𝑁) + 𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒𝑠 (𝐹𝑁)
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4.3 Results 

4.3.1 Two-dimensional visualization of prostate biopsies 

Cross-section structural, elastogram and overlaid images of biopsies from different 

pathological categories are demonstrated in Figure 4.3. A benign prostate biopsy was 

presented in Figure 4.3 (1a, 1b and 1c). A clear biopsy-agar-air boundary is seen in the 

elasticity images although intensity of the signals decreases at deeper locations. This is 

expected because the accuracy of the phase measurement relies on the intensity level of 

structure image.  

Figure 4.3 (2a, 2b and 2c) is from a biopsy diagnosed of ASAP. There are subtle 

differences of structural images between benign and ASAP tissue, which was confirmed 

by the histologic phenotype. The difference between the two is more obvious in the 

elastograms, where the ASAP biopsy has lower stiffness than normal prostate biopsy. 

Prostatic intraepithelial neoplasia (PIN) as illustrated in Figure 4.3 (3) has higher stiffness 

than benign prostate biopsies, whereas BPH and ASAP have lower stiffness than benign 

prostate tissue. Notwithstanding, significant overlaps still exists amongst the elasticity 

range of the abovementioned kinds of prostate tissues.  

Figure 4.3 (4-6) compares the structural images and elastograms of malignant PCa with 

Gleason score of 4+3, 4+4 and 4+5. There are significant differences of elastograms as 

seen in Figure 4.3 (3b-6b). An increasing trend of Young’s modulus of biopsies is 

observed with the increasing Gleason sum.  
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Figure 4.3 (a) Cross sectional structural image (b) the corresponding calculated Young’s modulus 

elastography and (c) overlaid images of structural and elastograms of (1) benign prostate tissue, (2) 

atypical small acinar proliferation (ASAP), (3) prostatic intraepithelial neoplasia (PIN), (4) malignant 

prostate cancer with Gleason score of 4+3, (5) prostate cancer with Gleason score of 4+4 and (6) prostate 

cancer with Gleason score of 4+5. The colour bars show the Young’s modulus value in the unit of kPa. 

The scale is 250µm. 
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Additionally, the images obtained using OCT and OCE were cross correlated with the 

images acquired after standard histopathologic processing. The results suggest that micro-

architecture in the order of 10 µm can be distinguished in prostatic tissue. Figure 4.4 

illustrates cross-sectional OCT structural images and OCE elastograms, as well as and 

the en face histological photos of prostate tissue with different pathological phenotypes. 

The green arrows pointed the area where the OCT and OCE obtained the 2D images from.  

 

Figure 4.4 Images of (a) cross sectional OCT structure, (b) the corresponding OCE elastograms and (c) en 

face histological images of (1) benign prostate tissue, (2) prostatic intraepithelial neoplasia (PIN) and (3) 

malignant PCa with Gleason score 4+4. Young’s modulus is in the unit of kPa. The scale is 200 µm. 

 

The top of Figure 4.4 presents the images from a benign prostatic biopsy. Figure 4.4 (1a) 

of OCT structure shows an irregular boundary indicating the benign glandular lumens in 

the histological image Figure 4.4 (1c). However, difference is not seen between glandular 

lumens and the surrounding stromal tissue. For example, smooth muscle and fibroblastic 

stroma cannot be distinguished. Figure 4.4 (1b) demonstrates in detail the elastic variance 

in single elastogram. The elasticity of glandular lumens is higher than that of the 

surrounding tissue. By comparing all elastograms and histological photos of benign 

prostate tissue, it is found that smooth muscle has the lowest stiffness at 378.4 kPa (SD = 
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48.9 kPa). The glandular lumens have higher stiffness at 530.6 kPa (SD = 30.9 kPa), 

whereas the stiffness of fibroblastic stroma varies at 518.4 kPa (SD = 82.5 kPa). 

Images of the histology, structure and elastogram of PIN are illustrated in the middle of 

Figure 4.4. The glandular lumen in Figure 4.4 (2a) has a more irregular surface, which is 

confirmed by the histological phenotype in Figure 4.4 (2c). The difference between PIN 

and benign prostate tissue is more evident in the elastogram Figure 4.4 (2b).  

A typical malignant glandular tissue with a Gleason score of 4+4 is demonstrated in the 

bottom of Figure 4.4. The lumens here serve as the main characteristics to determine PCa 

aggressiveness. In Figure 4.4 (3a), the malignant lumen structure is significantly smaller 

than those in the benign glandular tissue and range in size from 10 to 50 µm, which 

matches with the histological findings. Therefore, OCT can identify microarchitecture of 

10 µm or greater. Cancerous prostate tissue is observed to have a well-rounded shape 

without irregular gland lumens with higher light reflectivity. A significant increase of 

tissue stiffness is observed in Figures 4.4 (3b).  

 

4.3.2 Three-dimensional visualization of prostate biopsies 

Figure 4.5 delineates 3D images of structure and elastogram from benign and different 

grade of malignant PCa prostate biopsies. The en face views of four different data 

(structure, elastogram, overlay and histology) are obtained from five prostate cores of 

benign and different grades of malignant PCa from Gleason sum 6 to 9. Comparing 

structural images Figure 4.5 (1a-5a) with histological photos Figure 4.5 (1b-5b), a good 

registration of biopsy structure is observed. In Figure 4.5 (2b-5b), an ascending trend of 

elasticity is observed in the region of malignant PCa with the increase of Gleason sum. 

Additionally, the area of malignancy can be better depicted by elastogram obtained from 

OCE than by histological photo. The bright areas in Figure 4.5 (2b-5b) match with the 

area labelled by the red arrows in Figure 4.5 (2d-5d), where the red arrows indicate the 

origin and end of the malignant area in the prostate biopsies. Although the details of 

biopsy structure is missed in the elastograms, this drawback can be compensated by the 

overlaid image of both structural and elastogram information as shown in Figure 4.5 (1c-

5c).   
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Figure 4.5 3D visualization of (1) benign and PCa biopsies with Gleason score (2) 3+3 with cancer 

involvement 30%, (3) 3+4 with cancer involvement 40%, (4) 4+4 with cancer involvement 60% and (5) 

4+5 with cancer involvement 80%. (a) OCT structural image, (b) OCE elastograms, (c) overlaid images 

from en-face views and corresponding (d) histological photos. The red arrows in b and d indicate the 

origin and end of malignancy. Young’s modulus is in the unit of kPa. The scale is 200 µm. 
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4.3.3 Diagnostic accuracy of vibration OCE 

In this study, three methods were utilized for the statistical analysis by comparing 

different biopsy cores: 1) the average Young’s modulus method which is the weighted 

average Young’s modulus value over the whole area associated within each biopsy, 2) 

the maximum Young’s modulus which is the maximum Young’s modulus value of all the 

B-scan elastograms across each biopsy, and 3) the threshold method which is percentage 

of the data points of Young’s modulus higher than 600 kPa amongst the whole data set 

of each biopsy.  

 

Diagnosis of cancer from benign biopsy 

The results from the statistical analysis of PCa and benign prostate tissue are illustrated 

and compared using the whisker plots in Figure 4.6. From these plots, a significant 

increase of stiffness can be observed (p < 0.001) between benign prostate tissue and PCa 

using any of the abovementioned three methods. With the average method as shown in 

Figure 4.6 (a), the stiffness of cancer biopsies was approximately 57.63% higher than that 

of benign ones with corresponding stiffness values of 698.43 ± 125.29 kPa versus 443.07 

± 88.95 kPa. Using Young’s modulus of 600 kPa as a cut-off value to suspect PCa, it is 

noted in Figures 4.6 (c) that some stiff areas exist in the non-PCa biopsies but most of 

them are below 30%. It could be that the biopsy has very low cancer involvement but not 

recognized as cancer.  
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Figure 4.6 Whisker plots of correlation between Young’s modulus (kPa) and pathological outcomes using 

(a) average method, (b) maximum method and (c) threshold method. 
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Receiver operating characteristic curve 

The plot of ROC analysis in Figure 4.7 is intended to evaluate the ability of quantitative 

OCE to diagnose PCa using the abovementioned three statistical analysis methods. The 

analysis demonstrates that over 90% area is under the ROC curve. Amongst the three 

curves, the analysis method using average Young’s modulus has the highest area under 

the curve (AUC) (93.9%) which manifests that OCE is promising with high capability for 

the diagnosis of PCa. The threshold method has the AUC of 93.6%, and the maximum 

method has the lowest AUC but still a high accuracy (91.6%). Using the threshold method 

for the diagnostic accuracy, the biopsies of Young’s modulus value higher than 600 kPa 

are treated as positive results with PCa, and the others are negative and can be considered 

as cancer-free (benign) biopsies. Compared with the histological results, the data analysis 

shows that the sensitivity and specificity were 89.6% and 99.8% respectively. Moreover, 

the positive and negative predictive values calculated for this technique were 99.5% and 

94.6% respectively. 
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Figure 4.7 ROC curves showing the diagnostic accuracy of vibration OCE in detecting PCa with three 

statistical analysis methods. 

 

Quantitative evaluation of malignancy  

The relationship between the Gleason score and the estimated Young’s modulus is 

compared in Figure 4.8. The presence of Gleason score in the histopathological result is 

a clinical significance to make the optimal decision for the individual patient. The average 

method stands out from the abovementioned three methods. A significant difference is 
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noticed amongst Young’s modulus of different Gleason scores estimated by OCE (p value 

< 0.05) except for Gleason score 7 and 8 (p value = 0.765). The details of the multiple 

comparison results are listed in Table 4.4 of the biopsy Young’s modulus among different 

pathological categories using three different statistic values.  

Table 4.4 Multiple comparison of the biopsy Young’s modulus among different pathological categories 

using three different statistic values. 
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Figure 4.8 Whisker plots of correlation between Gleason scores and Young’s modulus (kPa) using (a) 

average method, (b) maximum method and (c) threshold method. 
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4.3.4 Prediction of histological grade of radical prostatectomy 

Eleven participants underwent laparoscopic RP surgery. Two of them received second 

biopsy before prostatectomy who are excluded from our study. Three patients (patient 

no.1, 3 and 7) had upgrading of disease from a low to high Gleason score following RP 

as listed in Table 4.5. The table summarised the biopsy stiffness, initial Gleason grade, 

and final Gleason grade of RP. It is noted that biopsy stiffness (kPa) is the weighted mean 

of the stiffest biopsy amongst 12 biopsies. The ROC curve of the analysis method using 

average Young’s modulus has the highest AUC (93.9%). According to the ANOVA 

analysis of the average method, the upper bound for Gleason 6 is 626.41 kPa at 95% 

confidence interval for mean value. Hereby, these three patients should be stratified to a 

higher Gleason score.  

Table 4.5 Disparity between Gleason score of initial and final biopsy. 

Patient 

number 

Stiffness 

(kPa)* 

Gleason grade of 

biopsies 

Gleason grade of 

radical prostatectomy  

1 631.07 3+3 3+4 7 

2 795.16 3+3   3+4 3+4 7 

3 649.02 3+3 3+4 7 

4 809.61 4+3   4+4   4+5   5+4 4+5 9 

5 707.69 3+3   3+4   4+3 3+4 7 

6 900.99 3+5   4+4   4+5 4+5 9 

7 658.93 3+3 3+4 7 

8 728.25 3+3   3+4 3+4 7 

9 739.24 3+3   4+3 4+3 7 

* Stiffness (kPa) is the weighted mean of the stiffest biopsy amongst 12 biopsies.  
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4.4 Discussion and Conclusion 

In this study, we demonstrated an optical characterization of the microstructural details 

of prostate tissue obtained from a large number of transrectal ultrasound (TRUS) guided 

biopsies using high-resolution optical coherence elastography (OCE). The method 

appeared to be highly accurate in differentiating cancer from normal benign prostatic 

tissue. It also provided accurate characterisation of Gleason grade based on the 

measurement of Young’s modulus (tissue stiffness). Optical coherence tomography (OCT) 

provides ultrastructural details of the tissues, and elastograms provide additional details 

and clarity. Additionally, the technique could predict a higher Gleason grade disease on 

the final histopathology of a radical prostatectomy (RP) specimen. It may help in bridging 

the disparity between histopathological Gleason grades of TRUS biopsy and RP samples. 

However, this certainly needs further work due to a small sampling size of only 11 

participants. Furthermore, the technique has a real potential of being used during surgery 

of prostate to guide dissection between peripherally located cancer tissue and 

neurovascular bundles.  

With future engineering and research aimed at in vivo stiffness measurement, the 

instrument can be integrated with optical fibre probes in catheters, endoscopes, 

laparoscopes, and needles to access tissues deep within the body. The ultimate goals, to 

be achieved through future research of this work are in situ detection and characterisation 

of PCa to allow a more precise focal treatment, and scan the surface of the excised prostate 

gland intraoperatively to provide the surgeon with an assessment of tumour margins 

within minutes of prostate removal. Several challenges must be addressed before a 

complete translational landscape is possible. Heterogeneity of tissues, including 

diathermied tissue on the surface of prostate, presence of blood could have an impact on 

the penetration of light. However, an excised piece of tissue followed by washing using 

normal saline could be used within surgical theatres for margin status assessment.  

As demonstrated in the structural images of prostate biopsies, clear differences were 

noticed between benign and malignant groups. Benign prostate biopsy tissues were 

observed to have irregular and hollow glandular lumens in 2D/3D images, whereas 

malignant ones were lacking a lumenal structure with an increment of light reflectivity. 

With further use of a different objective lens, the imaging resolution of OCT could be 

increased to 1-2 µm, which will discover more structural details of prostate biopsy, and 

enhance the ability of optical biopsy. The functional OCE, used in this study measured 

vibrational amplitude (surrogate markers of mechanical properties) of the freshly 
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obtained prostate specimens following mechanical loading of tissues. The tissue stiffness 

estimated from this parameter was then used to categorise specimens into different 

histological classifications. Further quantitative 3D elastogram of a prostate biopsy was 

reconstructed in high resolution from consecutive 2D elastograms. Both structural image 

and elastogram obtained using the OCE system were compared with histopathology as a 

reference standard to evaluate the diagnostic accuracy of the technique. A high diagnostic 

accuracy (with AUC > 90%) of classification of normal and cancerous tissues was 

presented in an ex vivo setting using quantitative OCE. Additionally, point to point 

comparison between histological image and elastogram illustrated a high accuracy in 

studying the underlying micro-scale elastic properties. It indicates that OCE can be a 

promising imaging tool for PCa detection with a high sensitivity and specificity in 

malignant prostate diseases.  

The gold standard histopathological analyse requires the expertise of a trained 

histopathologist. An inter-observer variation exists between two histopathologists besides 

difficulties in characterising smaller than 3 mm lesions. Microstructure which may be 

missed by unaided eyes could explain the cases in this study where few areas of benign 

tissue has a higher stiffness than most. It was noted that the Young’s modulus obtained 

from this study was higher than literature [71, 72]. The prostate biopsy samples in this 

study were fixed in formalin before the OCE experiment, which ensures the following 

histopathological analysis of the cellular structure of the fixed biopsy. Formalin is 

prevalently used to fix the tissue by cross-linking the proteins and hindering the biological 

degradation process. It increases the tissue stiffness which, to some extent, can bring bias 

to the final elasticity of prostate biopsies. In our experiment, timeline was precisely 

controlled to finish every experiment. Since all the samples were fully fixed in the 

formalin for 24 hours according to the findings in Chapter 4, the extent of stiffness 

increase should be the same for all the benign and malignant prostate tissues.  

In conclusion, the imaging of the mechanical properties of prostate tissue obtained using 

OCE presented the potential of optical modality for the identification and characterisation 

of PCa. The results form a basis for future research using the technique in in vivo 

assessment of PCa and intraoperative assessment of tumour margins. The biopsy stiffness 

evaluated with high-resolution OCE maybe a new biomechanical marker of PCa with a 

high diagnostic accuracy of detecting cancer and stratify the Gleason grade of the 

cancerous tissues.
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Chapter 5. Second Harmonic Generation Imaging of Collagen 

Orientation in Prostate Biopsies from Men Suspected with Prostate 

Cancer  

 

The quantitative stiffness of prostate biopsy tissue has shown correlation with the cancer 

aggressiveness in the previous chapter using optical coherence elastography. 

Nevertheless, the stiffness alteration observed in the prostate biopsy was still in the tissue 

level. The elasticity of soft tissue is known to depend on the microscopic and macroscopic 

structural organization of their molecules. Another imaging modality second harmonic 

generation microscopy is introduced in this chapter to investigate the interaction between 

prostate cancer cells and the surrounding matrix. This will probably provide a cue for the 

tissue stiffness increase of cancerous tissue. A brief background about second harmonic 

generation microscopy will be provided before the adapted methodology, and followed 

by a cohort of patient study. The results of this study will be correlated with the pathology 

as a gold standard, including a discussion between stiffness and collagen alignment.     

 

5.1 Introduction 

In the microenvironment of prostate gland, there are two main cell types: epithelia and 

stromal cells [13, 16]. The secretory epithelia in the normal human prostate gland are 

confined by the basement membrane and the surrounding stroma consists of fibroblasts, 

smooth muscle cells (SMC), immune cells, nerves, blood vessels and the extracellular 

matrix (ECM) forming the cytoskeleton. The components in the ECM contribute to the 

biophysical properties of tissues by providing structural and functional support to the 

epithelia. Hereby, the prostate ECM is of significance to understand the biomechanics of 

prostate. The tissue stiffness is a result of increased cellularity and elevated collagen 

contents in the ECM [155, 156].  

Collagen type I and type III are the major structural components [161, 162] in the prostate 

ECM. Whereas, collagen type IV exists mainly in the basement membrane. Researches 

have revealed the role of collagen amount in the cancer progression [46, 163]. The 

network of fibres varies in normal, benign prostatic hyperplasia (BPH) and PCa  analysed 

by scanning electron microscopy (SEM) [164]. Collagen synthesis is elevated in the 

prostate biopsy material containing cancer by staining collagen type I [15, 163]. Collagen 
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is highly packed fibres with 3D structure in micrometre scale, while little is known about 

the correlation between tissue stiffness and fibre alignment within prostate stroma.  

Several studies [14, 15, 164, 165] indicate that tumour stroma is different from the stroma 

in normal tissue. PCa cells proliferate and invade through the basement membrane into 

the host stroma followed by ECM remodelling and basement membrane degradation. The 

disruption creates a new stromal microenvironment termed ‘reactive stroma’ [14, 15, 165] 

to support cancer cell survival, proliferation and migration, and induce angiogenesis. In 

breast cancer, remodelling and reorientation of collagen with multiple collagen fibres 

aligned perpendicular to the tumour boundary may vary with aggressiveness of cancer 

foci [166, 167]. For instance, straightening of aligned collagen fibres may promote 

invasion of cancer cell [167]. Therefore, techniques that identify and characterize features 

of the epithelial-stromal microenvironment are of great diagnostic potential and interest. 

Second harmonic generation (SHG) imaging is a popular imaging tool for visualisation 

and characterisation of non-centrosymmetric 3D structures such as collagen in medicine 

and biology [168-171]. It can obtain high-contrast images of collagen fibres based on the 

variations in the ability of the sample to generate second-harmonic light. This imaging 

method is based on a nonlinear light-matter interaction mechanism where the light 

emitted from the sample is twice the frequency (half the wavelength) of the incident light. 

Additionally, SHG microscopy can provide high spatial resolution images noninvasively 

without bio-markers or ionizing radiation for the cellular and molecular scale of collagen 

fibres [172, 173]. 

In the present study, the collagen assembly in prostate tissue was imaged with second 

harmonic generation (SHG) microscopy. The correlation between histology, prostate 

cancer (PCa) heterogeneity and SHG imaging will be discussed quantitatively using 

Fourier transform second harmonic generation (FT-SHG) [174-178]. FT-SHG imaging 

involves extracting quantitative metrics through the application of spatial Fourier analysis 

on the images of collagen-based prostate biopsy tissues obtained from SHG microscopy. 

The difference in stromal collagen fibres has been investigated in normal and malignant 

prostate biopsies. A parameter (A:I ratio) was applied to compute the regularity in the 

alignment of collagen fibres and utilized to compare across different Gleason scores. The 

parameter is a ratio of the anisotropic and isotropic collagen fibres. It was intended to 

develop a quantitative biomarker to characterize the cancer aggressiveness.  
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5.2 Second Harmonic Generation Microscopy 

In this section, a brief background will be provided for the principle of SHG and describe 

the typical instrumentation setup, as well as the associated applications. 

 

5.2.1 Theory  

Second harmonic generation (SHG) is a second-order nonlinear process in which photons 

with the same frequency interact with a non-centrosymmetric material, and emission 

photons are twice the frequency (half the wavelength) of the initial photons [179]. 

Generally, the nonlinear polarization, P, of the material can be expressed as a power series 

of the electric field strength, E, of the incident light, 

𝑃 = 𝜒(1)𝐸1 + 𝜒(2)𝐸2 + 𝜒(3)𝐸3 + ⋯ 

where 𝜒(𝑛) is the nth-order nonlinear susceptibility of the material. The first term, 𝜒(1)𝐸1 

is related to the common process such as absorption, reflection, and scattering. The 

second term, 𝜒(2)𝐸2, describes second-order nonlinear processes such as SHG, sum and 

difference frequency generation, and hyper-Rayleigh. Finally, the third term corresponds 

to the third-order processes such as multiphoton absorption, third harmonic generation 

(THG) and coherent anti-Strokes Raman scattering.  

For SHG, it is noted that the second-order nonlinear polarization depends on the field 

strength squared, 𝐸2 , and the second-order nonlinear susceptibility, 𝜒(2) , which is 

measured in bulk material. This quantity will not be zero if the material is non-

centrosymmetric. In the case of biological tissues, such material can be collagen, 

microtubules and myosin, wherein collagen gives the strongest SHG signal and thus make 

collagen to be the focus of most SHG studies. Collagen is the most abundant protein in 

vertebrates by forming the structure of extracellular matrix (ECM) and providing 

mechanical support for tissues. Type  collagen contributes to 90% of various types of 

collagen found in the human body.  

Fibrillar collagen has a hierarchical organization. Firstly, the three -chains forms 

molecules, tropocollagen of diameter of 1.5-300 nm, which are then self-assembled to be 

fibrils of diameter of ~20-250 nm, and finally to fibres of diameter of ~0.5-3 m [168, 

180]. The fibril-forming collagens are stabilized by intermolecular covalent cross-links 

that contribute to the overall tensile strength of most collagen based tissues. The 

allocation of collagen fibrils varies with the type of tissue, for instance, collagen fibrils 
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of tendon align parallel to each other to form banded and crimped bundled structure, while 

those of skin are more random with a complex interlaced network. The organization and 

distribution of fibrillar collagen is of significance for the tissue mechanical properties, 

and may play a key role in the progression of disease and cancer. 

 

Figure 5.1 Jablonski diagram of (a) two-photon fluorescence, and (b) second harmonic generation. 

Adapted from Pantazis et al. 2010 [179]. 

 

Given a material without inversion symmetry and the incident beam with frequency, 𝜔𝑖, 

as demonstrated in Figure 5.1, the vibrating electric field of the incident light causes the 

polarization of the medium. The emission light contains both the one with original 

frequency, 𝜔𝑖, and the one with frequency, 2𝜔𝑖. As shown in Figure 5.1 (a), two-photon 

fluorescence involves real energy transition due to the transition from electronic ground 

state to excited state, resulting in the emission of a lower energy fluorescence photon and 

potential photodamage of the fluorophore. During the process of SHG as presented in 

Figure 5.1 (b), energy is conserved, i.e. all of the incident radiation energy at frequency, 

𝜔𝑖, is converted to emission radiation at the frequency, 2𝜔𝑖. Additionally, the response 

(a)

(b)



 
95 | P a g e  

 

 Chapter 5  

time of SHG (femtosecond) is much faster than that of fluorescence (nanosecond), which 

allows SHG to achieve very quick and sensitive detection.  

 

5.2.2 Instrumentation 

Most SHG microscopes described in the literature are basically two-photon fluorescence 

microscopes, in which the optical path, detection geometry, and detection electronics are 

modified to include both the transmission and reflection detection geometries. In this way, 

both forward and backward signal collection are enabled in a complete SHG microscope. 

Due to the momentum conservation, the emitted SHG signal is predominantly in the 

forward direction. The backward SHG signal can be generated when the axial scatters are 

spaced by half wave, 𝜆𝑆𝐻𝐺 , and through multiple scattering of the forward signal as shown 

in Figure 5.2. 

 

Figure 5.2 SHG signal generation of a) directional emission from constructive interference of scatters 

spaced 𝜆𝑆𝐻𝐺/2, and non-directional emission from multiple scattering of forward signal. Adapted from 

Ambekar et al. 2012 [180]. 

The schematic of a typical SHG microscope [180] is illustrated in Figure 5.3. Modern 

SHG instrumentation contains two major components that are commonly a laser scanning 
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microscope, and a mode-locked femtosecond laser such as a wavelength tuneable 

titanium sapphire (Ti:Sap) laser. Herein, the selection of wavelength is determined by the 

type of biological tissue under investigation.   

 

Figure 5.3 A schematic of the experimental setup of the SHG microscopy. LF is laser blocking filter, BF 

is SHG band pass filter, DM is the short-pass dichroic mirror, and PMT is photomultiplier to record the 

SHG intensity. Adapted from Campagnola et al. 2011 [168]. 

 

The beam is spatially filtered and collimated before travelling to the galvanometer that is 

a raster scanner. Then it is reflected by a short-pass dichroic mirror. Finally, the beam is 

focused onto the specimen after passing through scan and tube lens. Both a half wave and 

quarter wave plate are used to precisely control the polarization of the laser at the focal 

point of the microscope [168]. The working process of SHG signal detection is detailed 

below for both the forward and backward. 

(1) For the detection of forward signal, the transmitted signal from the specimen is 

collected by a second objective. A high-NA (numerical aperture) condenser or objective 

is preferable for efficient SHG collection. The signal is then collected via spectral filtering 

DM

DM
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using a laser blocking filter and a band pass filter that transmits only the SHG signal. 

Finally, the SHG intensity is recorded with a photomultiplier (PMT1) tube.  

(2) For the detection of backward signal, the epi-illumination path is required. The signal 

is first isolated using a dichroic beam splitter, then travels via a bandpass filter, and finally 

detected with a PMT2 tube.   

 

5.2.3 Applications 

SHG microscopy is well-suited for collagen imaging in situ owing to the intrinsic 

advantages over other imaging methods.  

(1) The visualization of tissue structure relies on the endogenous contrast rather than 

using exogenous dyes or coloured proteins. 

(2) SHG signals are collected based on polarization instead of absorption, unlike 

fluorescence imaging. Hereby, the potential photobleaching and phototoxicity, is 

substantially reduced.  

(3) Additionally, due to the long wavelength (800-1000 nm) of the near-infrared laser 

utilized for light source, SHG microscopy can realize high spatial resolution (200 

nm-1m) to depths of several hundreds of microns (100-300 m) [168, 180]. 

Since the last decade, SHG has emerged as a powerful nonlinear optical imaging for both 

biological and clinical applications. SHG imaging was utilized to study the polarity of 

collagen fibres in rat tail tendon in 1986 [181], which laid the foundation for the 

development of modern versions of SHG instruments. Increasing attention has been paid 

to the collagen fibres in cornea [182], skin [183], artery [184], tendon [173], lung [185], 

liver [186], and breast [166, 167, 176]. Among them, many studies have focused on the 

role of collagen in the tumorigenesis and metastasis of breast as the collagen density is 

found to be related to the mammographic density. Moreover, breast is the most closet 

tissue to prostate due to the remarkable underlying biological similarities.  
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Figure 5.4 Representative SHG images of changes in collagen fibres alignment in breast cancer for three 

identifiable stages (TACS). Scale bar is 25 m. Adapted from Provenzano et al. 2006 [167]. 

 

Provenzano et al. [167] measured arrangement of collagen fibres in murine tumour 

models using both SHG and multiphoton excitation to investigate the relationship 

between the collagen organization and breast cancer progression. Three tumour-

associated collagen signatures (TACS) were characterized during defined levels of 

tumour progression as demonstrated in Figure 5.4 A, B and C. 
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A. TACS-1 pattern describes that the presence of increased dense collagen 

surrounding the tumour (marked with yellow line in b and c) was served as a 

reliable hallmark for locating a small tumour, but no specific alignment was 

present. The images a, b, and c are images from different depth.  

B. TACS-2 pattern indicates that the collagen fibres stretched around a relatively 

smooth tumour boundary (marked with yellow line in c) when the size of the 

tumour increased, and were observed aligned parallel to the tumour boundary.  

C. TACS-3 pattern presents that the aligned collagen fibres were normal to the 

irregular tumour boundary (marked with yellow line in a) associated with local 

invasion. It was also observed that the collagen aligned in the direction of cell 

invasion. 

Five years after this murine model study, Conklin et al. [166] conducted a cohort of 

human study. It was reported that the TACS-3 pattern was highly correlated to the patient 

survival. Additionally, Ambekar et al. [176] employed Fourier transform SHG (FT-SHG) 

to quantify the fibre organisation by calculating the number of areas with aligned or 

randomly oriented collagen fibres, and this method was capable to identify cancer tissue 

from other breast benign diseases. Although the SHG microscopy has gained substantial 

achievement in breast cancer, it has not been performed in PCa for the quantification of 

the fibre alignment. The investigation of collagen alignment in prostate cancer using SHG 

microscopy is a potential method to better understand the mechanical behaviour of PCa 

tissue, and the relationship to disease progression.  

 

5.3 Biopsies and Methods 

5.3.1 Human prostate biopsy 

Ethical approval was granted by Tayside ethical committee (14/ES/0049). Informed 

consent was obtained from all the patients before their biopsy procedures for the reported 

study. The prostate biopsies were obtained using trans-rectal ultrasound (TRUS) guided 

needle biopsy in men suspected with PCa. Each biopsy was a circular core approximately 

1 mm in diameter and 1-2 cm in length. The biopsy specimens were processed using a 

routine pathology protocol and reported by an experienced histopathologist blinded to the 

SHG results. The procedure included fixing with formalin, embedding in paraffin, 

sectioning with a microtome and staining with haematoxylin and eosin (H&E). After 

processing, the stained histologic section had a thickness of ~5 µm, and was mounted 
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between a glass slide and coverslip. Although staining is not required for SHG imaging, 

it is necessary for the histopathologist to report the cancer aggressiveness and beneficial 

for this study to correlate SHG with the histopathological results from the same slide.  

For estimation of collagen alignment around cancerous lesions, 42 biopsy samples were 

imaged (36 cancerous and 6 benign) using the SHG microscopy in total. The malignant 

PCa samples further contained 6 sub-groups according to varied Gleason score: 3+3, 3+4, 

4+3, 4+4, 4+5, and 5+4 with six core biopsies in each group. The spectrum provided 

sufficient numbers to study cancer heterogeneity using SHG.   

 

5.3.2 Multiphoton SHG microscopy 

An upright Multiphoton microscope TCS SP8 MP (Leica) at Dundee Imaging Facility 

was utilized to image the histopathology slides as illustrated in Figure 6.5. The tunable 

near-IR laser (Spectra-Physics InSight DeepSee) produced linearly polarized pulses 

spectrally centred at 880 nm. After spatially filtering and collimation, the beam was sent 

to the galvo-scanner. Incident light at 880nm was focused onto the sample with a Leica 

HC PL Fluotar 10x 0.3 NA objective. Due to the momentum conservation, SHG signal is 

especially directional and emitted mainly in the forward direction, being collected by a 

0.9 NA condenser lens. The SHG signal was then filtered through a laser blocking filter 

(SP 680) and an SHG bandpass filter (440/20) and detected with a standard 

photomultiplier.  

 

Figure 5.5 System configuration of the multiphoton microscope TCS SP8 MP (Leica). 
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The SHG laser power was adjusted to around 50 mW so that sufficient signal was 

obtained without any obvious damage to the sample. The transmitted light image was 

obtained from a 488 nm laser and collected in the forward transmitted light position using 

a 483/32 filter. A combination of z-stack and tile scan was used to acquire the whole area 

of the biopsy section automatically. Using identical settings, 12-bit images of 3352x3352 

pixels were acquired using LAS X (Leica Application Suite X). A table with more details 

of the parameters applied in this study is demonstrated below.  

Table 5.1 Parameters applied in the study of prostate biopsy using SHG microscopy.  

Parameters Value 

Dimensions 

Logical size (X × Y) 3352 × 3352 pixels 

Physical size (X × Y) 1.11 × 1.11 mm 

Pixel size (X × Y) 330.39 × 330.39 nm 

Z-step size 5 µm 

Channels 

Cyan-scale SHG image 12 bits 

Grey-scale transmitted light image 12 bits 

Confocal settings 

Scan speed 400 Hz 

Objective name HC PL FLUOTAR 10x/0.30 DRY 

Frame average 1 

Line average 2 
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5.3.3 Image analysis of SHG images 

The alignment of collagen fibres in each section was quantified using Fourier transform 

second harmonic generation (FT-SHG) adapted from the reported studies [172-178, 180]. 

The processing algorithms were developed in the Matlab platform (Matlab R2015b, the 

MathWorks).  

 

Fourier transform SHG 

Using a 2D Fourier transform (FT), the image contents were decomposed into a 

superposition of harmonic functions (of different amplitudes and angles) along two axes, 

where the spatial frequency is the modulation in intensity in the image per unit distance. 

This method is to identify the quantitative parameters that represent the collagen 

orientation in the prostate biopsies through assessment of the spatial frequencies in an 

image using a 2D-FT. In a given plane, the direction the majority of fibres tend to align 

along is defined as the preferred orientation. In 2D-FT, the high amplitudes on average 

orient perpendicularly to the preferred orientation.  

As shown in Figure 5.6 (a), the regions where collagen fibres had preferential orientation 

were labelled as anisotropic (Figure 5.6 (b)) and regions with no preferential orientation 

(many different directions) were labelled as isotropic (Figure 5.6 (e)). The 2D-FT images 

(Figure 5.6 (c) and (f)) were created by applying fast Fourier transforms. It was integrated 

radially across different angles that resulted a plot of amplitude as a function of 

orientation angle. Gaussian fits were then applied to the plot. The centre of the fit 

illustrated the orientation of fibres as displayed in Figure 5.6 (d), and the width of the fits 

was the measurement of the randomness by which the fibres were distributed. In the 

angular power spectrum, the desired signal was selected with over -20dB of the highest 

amplitude in order to exclude background noise. Based on the experimental observation 

and the literature [26], the anisotropic region was represented by no more than four peaks, 

while isotropic region resulted in multiple peaks (Figure 5.6 (g)) at least five. 
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Figure 5.6 Imaging processing of SHG image of collagens in a malignant prostate biopsy. (a) Grey-scale 

image, typical (b) anisotropic and (e) isotropic collagen fibres after segmentation, 2D-FT images of the 

(c) anisotropic and (f) isotropic fibres, and the line plots of the orientation distribution of the (d) 

anisotropic and (g) isotropic fibres. Scale bar is 30 µm. 
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Orientation illustration  

To calculate the preferred orientation more quickly, the original image was divided into 

subimages as illustrated in Figure 5.7 and categorized into three groups: negligible, 

anisotropic, or isotropic. Negligible (NN) was defined if the SHG intensity in the area 

was low or nearly dark. The sub-images where collagen fibres had preferential orientation 

were labelled as anisotropic (AA) and sub-images with many different directions were 

labelled as isotropic (II).  In Figure 5.7, NN was labelled with blue, whilst II orange, and 

the rest of them were illustrated with the preferred orientation.  

 

Figure 5.7 Sub-images analysis of collagen orientation in malignant prostate tissue. Dark or negligible 

(NN) ones are indicated in blue, and isotropic (II) ones are marked with orange. Scale bar is 100 µm. 

 

Lastly, the overall orientation of the collagen fibres in each entire biopsy was quantified 

by applying A:I ratio (the ratio of the number of anisotropic (AA) to isotropic (II) 

subimages). The aim is to compute the regularity in collagen fibre orientation and 

compare it across the core biopsy samples of different Gleason score.   

𝐴: 𝐼 𝑟𝑎𝑡𝑖𝑜 =
𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝑠𝑢𝑏𝑖𝑚𝑎𝑔𝑒𝑠 

𝐼𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝑠𝑢𝑏𝑖𝑚𝑎𝑔𝑒𝑠
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5.4 Results 

5.4.1 Normal and malignant prostate biopsy 

The fibromuscular stroma is about half volume of the gland, and mainly consisted of 

smooth muscle and connective tissue. The H&E staining method can depict the tissue 

structure and cellular details, while the molecular structure in the ECM is missing. In this 

study, the H&E stained images were used as the reference standard.  

 

Figure 5.8 Comparison between benign and malignant prostate biopsy. SHG images of collagen 

alignment in (a) normal and (b) malignant prostate biopsy. Histological images of (c) normal glands and 

(d) fused glands occupied by cancer cells. Scale bar is 100 µm. 
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Figure 5.8 (a) demonstrates that the SHG imaging provides the collagen distribution 

across the whole tissue. As epithelia or basal cells do not produce a detectable SHG signal, 

only the fibromuscular stroma is evident in the SHG channel with a substantial number 

of collagen fibres at different orientations. As shown in Figure 5.8 (c), the normal prostate 

is composed of a gland and surrounded stroma. The normal gland has a papillary 

projection view, and is confined by two layers of cells. The inner layer is columnar 

epithelia and the outer layer is cuboidal basal cells. The epithelium is about two to four 

times of the height of the basal cell.  

When cancer cells develop in the prostate, the basement membrane is lost and the 

epithelial layer is also disturbed. In some advanced cases of PCa, the cancer cells can 

even intrude into the stroma. By comparing Figure 5.8 (a) and (b), from normal to 

malignant prostate, the shape of the gland can change from papillary to reticular as the 

two layers that lined the gland are disrupted. In Figure 5.8 (b), the outlines of the glands 

are clearly observed to be fused together. The cancer cells are clustered and indicated by 

three arrows in Figure 5.8 (d). It is found that the collagen fibres tend to be more oriented 

in the malignant prostate biopsy in Figure 5.8 (b).    

 

5.4.2 Characterization of Gleason pattern with SHG 

The SHG images in Figure 5.9 (1a-4a) are presented with the corresponding transmitted-

light images in Figure 5.9 (1b-4b) from a 488 nm laser from the same imaging area. The 

transmitted light detector produces a greyscale image in which the nuclei are dark and the 

rest of the tissue grey. Figure 5.9 (1c-4c) fuses the SHG channel and transmitted light 

data together to demonstrate both the cellular and surrounding matrix in a single image. 

Pathologically, the malignancy of PCa was categorized by Gleason score according to the 

cell pattern under the microscope. Thus the SHG results are also correlated with the 

images from traditional light microscope. As shown in Figure 5.9 (1d-4d), the 

transmitted-light images are similar to those from a conventional light microscope where 

the nuclei are blue and the cytoplasm and ECM are pink. 

For Gleason 3+3, the SHG signal between the glands is more than that in the higher grade 

of core biopsies. Also the margins of glands of Gleason3+3 are still closed in shape, but 

these became fainter and even partially lost in Gleason 3+4 and 4+4. When the cancer is 

more aggressive, the cancer cells fill up the gland and some go into the stroma as well. 

The glands are fused together, and there are only sheets of cancer cells left in Gleason 
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4+5 with no glandular shape remaining. In SHG images, the different pattern of Gleason 

score can be distinguished by distribution and orientation of collagen fibrils. Across all 

the samples in the SHG images, the reticular pattern is observed as expected, but the size 

and shape vary from core to core and from region to region depending on tissue and 

cancer grade.  

 

Figure 5.9 Core biopsies with increasing Gleason score. (a) SHG images, (b) transmitted-light images, (c) 

overlay images and (d) conventional light microscope of (1) Gleason 3+3, (2) 3+4, (3) 4+4, and (4) 4+5, 

respectively. Scale bar is 100 µm. 
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5.4.3 Statistical analysis 

To quantify the accuracy of the method described above, a systematic statistical analysis 

was also carried out for all the prostate core biopsies obtained in the study. As shown in 

Figure 5.10, the orientation (A:I ratio) of malignant samples is 2.37 ± 1.34, approximately 

twice that of benign samples (1.34 ± 0.19). Hence, the malignant samples have a higher 

degree of preferred alignment along a single direction compared to the normal ones. The 

p-value between benign and malignant biopsies is 0.053.  

 

Figure 5.10 Whisker plot of the orientation (A:I ratio) in benign and malignant core biopsies. 
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Meanwhile, the biopsies diagnosed with the same Gleason sum but different primary and 

secondary Gleason grades were also analysed using FT-SHG method. As shown in the 

Whisker plot in Figure 5.11 (a), Gleason 4+3 is less anisotropic than Gleason 3+4. 

Gleason 4+5 also has a higher tendency of alignment than Gleason 5+4 in Figure 5.11 (b). 

It is found that among the biopsies with the same Gleason sum, the biopsy with a higher 

primary grade is likely to be less oriented than the one with a lower primary grade.  

Figure 5.11 Whisker plots of the collagen orientation (A:I ratio) in (a) comparison between Gleason 3+4 

and 4+3 and (b) comparison between Gleason 4+5 and 5+4.   

  

(a) 

(b) 
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In Figure 5.12, the orientation of the collagen fibres demonstrates a rising trend when the 

cancer aggressiveness increases, but it decreases for higher grade of malignancy such as 

Gleason 8 and 9. Among them, Gleason 9 is highly aligned, but the normal cores are 

almost isotropic.  

 

Figure 5.12 Whisker plot of the orientation (A:I ratio) among different Gleason sum. 

 

5.4.4 Correlation between SHG and OCE 

Elastography can detect subtle elasticity difference among the biopsies with a high-

resolution OCE system, and SHG can illustrate collagen distribution and orientation with 

the multiphoton microscopy. The correlation between OCE and SHG is of significant 

interest. The prostate tissue stiffness acquired in Chapter 4 were correlated with the 

collagen orientation in this chapter.  

As illustrated in Figure 5.13, in general, the lower Young’s modulus, the less oriented the 

collagen fibres will be. However, no obvious linear or polynomial relationship was 

noticed between the fibre orientation and the tissue stiffness using average, maximum or 

threshold methods. The most important reason could be the unbalanced sample size of 

two studies. To further investigate the correlation between the two values, a larger number 

of biopsies is required. Notwithstanding, the combination of the images acquired from 

both modalities is illustrative to understand the relationship between the PCa cells and 

the extracellular matrix.  
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Figure 5.13 Scatterplots of the correlation of Young’s modulus and collagen orientation (A:I ratio) using 

the (a) average method, (b) maximum method and (c) threshold method.  

  

(a
)

(b) 

(c
)
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5.5 Conclusion and Discussion 

The prostate has a fibromuscular stroma which is composed of fibroblast, smooth muscle 

cells, and an ECM rich in collagen fibres [165] that provides mechanical strength and 

flexibility to the tissue [14, 46]. Reactive stroma [14, 15, 46, 165] was reported to involve 

during early PCa development and promote tumorigenesis and progression with stromal 

cell phenotypes switching and ECM remodeling and stiffening. In normal prostate, a 3D 

ECM network is formed with collagenous fibres of different thicknesses and different 

directions. Under conditions of tissue remodeling, the metabolic turnover is increased in 

the carcinomatous stroma compared to the condition of tissue homeostasis [46]. Another 

important protein in the ECM is elastic fibre providing flexibility for many vertebrate 

tissues [187] to stretch and recoil without damage, including skin, blood vessels and lungs. 

In the prostatic stroma, elastic fibres are the least abundant elements. There are, however, 

only scant data [46] on the role of elastin or elastic fibres in benign prostatic hyperplasia 

(BPH) and tumour invasion in PCa.  

Costa et al. [188] revealed a significant role of collagen reticular fibres in BPH while the 

difference of the volumetric density of elastic fibres in the control and BPH groups was 

not statistically significant. Zhang et al. [47] also suggested that the tissue hardness of 

prostatic tumours is mainly dependent on the collagen type I content. It was observed that 

the collagen type I was significantly more in the stiffer area of the prostate, whilst no 

significant difference in the area ratios of the elastic fibers between the soft and stiff 

groups. Also the ratio of collagen type I and type III was reported to be significantly 

higher in malignant than in benign lesions of the prostate. Therefore, only collagen was 

investigated in this study rather than elastic fibres. Moreover, an increase in collagen 

crosslinking was found to contribute to the overall stiffening of the sounding 

microenvironment of breast cancer [189]. Reoriented collagen fibres have been reported 

in the stroma of breast cancer tissue to facilitate cell invasion [166, 167]. However, little 

is known about the role of orientation of collagen fibres in PCa progression.  

The collection of collagen fibres produce strong SHG signal. In this study, the prostate 

biopsy was scanned with a multiphoton microscopy with the SHG signal collected in the 

forward direction to compare the SHG images of normal and malignant prostate biopsies, 

and investigate those with different Gleason scores. All the samples were correlated with 

histological images using H&E staining, which is the golden standard for confirming 

presence or absence of prostate cancer. Note that epithelial layer and cancer cells are 

missing in the SHG images since they do not produce a detectable SHG signal. It is found 
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that collagen in malignant prostate cancer has a reticular instead of papillary pattern. 

However, the reticular pattern disappears in the highly advanced cancer such as Gleason 

4+5. When the cancer cells are proliferating in an uncontrolled manner, the basement 

membrane is broken down, the glands are fused together and the cancer cells invade the 

gland and even the stroma. As a result, the SHG signal between glands is gradually lost.  

Apart from morphologically different collagen patterns, we applied the FT-SHG to 

quantify the preferred orientation of collagen fibres in each biopsy. Generally, malignant 

cores are found to be more aligned than the normal ones. Besides, the higher the Gleason 

score, the larger the A:I ratio. It means that the collagen fibres tend to be more oriented 

as the prostate cancer becomes more aggressive. Note that there is a small fluctuation in 

the advanced grade of cancer. Among the groups, the value for the Gleason 8 is similar 

to Gleason 9. Moreover, Gleason 4+3 is more isotropic than Gleason 3+4 with a lower 

A:I ratio. Similarly, Gleason 4+5 also has a higher tendency of alignment than Gleason 

5+4. Therefore, a higher primary grade leads to less oriented collagen fibres and a lower 

A:I ratio for the scenario of the biopsies with the same Gleason sum. 

The A:I ratio acquired from breast biopsies in [176] was 2.8 ± 1.5 for normal samples and 

11.6 ± 6.7 for malignant ones. Both of them are at least twice the values obtained from 

the prostate biopsies. There could be several reasons for this discrepancy. The first is the 

nature of target tissue and the breast tissue is better differentiated in comparison to 

prostate tissue. Breast tissue contains much more collagen, and a different type of 

collagen structure could lead to a higher level of alignment. The second reason could be 

the FT-SHG method we utilized in this study is slightly different, such as the threshold, 

size of the sub-images, and resolution of the original images. Another possible reason is 

the sampling size of the study that is quite important in considering the differences. In 

this study, the sample diversity is still limited which has 24 biopsies for the preliminary 

study [190] and 42 biopsies for the overall study [191]. To overcome the weakness, a 

future study with a larger sample number is necessary.  

Though the collagen alignment is proved to be correlated with the malignancy of cancer, 

there is no noticeable relationship between the tissue stiffness and the collagen assembly 

in the cancer matrix. It could be due to the unbalanced sampling size of using OCE and 

SHG, as this research thesis include 720 biopsies with OCE measurement but only 42 

biopsies with SHG quantification. To further investigate the correlation between the 

tissue stiffness and collagen orientation, a larger sampling size of prostate biopsies is 

required. It appears that the tissue stiffening is a comprehensive result of various cells, 
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ECM molecules, intra- and inter- cellular or molecular architecture, etc. rather than 

collagen alone. Future works are also needed to investigate the role of other components, 

such as smooth muscle cells and elastin that provide tissue strength and flexibility 

together with collagen. These will add significant value to understand the role of tissue 

rigidity in PCa progression. 

In summary, SHG provides high-resolution images of collagen distribution in prostate 

core biopsies. It is a noninvasive imaging method without the need for staining or ionizing 

radiation, but it can feasibly be applied to versatile types of biological samples with high-

contrast morphological details of collagen fibres. The collagen orientation details 

provided an answer for the tissue stiffness increase in the malignant prostate compared 

with the benign one. Moreover, quantitative FT-SHG demonstrated that the A:I ratio can 

be used as a biomarker for the diagnosis of PCa. There is significant potential to develop 

a systematic correlation between the Gleason score and the preferred orientation of the 

collagen fibres with a large number of patients recruited.  
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Chapter 6. Conclusion and Perspectives 

 

Prostate cancer (PCa), the most common cancer in men across the UK, is a multifocal 

disease with characteristic heterogeneity and foci that can range from low-grade indolent 

to aggressive disease. In current clinical care, serum prostate-specific antigen (PSA) level 

and digital rectal examination (DRE) are not reliable enough to suspect PCa, albeit 

commonly used as routine diagnostic methods for PCa. Moreover, the well-established 

diagnosis, trans-rectal ultrasound (TRUS) guided biopsies, is based on Gleason scoring 

that usually requires the expertise of a trained histopathologist. However, an inter-

observer variation exists between two histopathologists besides a large discrepancy 

existing on initial biopsy and after the final radical prostatectomy (RP).  

A reliable diagnosis is of high demand to make an optimal decision for PCa treatment. 

Photonics, especially vibration optical coherence elastography (OCE) and second 

harmonic generation harmonic (SHG) are novel high-resolution imaging modality for 

characterisation of biological tissues. This research thesis presented original works 

implementing these two photonic modalities in characterization of the microstructural 

details of prostate tissue obtained from a large number of TRUS guided biopsies. The two 

complementary methods appeared to be highly accurate in differentiating cancer from 

normal benign prostatic tissue. It also provided accurate characterisation of Gleason grade 

based on the measurement of Young’s modulus (tissue stiffness) and orientation of 

collagen around malignant lesions.  

This chapter summarizes the main research outcomes, discusses some limitations of the 

current studies, and recommends some future works that could be generated from this 

research thesis, as well as a final remark that comes at last.  

 

6.1 Research Outcomes 

This research thesis aims at searching a reliable and quantitative diagnostic modality to 

achieve higher diagnostic accuracy. It starts with a thorough literature study of the current 

PCa diagnostic methods and the varied sensitivity and specificity have been discussed. 

Optical imaging modalities were selected for this research owing to the super high 

resolution over traditional ultrasound imaging. Optical coherence tomography (OCT) 

imaging with resolution in the micro scale stands out from the other light imaging 
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instruments. The merit of using OCT is also contributed to the reasonable imaging depth 

compared to the conventional microscope. Another advantage of OCT is the feasibility to 

perform elastography on the biological tissues. Mechanical properties of tissues have are 

related to the pathological process of breast disease and cancer.  

 

6.1.1 Study of fixative effects on the tissue stiffness using vibration OCE 

To enable elastography, a shaker was utilized to generate vibration to the tissues. The 

generated vibration signal was analysed and tuned to achieve optimal performance for the 

use in the detection of prostate biopsies. Before testing on the prostate tissues, this system 

setup was first applied for the monitoring stiffness change of tissues embedded in the 

fixatives. One of the aims is to verify the capability of the new setup for the measurement 

of biological tissues in small scale. The other aim is to study the time required for the 

prostate biopsy tissue to achieve full fixation as the prostate biopsy is usually deposited 

immediately in the formalin solution after biopsy procedure but little is known about the 

fixative effects on the tissue stiffness. Additionally, this study is of significant clinical 

impact as many fixed or preserved tissues has been used for clinical training and 

biomedical instrument design.  

Therefore, the effect of tissue stiffness change from two commonly used fixative or 

preservative were included in this study, namely formalin and Thiel solution. Formalin is 

the most commonly used fixative across the laboratory or clinics in the world for either 

short-term or long-term storage of tissues, while Thiel cadavers are normally kept in a 

tank for at least 3-6 months before use. To replicate the fixation process, their time effect 

had been tested on five different tissue types which were trimmed to the size similar to 

the prostate biopsy for a long period up to 6 months with a precisely controlled timeline.  

It is found that all the different kinds of tissues immersed in 10% formalin dilution display 

an ascending trend of the elasticity changes, while those immersed in Thiel solutions 

almost remain constant Young’s Modulus for all tissue types with only small fluctuations. 

That is to say, Thiel solution is more likely to retain lifelike textures and properties of 

tissues, enabling surgical and clinical training more approaching to the reality compared 

to traditional rigid formalin fixed specimens. Most of the stiffness changes of tissues 

embedded in the formalin solution ceased after 6 hours of fixation, but some fluctuations 

were noticed. After 24 hours, the tissues are fully fixed without noticing change of 

elasticity. This is a crucial guideline for the following study of prostate biopsies. Besides, 
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the porcine fat tissue was not sensitive to the fixation effect of formalin. This is probably 

due to the main component of adipocytes.  

In this study, the new OCE setup using vibration method is proved to be a powerful 

imaging technique in characterizing fine tissue structure and elasticity distribution 

simultaneously. These findings provide a thorough understanding of the effect of formalin 

and Thiel solution on tissue stiffness, which will be beneficial for the future design of 

fixed or preserved tissue for the training in both clinical and biomedical field.   

 

6.1.2 Evaluation of prostate malignancy using vibration OCE 

Based on the abovementioned work, this study further explores the potential of the 

vibration OCE in a large clinical study including 70 patients suspected with PCa. With 

the agreement with the local committee and the consent from each patient, this study 

incorporates both cross-sectional 2D and en face 3D imaging of the biopsy tissue with 

high resolution. The illustrated biopsy structural image and elastogram are highly 

correlated with the results from the histological photos and reports, respectively. It is 

manifested that OCE can reliably differentiate benign and malignant prostate tissues with 

high diagnostic accuracy (AUC > 90%). Statistically, the stiffness of cancer biopsies was 

approximately 57.63% higher than that of benign ones with corresponding stiffness 

values of 698.43 ± 125.29 kPa versus 443.07 ± 88.95 kPa. This technique also 

demonstrated potential in characterising different aggressiveness of PCa based on the 

change of tissue morphology and quantitative mechanical properties. This is the first ex 

vivo study using vibration OCE in identifying PCa and characterising degree of 

malignancy with such a high diagnostic accuracy.  

With the results generated from this large clinical studies using ex vivo prostate tissues, it 

will form a complete basis for future research using these techniques in in vivo assessment 

of PCa and intraoperative assessment of tumour margins. In summary, this study utilized 

the vibration OCE to estimate the Young’s modulus of prostate biopsies, differentiate 

benign from malignant biopsies, as well as quantify the degree of malignancy. Thus, the 

Young’s modulus of the prostate biopsy is potential to be used as a mechanical biomarker 

to detect PCa and distinguish cancer with different aggressiveness.  
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6.1.3 Investigation of prostate collagen matrix using SHG 

Tissue stiffness increase is associated with the pathological change of the disease, and the 

second study of this research thesis has just proved this. The observed tissue stiffness is 

known as a result of cell density and remodeling of extracellular matrix (ECM). Collagen 

as the major structural and mechanical component in the ECM plays a key role in 

regulating tissue stiffness. This study pokes into the stroma of prostate tissue to 

investigate the interaction between the cancer cell and the surrounding ECM using SHG 

microscopy. It is a noninvasive imaging method without the need for staining or ionizing 

radiation, but it can feasibly be applied to versatile types of biological samples with high-

contrast morphological details of collagen fibres. In this study, the SHG images of normal 

and malignant prostate biopsies were compared, as well as those with different Gleason 

scores. All the samples were correlated with histological images using H&E staining, 

which is the golden standard for confirming presence or absence of prostate cancer.  

It was found that the collagen in malignant prostate cancer has a reticular instead of 

papillary pattern of benign biopsy. However, the reticular pattern disappears in the highly 

advanced cancer such as Gleason 4+5. When the cancer cells are proliferating in an 

uncontrolled manner, the basement membrane is broken down, the glands are fused 

together and the cancer cells invade the gland and even the stroma. As a result, the SHG 

signal between glands is gradually lost. Apart from morphologically different collagen 

patterns, the FT-SHG was utilized to quantify the preferred orientation of collagen fibres 

in each biopsy. In this study, A:I ratio adapted from previous study [176] was developed 

for the orientation of collagen fibres.  

This ratio was proved to be powerful in revealing the alignment of collagen matrix. 

Generally, malignant cores are found to be more aligned than the normal ones. Besides, 

the higher the Gleason score, the larger the A:I ratio. It means that the collagen fibres tend 

to be more oriented as PCa becomes more aggressive. A small fluctuation is noted in the 

advanced grade of cancer. It is also found that a higher primary grade leads to less oriented 

collagen fibres and a lower A:I ratio for the scenario of the biopsies with the same Gleason 

sum. In summary, high-resolution images of collagen distribution were provided using 

SHG in prostate core biopsies. Moreover, quantitative FT-SHG demonstrated that the A:I 

ratio can be used as another biomarker for the diagnosis of PCa.  
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6.2 Limitations and Future Works 

6.2.1 Study of fixative effects on the tissue stiffness using vibration OCE 

Although the tissue was vacuum-packed before transferring to the OCE lab, there had 

been autolysis and decomposition to a certain extent. In addition, there was evaporation, 

especially on the surface of the tissue while preparing and scanning the sample. As a 

result, there might be some tissues partially dried that could result in an increased level 

of stiffness. This could also be attributed to the biochemical reactions and manual 

operation.  

When preparing the porcine liver sample, the process of cutting and trimming the sample 

took considerably longer than the other tissues did as the liver sample was too soft to 

handle. In comparison, the preparation time for the chicken breast and porcine fat using 

a biopsy needle took less than one minute. The loss of moisture was minimised and well 

controlled in the other tissues, but relatively worse in the liver due to the nature of the 

tissue. As a result, the original value of elasticity of the liver was further increased and 

higher than literature reports [145, 146]. 

In the case of future work, fresh tissues obtained from the slaughter as soon as after 

mortem would be preferred where ex vivo studies of other tissues are required. After 

acquiring the tissues, they should be stored in the saline solution and kept on ice 

immediately to minimise tissue degradation before the scanning. If possible, the room 

temperature and moisture should be monitored as a reference parameter which might give 

rise to some difference of the acquired and real tissue stiffness.  

  

6.2.2 Evaluation of prostate malignancy using vibration OCE 

It was noted that the Young’s modulus obtained from this study was higher than literature 

[71, 72] and the ex vivo verification of the stiffness value of the human prostate tissue is 

lacking. Following the requirements of a routine histopathological examination, the 

human prostate biopsy samples in this study were fixed in formalin before the OCE 

experiment, which ensures the accuracy of the following histopathological analysis of the 

cellular structure of the fixed biopsy. The formalin increases the tissue stiffness which, to 

some extent, can bring bias to the final elasticity of prostate biopsies. Nevertheless, it was 

not feasible to perform an ex vivo verification of the human prostate tissue stiffness using 

traditional tensile or compressive test. Such invasive mechanical tests can cause damage 

to the tissue and as a consequence make the histopathological analysis of the tissue 
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impossible. In our experiment, however, timeline was precisely controlled to finish every 

experiment. Since all the 720 samples were fully fixed [160] in the formalin for 24 hours 

before the OCE scanning, the extent of stiffness increase should be the same for all the 

benign and malignant prostate tissues.  

For the future work, ex vivo mechanical verification using porcine prostate would be 

suggested here. Using the same biopsy needle, 12 biopsies can be taken from different 

regions of the porcine prostate in accordance with the transrectal ultrasound guided 

biopsy (TRUS) protocol. Then the results from vibration OCE on each porcine prostate 

biopsy can be correlated with the results from the mechanical test in order to verify the 

Young’s modulus value obtained from vibration OCE. Also, a new recruitment of patient 

underwent RP is necessary to generate a solid data for the prediction of the histological 

grade of the RP using OCE. Though promising results have already presented, it is a 

preliminary study with only limited number of participants. Also, with the improvement 

of system configuration and synchronization program, the acquisition time for the 3D 

data will be much faster.   

On the basis of the findings from this study, another future perspective is the in vivo study 

with the OCE needle probe to realise real-time diagnosis of PCa and accurate 

characterisation of the malignancy. Although the penetration depth of OCT is limited due 

to the attenuation from light scattering, the instrument can be integrated with optical fibre 

probes in catheters, endoscopes, laparoscopes, and needles to access tissues deep within 

the body. It is required to perform an in vivo feasibility study of such design equipped 

with an elastography function in a porcine model first before the plan of a human clinical 

study. After the realization of such an in vivo instrument, not only in situ detection and 

characterisation of PCa is possible to allow a more precise focal treatment, but 

intraoperative examination of excised prostate tissue is feasible to provide the surgeon 

with an assessment of tumour margins within minutes of prostate removal.  

 

6.2.3 Investigation of prostate collagen matrix using SHG 

In the study of collagen orientation using SHG, the A:I ratio acquired from breast biopsies 

in [176] was 2.8 ± 1.5 for normal samples and 11.6 ± 6.7 for malignant ones. Both of 

them are at least twice the values obtained from the prostate biopsies. There could be 

several reasons for this discrepancy. The first is the nature difference of target tissue and 

the breast tissue is better differentiated in comparison to prostate tissue. Breast tissue 
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contains much more collagen, and a different type of collagen structure could lead to a 

higher level of alignment. The second reason could be the FT-SHG method we utilized 

in this study is slightly different, such as the threshold, size of the sub-images, and 

resolution of the original images. Another possible reason is the sampling size of the study 

that is quite important in considering the differences.  

Though the collagen alignment is proved to be correlated with the malignancy of cancer, 

there is no noticeable relationship between the tissue stiffness and the collagen assembly 

in the cancer matrix. It could be due to the unbalanced sampling size of using OCE and 

SHG, as this research thesis include 720 biopsies with OCE measurement but only 42 

biopsies with SHG quantification. This is also possibly because of the intrinsic 

complexity of the collagen-cell interaction. It could suggest that the stiffness increase is 

partially contributed by the collagen alignment, and partially by the cell density and intra- 

and inter- cellular force, etc. To further investigate the correlation between the tissue 

stiffness and collagen orientation, a larger sampling size of prostate biopsies is required. 

Previous studies [47, 188] have revealed the role of the density of collagen fibres and type 

I collagen in the prostate elasticity increase. For the future perspective, the results of the 

collagen orientation using SHG can be cross correlated with collagen density and the type 

of collagen using picric acid-sirius red with polarized light microscopy. The prostate 

consists of epithelia, fibroblasts, smooth muscle cells, and various molecules of ECM. It 

appears that the tissue stiffening is a comprehensive result of various cells, ECM 

molecules, intra- and inter- cellular or molecular architecture, etc. rather than collagen 

alone. However, there are few limited studies reported on the importance of other 

components in the prostate tissue stiffening [47, 188]. Future works are also needed to 

investigate the role of other components, such as smooth muscle cells and elastin that 

provide tissue strength and flexibility together with collagen. These will add significant 

value to understand the role of tissue rigidity in PCa progression. 

 

6.3 Final Remarks 

In conclusion, this research thesis presented two novel optical imaging modalities aiming 

at increasing the diagnostic accuracy of current PCa detection, namely vibration OCE and 

FFT SHG. The overall study consists of three complementary sub-studies, which are 

inherently related to each other. In the one hand, promising results have manifested that 

the use of vibration OCE in detecting PCa with a high accuracy of 93.9% and can 
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differentiate malignancy with a significant difference. In the other hand, FFT-SHG can 

illustrate the different matrix structure between benign and malignant prostate tissues 

with an effective ratio parameter to quantify the collagen alignment. With the 

development of needle probe and the advancement of technology, the fuse of these two 

complementary modalities OCE/SHG is potential to be a powerful multimodal imaging 

tool in the in vivo assessment of PCa with small size and intraoperative examination of 

tumour margin, as well as improve the patient satisfaction. 
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