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Abstract 
 

Most diseases manifest themselves when symptoms affect the patient at the organ level, but 

they originate at the molecular and cellular level, with clear signatures, such as changes to 

morphology or stiffness. Understanding disease at such a level may permit earlier, more 

specific diagnosis, and may improve targeted treatment strategies; however, it requires 

imaging techniques that are sensitive and specific to such small variations in cell and tissue 

micro-environment properties. Unfortunately, medical imaging technologies, capable of 

performing such high-resolution imaging at depths of up to several millimetres in tissue, 

are limited and need improvement. 

One path to understanding the genesis and progression of disease, and to early disease 

detection, lies in the advancement of such a microscopy technique. Optical coherence 

tomography (OCT) holds much promise towards this end, as an optical, three-dimensional, 

non-invasive, high-resolution imaging technique, with the ability to penetrate tissue, 

reaching 2-3 mm below the surface. Optical coherence elastography (OCE), an extension 

of OCT to image a sample’s three-dimensional stiffness distribution, can aid in this 

scientific and clinical effort, by providing complementary information on the tissue 

mechanical properties.  

Nevertheless, the penetration depth and image contrast of OCT are fundamentally 

limited by light scattering in biological tissue. In addition, OCE currently lacks the 

resolution to visualise mechanical interactions at the cellular scale.  

Characterisation and improvement of image quality in OCT and OCE are fundamental 

to the translation of these techniques into reliable, non-invasive providers of biological 

tissues’ microscopic structural and functional information, and for their range of 

applications.  

 The first part of this thesis describes the methods used: firstly, to alter and improve 

OCT and OCE image quality; secondly, to compare it in realistic and controlled turbid 

tissue scenarios; and, thirdly, to analyse it. We use energy-efficient Bessel beams to alter 

image quality, as a viable alternative to conventional focussing schemes using Gaussian 

beams. We design novel structured phantoms to compare image quality in turbid tissue, 

providing fine control of the optical, mechanical and structural properties, and aiding in the 

benchmarking effort. We implement and use novel simulations of beam propagation and 

image formation in turbid samples to analyse image quality and guide system development.    

In the second part of this thesis, we employ the previously described tools to quantify 

the effect that using energy-efficient Bessel beams has on OCT image quality in turbid 
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tissue. We demonstrate that the Bessel beam’s increased depth of field comes at the 

expense of both reduced peak OCT sensitivity and contrast, when compared to a Gaussian 

beam of identical transverse resolution and optical power. This is because the Bessel beam 

does not reconstruct its amplitude profile any better than the Gaussian beam when 

propagating through a turbid medium that exhibits distributed scattering, as is typical with 

soft tissue. We also show, however, that for fixed focus beams, Bessel beams result in 

contrast and resolution superior to that of Gaussian beams, at depths where, in free-space, 

they possess a higher irradiance than the Gaussian beam. To improve OCT contrast 

further, alternative adaptive approaches or dynamic focussing is required.  

We then demonstrate an extended-focus optical coherence microscope and use it to 

perform ultrahigh-resolution optical coherence elastography, which achieves an 

unprecedented (𝑥𝑥 𝑦𝑦 𝑧𝑧) 2×2×15 μm strain resolution over a depth of field of nearly 100 μm. 

This is obtained by combining Bessel beam illumination and Gaussian beam detection, 

compromising between depth of field improvement and contrast reduction. Our 

multiphysics phase-sensitive compression OCE simulation of the influence of the system 

resolution and the applied load on the measured strain precision guided our acquisition 

protocols to maximise the strain sensitivity. We demonstrate this record performance on a 

structured phantom and freshly excised mouse aorta.  

The tools developed for image quality analysis, the characterisation of the influence of 

Bessel beams on contrast in OCT, and the resolution improvement demonstrated in 

ultrahigh-resolution OCE, provide important contributions to the ability of OCT and 

OCT-based techniques to provide better microscopic structural and functional information 

on biological tissue. 
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Chapter 1 

Introduction  
1  

A major challenge in improving patient health and treatment lies in understanding the 

origin of disease and how it affects living tissue across different length scales, from the 

molecules inside a cell, to the whole organs within the body. Another challenge lies in early 

detection of disease, in order to contain its progression and minimise damage.  

Medical imaging has enabled great progress in these two areas. No technique, however, 

can produce images with resolution sufficient to see cells and reveal the structural and 

functional information at depths of more than a few hundred micrometres below the tissue 

surface of a living subject, a task that is necessary to provide a viable substitute for 

histopathological analysis.  

For a pathology laboratory to provide this information, costly tissue excisions or 

biopsies are required, followed by extensive and time-consuming preparation for slicing 

and staining before performing microscopy investigation. In certain cases, biopsies are not 

even feasible, where tissue excision would compromise organ functionality, e.g., in the brain 

or in the eye. 

Let us consider the eye, perhaps the most demanding example, where microscopic 

functional and structural information is vital in the understanding, early diagnosis and 

management of a condition like glaucoma. Even though this thesis does not concern 

ophthalmology, the following example serves to highlight the need for improved image 

quality and performance in high-resolution bio-imaging to be able to clearly identify tissue 

types and constituents, and study and unequivocally diagnose disease.    

Glaucoma is the second most common cause of blindness worldwide [1] and leads to 

vision loss by damaging retinal ganglion cell axons in and around the optic nerve head 

(ONH) [2]. The onset of glaucoma is influenced by many factors [3], with ONH 

biomechanics being an important driving mechanism of this disorder, as demonstrated by a 

large body of research [4, 5]. However, quantifying ONH biomechanics is complex, and so 

far investigators have used general analytical [6, 7] or computational models [8, 9], 

untailored to individual patients. To understand the influence of ONH biomechanics on 

glaucoma, and then achieve clinical utility, in vivo measurements of the geometry and the 
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mechanical properties of all tissues within the ONH, as well as the load (i.e., intraocular 

pressure) that acts on them, are required. This information can then be used in patient-

specific biomechanical models of the ONH. Optical coherence tomography (OCT) has the 

potential to be a powerful tool for quantification of the in vivo biomechanics of the ONH. 

OCT is a three-dimensional structural biomedical imaging technique that provides 

higher spatial resolution (1-20 μm) than modalities such as ultrasound, magnetic resonance 

imaging (MRI), and X-ray computed tomography (CT) to depths of several millimetres in 

tissue [10]. This penetration depth exceeds that of other high-resolution optical imaging 

techniques, such as confocal microscopy or non-linear microscopy, as near-infrared light 

beams and coherent detection of backscattered light are used. 

The newest generation of OCT devices can acquire serial cross-sectional 2-D images 

rapidly (50,000+ depth lines/second), yielding near-real time 3-D volumes of tissue with an 

axial resolution of approximately 4 μm for commercial devices, improving to 1 μm for 

experimental ultrahigh-resolution devices [11]. The structures of the lamina cribrosa and the 

adjacent peripapillary sclera [12, 13], both of which are believed to strongly influence ONH 

biomechanics [14, 15] are so deep in the eye that light penetration of commercially available 

OCT scanners is only sufficient to start visualizing and identifying their upper boundaries.  

The principal reason for failing to visualise these deep structures is the influence on the 

OCT image quality of blood vessels, in particular those arising from the central retinal 

vessel trunk, as they cast signal shadows and alter structural and tissue displacement 

measurements. Furthermore, as incident light travels through the ONH, it attenuates with 

depth, such that reflected signals from deep structures may be too weak or the image 

quality too poor for them to be reliably detected.   

Image quality is defined by descriptors, such as resolution, depth of field (DOF), 

signal-to-noise ratio (SNR), sensitivity, contrast, penetration depth and speckle contrast. 

These parameters can be severely affected by the alteration of the optical beam (phase and 

amplitude) as it propagates through turbid media, resulting in a degradation of the image 

quality. These alterations are mainly caused by sample refractive index inhomogeneities 

present in closely packed tissue constituents or at tissue boundaries. Degradation can take 

the form of tissue-induced aberrations, caused by large-scale refractive index fluctuations, 

or diffused haze on the image brought upon by either small-angle multiply-scattered light 

wavefronts or wide-angle multiply-scattered light wavefronts that carry little or no 

structural information about the sample under investigation.  

The intrinsic contrast provided by scattering from the tissue reveals many 

morphological features, but is, on occasion, insufficient. For example, it does not readily 

reveal microvasculature, and it can be difficult to distinguish tissue types. Mechanical 
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properties are important to measure in their own right, but they also represent an 

alternative form of contrast to optical properties, which provides new opportunities in 

imaging tissues. Elastography is a medical imaging technique based on measuring the 

spatially resolved response of tissue to mechanical loading and can provide a map of 

mechanical properties. Better resolution than manual palpation can be achieved with 

elastography based on magnetic resonance imaging or ultrasound imaging [16]. These types 

of elastography are emerging as a clinical tool in the diagnosis liver fibrosis and breast 

cancer [17]. With resolution of tens of micrometres, optical coherence elastography (OCE) 

[18], a form of elastography based on OCT, shows promise in visualizing mechanical 

contrast in tissue on a scale intermediate between that of cells and organs.  

This resolution is yet too coarse to probe changes to the mechanical properties of tissue 

on the cellular scale (< 25 µm), as is ideally required to study the onset and development of 

disease [19], preventing OCE from realising its potential as a promising and unique 

instrument in the field of cell mechanics. The field of cell mechanics, in part, focuses on 

pathogenesis studies at the cellular scale and on the characterisation of the mechanical 

signatures of healthy and diseased cellular tissue constituents [20]. Ideally, such studies 

would include the ability to provide in situ images at cellular resolution in live tissues in their 

native environment. 

However, despite the efforts of the scientific community to improve the system 

resolution and increase the signal depth penetration, there are severe limitations when using 

OCT to image deep tissue structures and when using OCE to resolve tissue mechanical 

interaction on the cellular scale. Such limitations lead to artefacts, which may result in 

clinical misinterpretation and morphometric errors, or low sensitivity (high rate of false 

negative detection of tissue that is actually diseased) and low specificity (high rate of false 

positive detection of tissue that is actually healthy). Strongly scattering and attenuating 

structures (e.g., pigment and blood, generally highly forward scattering) adversely affect 

biomedical OCT applications, by reducing SNR, contrast and resolution. OCT phase 

decorrelation noise, limited depth of field, low scan rates or coarse displacement estimation 

methods have so far prevented the use of OCE in an ultrahigh-resolution regime.  

Since, for the study and diagnosis of diseases, the ultimate goal is to measure 

morphometric and biomechanical parameters, it is crucial to obtain high-quality images of 

the structures of interest at depth below the surface. The challenges previously mentioned 

can be overcome using particular approaches. Amongst these, one is using software post-

processing techniques and algorithms to improve the quality of OCT images [21]. A 

potentially more effective one is using hardware techniques, and the use of optical imaging 

simulations to guide the hardware development. This is because, in general, a model and 
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the results of a simulation inform the experiments and help advance understanding of the 

technique, which remains relatively weak in OCT, and is embryonic in OCE. 

The aim of this thesis is to address these issues with hardware techniques, in order to 

maximise the potential of OCT and OCE imaging at high resolution in turbid tissues. We 

shall not focus on a particular application, as we want to keep a general approach, suited to 

most imaging applications of OCT or OCE in turbid biomedical tissues. Therefore, we 

want to concentrate on the technological push within these boundaries, with the goal of 

significantly improving the microscopic detection of diseased tissue.  

1.1 Research objectives 

The focus of this PhD thesis is to understand, characterise and improve image quality in 

OCT and OCE, performed at millimetre depths in biological tissue, by means of both 

experimental and theoretical approaches: optical beam shaping and optical simulations. 

We plan to do so, by addressing fundamental limitations of coherent light-tissue 

interaction and technical constraints, affecting OCT image quality, with the objective of 

opening up new avenues for applications. The research required to achieve this goal can be 

broken down into three parts: 

1. Providing the tools needed to improve and quantify OCT and OCE image 

quality in turbid tissue, i.e., the tools to alter it (beam shaping), measure it (tissue 

phantoms), and analyse it (simulations);  

2. Analysing OCT image quality in turbid tissue, altered using Bessel and Gaussian 

beams, and measuring the relative improvements; 

3. Improving OCE image resolution without compromising other image quality 

descriptors (e.g., depth of field, strain sensitivity), in order to perform OCE at 

the cellular level, with applications in cell mechanics in situ. 

1.2 Structure of  the thesis 

The content of each chapter is briefly summarised below. Where journal papers are 

included in the chapters, they are reproduced as published, as noted in this introduction. 

Where chapter sections are only partially based on journal papers or other sources, proper 

referencing is also listed in the following breakdown. 
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Chapter 2 - Background of OCT and OCE 

This chapter provides a brief overview of OCT technology, concepts and characteristics 

that we exploit in our research effort to improve image quality and diagnostic ability in 

biological tissue. We review OCT, its working principles and image quality descriptors, 

such as resolution, DOF, SNR, sensitivity, contrast, speckle and present an introduction to 

OCE, an OCT-based modality for imaging tissue elasticity [18, 22, 23]. Section 2.2 is based 

on the introduction of [24]. Section 2.2.2 is based on Section 2 of [25]. Section 2.3.3 is 

based on Section 6.1 of [26]. 

 

Chapter 3 - Energy-efficient Bessel beams: a tool to alter image quality 

This chapter explores the characteristics of differently shaped optical beams used to 

interrogate biological tissue and form an image. We present different ways of shaping an 

optical beam, with refractive and diffractive optical elements, and with the use of 

reconfigurable beam shapers, such as a phase-only liquid crystal-on-silicon spatial light 

modulator (SLM). With appropriate characterisation, programming and placement in the 

sample arm optical path, we obtained phase-stable, achromatic and diffraction-efficient 

Bessel-like beams, and characterised their use in OCT, including their energy efficiency.  

Section 3.2 reports the journal paper [27] as published. In this section, we show that, 

for quasi non-diffracting Bessel beams, the Fresnel number is the key parameter 

determining the trade-off between DOF extension and OCT sensitivity loss when 

compared to a Gaussian beam of equal resolution. Section 3.3 is based on the experiment 

section of the supplementary information of [28]. We conclude this chapter by discussing 

the implication of the so-called self-reconstructing property of the Bessel beam in turbid 

tissue imaging. 

 

Chapter 4 - Structured phantoms: a tool to mimic turbid tissue and compare image 

quality 

This chapter introduces tissue-mimicking targets, called phantoms, that reproduce the 

optical, mechanical and structural properties of biological tissue, and can be used to 

characterise OCT image quality. Section 4.1 is based on the introduction of [29]. Section 

4.2 is based on Section 6.5 of [26], and it reviews the basics of light-tissue interaction, the 

different categories of OCT signal contributions from different scattering regimes and their 

implications for image quality. We then review Mie theory, describing the main tissue 

optical properties, scattering coefficient 𝜇𝜇𝑠𝑠, and scattering anisotropy, 𝑔𝑔. Those properties 
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influence the OCT signal, with respect to both its attenuation with depth and its contrast. 

This section is partly based on Sections 2.1.2 and 2.1.3 of [29]. Section 4.3 describes and 

validates the fabrication of phantoms with controlled attenuation coefficients 𝜇𝜇𝑡𝑡, and 

scattering anisotropy, 𝑔𝑔 and is partly based on Section 2.2 of [29] and the beam and sample 

configuration section of the supplementary information of [28]. Section 4.4, based on 

Section 3 of [29], discusses and validates fabrication of phantoms with controlled 

mechanical properties, especially stiffness. Section 4.5 reports the journal paper [30] as 

published, describing novel phantoms containing three-dimensional structure, suitable for 

mimicking the complexity of tissue structures on a scale intermediate between the OCT 

system resolution and the field of view, and their potential application in the assessment of 

speckle. In Section 4.6, based on the beam and sample configuration and validation 

sections of the supplementary information of [28], we look more specifically at the use of 

phantoms to test OCT image quality descriptors, including, resolution and contrast, with 

both a nanoparticle-embedded phantom and an advanced version of a 3-D-structured 

phantom. In Section 4.7, based on Section 2.2. of [24], Section 4.1 of [25] and partly [31], 

we describe the fabrication and use of structured phantoms for OCE. We conclude the 

chapter with a discussion of the use and limitations of silicone phantoms as tissue-

mimicking objects and image test targets. 

 

Chapter 5 - Simulation of beam propagation and image formation in turbid 

samples: a tool to theoretically quantify image quality 

This chapter presents a suite of OCT image simulation and optical beam propagation tools 

for the study and understanding of speckle phenomena in OCT, phase-sensitive OCT 

measurements, and assessment of the quality of images of scattering turbid media. 

We proceed through increasing complexity and realism of the model on which the 

simulations are based, and increasing dimensionality from one to three dimensions. Section 

5.2 deals with image formation in the single-scattering regime. In Section 5.2.1, based on 

Section 6.2 of [26], we start by simulating the OCT signal from a multitude of scatterers in 

one dimension and in two dimensions as the result of local sums of random phasors, and 

in Section 5.2.2, based on Section 3.1 of [25], we explore a more advanced linear systems 

model providing realistic OCT amplitude and phase images from numerical scattering 

phantoms. Section 5.3 presents our journal paper [32], as published, on a two-dimensional 

full wave model of image formation in OCT applicable to general samples. Section 5.4, 

based on the supplementary information of [28], extends the simulation of the beam 

propagation into the sample to three dimensions. 
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Chapter 6 - Quantifying OCT image quality in turbid samples using Gaussian and 

Bessel beams 

In this chapter, we answer the question of how energy-efficient Bessel beams perform in 

turbid tissue OCT imaging, and whether they hold an advantage in terms of image quality 

compared to imaging with Gaussian beams. 

Light interaction with turbid tissue affects the image quality indicators. In fact, the 

presence and relative contribution of the different categories of image-carrying and 

image-degrading light in the detected OCT signal determines the precision and ability to 

localise and discriminate the position and intensity of the backscattering events generated 

by the tissue refractive index distribution. 

In our effort to benchmark image quality and to provide strategies for improvement, 

we present our work done in quantifying the influence of Bessel beams on image quality in 

OCT. This analysis will bring together all the tools developed in the previous chapters. 

Firstly, the beam shaping platform used to produce Gaussian and Bessel beams of equal 

transverse resolution. Secondly, the overlayers and structured phantoms to test different 

realistic scattering conditions and to quantify the image quality. Finally, the 3-D beam 

propagation simulation to verify the different image-carrying and image-degrading light 

contributions to the OCT signal. These tools will help us answer the question of which 

beam type attains better OCT image quality in turbid tissue under general tissue-like 

scattering conditions. Section 6.2 reports our recent journal paper [28], as published. 

 

Chapter 7 - Improving OCE image quality: strain precision and resolution 

This chapter focuses on the characterisation and improvement of optical coherence 

elastography image quality. We present the results of the optical simulations introduced in 

Chapter 5, and incorporate those in a multiphysics simulation, combining optical and 

mechanical models, to highlight the influence of acquisition parameters, such as the loading 

conditions (compression amplitude), on the elastogram image quality. We do so with 

specific reference to elastogram precision, i.e., the repeatability of the tissue displacement 

and strain measurement, as determined by indicators such as displacement and strain 

sensitivity and strain SNR. Section 7.2 includes most of the journal paper [25] on this 

subject. 

With the goal of expanding the capabilities of OCE to serve the field of cellular 

biomechanics in situ, we then concentrate on improving the elastogram resolution, without 

compromising its precision. We do so, by designing an ultrahigh-resolution optical 
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coherence microscopy system with an advanced beam shaping setup, combining Bessel 

beam illumination and Gaussian beam detection, and devising an image acquisition strategy 

that preserves elastogram precision. This highly novel system and its results are reported in 

Section 7.3, where the journal paper [31] is presented as published.  

We demonstrate this improvement on both tissue-mimicking phantoms and freshly 

excised mouse aorta, revealing the mechanical heterogeneities of vascular smooth muscle 

and elastin sheets in the aorta wall in exceptional detail.  

 

Chapter 8 - Conclusions 

This chapter summarizes the significance and limitations of the research presented in this 

thesis, and makes recommendations for future work. The thesis concludes with a summary 

of the key contributions and some final remarks. 
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Chapter 2 

Background of OCT and OCE  
2  

 

2.1 Optical coherence tomography 

This chapter provides a brief overview of the imaging technology, concepts and 

characteristics required to understand the context and our effort to improve image quality 

and diagnostic ability in biological tissue. We will review OCT, its working principles and 

imaging properties, such as resolution, depth of field, signal-to-noise ratio, sensitivity, 

contrast, speckle and presents an introduction to optical coherence elastography (OCE), an 

OCT-based modality for imaging tissue elasticity [18, 22, 23]. 

OCT is an optical imaging technique acquiring three-dimensional (3-D), high-

resolution, near real-time images of samples and their sub-surface structure, suitable for 

biomedical diagnostics in vivo [33]. It is non-ionizing and non-invasive as it uses infrared 

light without requiring direct contact between probe and tissue.  

OCT is analogous to ultrasound imaging in its working principle, as it gates the 

detected backscattered radiation from the sample and determines the associated distance 

from the measured echo-time delay, but uses light waves instead of sound waves. Direct 

time-of-flight measurement of the reflected waves is infeasible, since the speed of light is 

roughly six orders of magnitude faster than the speed of sound. Instead, low-coherence 

interferometry [34, 35], explained in detail in Section 2.1.1, is used to make depth-resolved 

measurements of the sample’s reflectance. Light from a spectrally broadband source is split 

into two optical paths (‘arms’), and the interference of light reflected or backscattered from 

the sample with light reflected from a reference mirror is detected. The use of 

low-coherence interferometry for in vivo measurements of tissue has been demonstrated 

since at least the mid 1970s [36]. It wasn’t until 1991 that Huang et al. presented the first 

demonstration of OCT, producing images by raster scanning the sample beam of a low 

coherence interferometer over ex vivo tissue samples [37]. 

In OCT, a 3-D image is usually formed by scanning in the following order: a one-

dimensional (1-D) axial scan in depth, 𝑧𝑧, is performed by low-coherence interferometry. 
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Acquiring multiple 1-D scans at different transverse locations along 𝑥𝑥 leads to a two-

dimensional (2-D), cross-sectional scan. A 3-D volume image is then formed by scanning 

laterally in 𝑦𝑦, and acquiring multiple 2-D scans at different transverse locations. Using the 

same terminology as used in ultrasound imaging, the 1-D depth scan is called an A-scan, 

the 2-D scan is called a B-scan, and the 3-D scan is called a C-scan. Once acquired, the data 

volume can then be digitally sliced in different orientations, similarly to multiplanar 

reformatting in CT. Slices in the 𝑥𝑥𝑦𝑦-plane, thus at some depth 𝑧𝑧,  are referred to as the 

en-face images. Figure 2-1 shows a schematic of this geometry and terminology. 

 
Figure 2-1. Schematic of terminology used when referring to OCT scan orientation. (a) A-scan: a 1-D axial scan formed 
from the irradiance of light vs. depth, z. (b) B-scan: a 2-D cross-sectional scan formed by scanning laterally (x) and 
acquiring multiple A-scans. (c) C-scan: a 3-D volume formed by scanning laterally (y) in the orthogonal direction to (b), 
and acquiring multiple B-scans. Adapted from [11].The resolutions (in the axial and transverse 

directions) of a typical OCT system (at focus and in low-scattering media) are around 5–20 

μm [11], but systems with ultrahigh resolutions of 1–3 μm have been demonstrated [38]. 

Unlike in most other microscopy techniques, the mechanisms determining the axial and 

transverse resolution in OCT are decoupled, as only the transverse resolution is determined 

by the sample optics, while the axial resolution is determined by the coherence property of 

the light source. Section 2.3.1 deals in detail with the factors influencing OCT resolution.  

Light extinction from tissue is caused by absorption and scattering processes. The 

wavelengths used for OCT are usually chosen to lie within the so-called diagnostic window 

(650–1,350 nm) to minimise the absorption of light by tissue constituents [39, 40]. Figure 

2-2 shows a diagram of the spectral molar extinction by selected tissue chromophores.  
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Figure 2-2. Spectral absorption for a range of tissue chromophores in the diagnostic window in the near-infrared. For 
wavelengths in the range 650–1350 nm, the extinction of light due to absorption and scattering is relatively low. Based on 
data from [41-44]. 

The optical absorption of any given chromophore in tissue is determined by the molar 

extinction coefficient multiplied by the concentration of that chromophore. Tissue 

absorption is dominated by the spectral response of water since water is the most 

prominent constituent of most soft tissues. Thus, water limits light penetration in tissue on 

the long wavelength side, and melanin and blood, where present, on the short wavelength 

side. Within the diagnostic window, light scattering is two or more orders of magnitude 

stronger than absorption, making it very suitable for OCT, which relies on the elastic 

backscattering of light to form an image. The most commonly used wavelengths for OCT 

are centred around 800 nm, which provides higher resolution (for a given bandwidth, see 

Section 2.3.1), and 1,300 nm, which provides greater depth penetration in tissue. The 

typical depth penetration of OCT is in the range 0.5–1.5 mm, determined primarily by the 

interplay between scattering, system sensitivity and numerical aperture. 

In terms of resolution and penetration depth, OCT occupies a niche between 

laboratory imaging techniques, such as confocal microscopy, and medical imaging 

techniques, such as ultrasound and magnetic resonance imaging, as illustrated in Figure 2-3. 

 



12 Chapter 2  Background of OCT and OCE 

 

 
Figure 2-3. Comparison of OCT resolution and imaging depths to other biomedical imaging methods. The “pendulum” 
length represents imaging depth, and the “sphere” size represent resolution. Reproduced from [45]. 

OCT is clinically used primarily in ophthalmology [46, 47], especially for imaging the 

retina, but increasingly also the anterior segments of the eye, such as the cornea. OCT is 

also being used clinically, in order of decreasing importance, for cardiology [48, 49], 

dermatology [50], gastroenterology [51], dentistry [52], and pulmonology [53, 54], as shown 

in Figure 2-4. Examples of the three most published research application areas are 

schematically shown in Figure 2-5. Figure 2-6 shows movies of representative OCT images 

from those clinical applications as well as laboratory applications.  

The advances into fibre-optics technology brought by the telecommunications industry 

had fostered the growth of OCT imaging and helped overcome its short penetration depth 

by delivering light through flexible probes, allowing for in vivo and in situ imaging of internal 

tissues. 

Fibre-optics and miniaturised optics are at the core of compact endoscope [55], 

catheter [56] and needle [57] probes. In addition, OCT has been used as the basis for 

several derived modalities, including Doppler OCT for measuring fluid velocities, 

particularly of blood flow in vasculature [58-60], and spectroscopic OCT for measuring 

depth-resolved, wavelength-dependent attenuation [61]. 
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Figure 2-4. Bar chart of a snapshot of results from a Scopus search of selected OCT biological applications from 2005 to 
2015, inclusive. Searches were conducted on the publication title and only included English results. Search terms used 
were as follows: “optical coherence tomography” AND terms relevant for each heading, e.g. "optical coherence 
tomography" AND (breast OR mamm*), where the use of a * indicates a search for all words containing the truncated 
term. (http://www.scopus.com). 

 
Figure 2-5. Main applications of OCT. (a) Ophthalmology. (b) Cardiology. (c) Dermatology. Reproduced from [62-72]. 
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