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ABSTRACT 

Glaucoma, a world leading cause of blindness, is a progressive optic 

neuropathic disease associated with uncontrollable intra-ocular pressure. Vision 

loss from glaucomatous damage is irreversible but the onset is preventable if 

diagnosed early. Biomechanical changes of the Optic Nerve Head (ONH) 

specifically the lamina cribrosa have been suggested to be associated to 

glaucoma susceptibility. However, imaging the ONH is complicated by its location 

at the back of the eye. Optical Coherence Tomography (OCT) is a non-invasive 

imaging modality that can image the retina but commercial OCT systems do not 

have the tissue penetration to image deeper structures of the ONH. In this thesis, 

volumetric OCT data are compared with the clinical gold standard of ophthalmic 

imaging, stereo disc photography, to provide clinicians with a better 

understanding of the disc margin anatomy. Development of a high-speed 1µm 

swept source OCT system is presented that can visualize essential features of 

the ONH. 

 

Keywords: glaucoma, optic nerve head, lamina cribrosa, optical coherence 
tomography, optics, swept source lasers 
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1: INTRODUCTION 

1.1 Glaucoma 

Glaucoma is a progressive optic neuropathy associated with uncontrolled 

intra-ocular pressure (IOP) and is a world leading cause of irreversible blindness 

[1]. Glaucomatous optic neuropathy involves retinal ganglion cell axonal damage 

associated with collapse and excavation of the optic nerve head tissues, seen 

clinically as cupping [2-4]. The pathogenesis of glaucomatous optic neuropathy is 

poorly understood and although several pathogenic mechanisms likely co-exist, 

changes at the lamina cribrosa appear to play a central role. Furthermore, both 

clinical and animal studies in non-human primates indicated that morphological 

changes in the Optic Nerve Head (ONH) are likely occurring early in the 

glaucomatous process before any loss of peripheral vision [3-9]. 

1.2 The Eye and the Optic Nerve Head 

The human eye, illustrated in Figure 1-1, is a complex organ 

approximately 25mm diameter and is composed of focusing and detecting 

elements [10]. Light incident on the cornea refracts and passes through the 

anterior chamber of the eye and through the lens. The iris controls the size of the 

pupil, which regulates the amount of light onto the retina, the detector element of 

the eye. The photosensitive cells of the retina called the rod and cones convert 

light to visual signals that are sent to the brain through the optic nerve.  
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Figure 1-1: (A) Eye anatomy. Modified from the National Eye Institute, National Institutes of 
Health Ref# NE09. (B) Disc photograph. (C) Illustration of the ONH; PCA – 
Posterior Ciliary Artery; CRV – Central Retinal Vein; CRA – Central Retinal 
Artery; RPE – Retinal Pigment Epithelium; Circle of ZH – Circle of Zinn-Haller. 

 

1.2.1 Optic Nerve Head  

The optic nerve head, illustrated in Figure 1-1 (C), is the region where the 

retinal nerve cells converge and pass through the lamina cribrosa and exit the 

eye towards the brain. The lamina cribrosa, a sieve-like structure providing the 

structural and nutritional support to the nerve fibres and serves as a pressure 

barrier that maintains a pressure gradient between the intraocular and 

retrobulbar space, with the intraocular space sustaining a higher pressure [11].  



 

 3 

The clinically visible portion (Figure 1-1 (B)) of the ONH is called the optic 

disc; the bundles of axons from the retinal nerve fibre layer that make a right 

angle turn at the edge of the optic disc or scleral ring is visualized as the 

neuroretinal rim. For a healthy optic nerve, the rim thickness generally follows the 

‘ISNT’ rule, where the rim is thickest in the Inferior rim, then the Superior rim, the 

Nasal rim, and the Temporal rim is the thinnest [12]. 

A few layers of the retina and the basic anatomy of the ONH are 

presented in Figure 1-1 (C). The choroid contains an abundant amount of blood 

vessels and a large amount of melanin that provides nutritional support to the 

outer retinal layers and absorbs scattered light, respectively. The Retinal Pigment 

Epithelium (RPE) is mainly involved in the inner retina’s metabolism; it serves as 

the blood-retinal barrier and functions to transport nutrients and waste products. 

The Bruch’s membrane (BM) is located between the Retinal Pigment Epithelium 

(RPE) and the choroid and is composed of five layers of connective tissue 

sheets. 

1.2.2 Biomechanics Perspective  

Intra-Ocular Pressure (IOP) is the primary known factor for progression 

and development of chronic glaucoma or primary open angle glaucoma; 

however, the precise mechanism of glaucomatous optic nerve damage is not 

fully understood. Furthermore, simply measuring the IOP is not valid indicator of 

glaucoma susceptibility because of the wide variation of IOP across the normal 

population and the diurnal variation of IOP. Several research have been directed 

to investigate the biomechanics of the ONH and how its load-bearing connective 
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tissues—the lamina cribrosa, scleral canal wall and peri-papillary sclera—

responds to raised IOP.  

Modelling the ONH as a biomechanical structure provides a conceptual 

framework for predicting the mechanical changes and behaviour of the ONH 

based on its geometry and material properties; particularly, it can help predict the 

central role of IOP-related stress and strain on the load-bearing tissues of the 

ONH, which can help in the understanding of the pathophysiology of 

glaucomatous damage [3]. The biomechanical model of the ONH suggests that 

elevated IOP can lead to mechanical failure of the load-bearing tissues of the 

ONH, which results in an enlargement of the scleral canal diameter as well as 

posterior displacement of the lamina cribrosa [3, 8]. 

Burgoyne et al. [3, 7, 8, 13, 14] have begun a series of studies on non-

human primates and have shown evidence of biomechanical changes associated 

with glaucomatous damage. Investigating these changes in the human ONH is a 

challenge since the human ONH is larger than that of lower primates, thus it 

cannot be entirely visualized with existing commercial OCT systems (λo=830nm).  

Furthermore, commercial OCT systems are specialized for imaging the retina 

and do not provide sufficient tissue penetration to image the lamina cribrosa 

region. 

1.3 Non-invasive imaging 

Non-invasive ophthalmic image acquisition and analysis can provide a 

path to early diagnosis and management of glaucoma. However, imaging of the 
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ONH is challenging since it is located at the back of the eye. Techniques to 

image the back of the eye such as flood illumination fundus photography and 

confocal scanning laser ophthalmoscopy only provide 2D images and surface 

topology, respectively. The aforementioned techniques do not provide clinicians 

with high-resolution depth resolved images that are required to investigate 

biomechanical changes in the ONH associated with glaucomatous changes [10]. 

Optical Coherence Tomography (OCT) is a non-contact, non-invasive 

medical imaging modality that can acquire sub-surface cross sectional images of 

biological tissue at high resolution [15]. Optical coherence tomography is similar 

to ultrasound but near infrared light is used instead of sound waves.  

1.3.1 Fourier Domain OCT 

Fourier Domain (FD) OCT is a form of low coherence interferometry where 

coherence gating is used to select minimally scattered photons. A simplified OCT 

system is illustrated in Figure 1-2.  

 

Figure 1-2: Simplified fibre-based optical coherence tomography setup using a Michelson 
interferometer configuration. 
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Light back-reflected from the sample (IS) and reference (IR) arms are 

recombined in the fibre coupler and interfere to produce fringes related to the 

optical path length difference (Δz). The location of the sample can be extracted 

by taking the Fourier transform of the signal acquired at the detector: 

           ̂    (              √    (               ))  (Eq. 1-1) 

where  ̂    is the Fourier transform of the source spectrum. The coherence 

length of the source assuming a Gaussian profile having a full width half 

maximum (FWHM) spectral bandwidth Δλ, is given by  

   
      

  

  

  
   (Eq. 1-2) 

Based on Eq. 1-2, the resolution is dependent on both the spectral bandwidth 

and central wavelength of the source. The axial resolution in OCT is de-coupled 

from the lateral resolution, which is defined by the imaging optics [10]. 

Two important aspects for OCT imaging of highly scattering media are 

good dynamic range and Signal to Noise Ratio (SNR). The dynamic range of the 

system can be determined by calculating the ratio of the signal from the peak 

value of the Point Spread Function (PSF) to the noise floor, without blocking the 

sample arm [16]; the SNR can be determined  by calculating the ratio of the 

signal from the peak value of the PSF to the noise floor while blocking the 

sample arm.  

In OCT systems where the sample arm back-reflection is around an order 

of magnitude smaller than the reference arm reflection, the maximum sensitivity 

is determined by the shot noise limit of the system [17]. In order to achieve a shot 
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noise limited system, an optimal ratio of reference arm back reflection to sample 

arm back reflection is required. If the back-reflected light from the reference arm 

is several orders of magnitude larger than the sample arm, excess noise will 

dominate. On the other hand, if the reference arm back-reflection is greatly 

attenuated, receiver noise will dominate. The Signal to Noise Ratio (SNR) is 

given by the equation below. 

    
       

 
   (Eq. 1-3) 

where t is the line integration time, ρ is the sensitivity of the detector for the 

wavelength used, RS is the reflectivity of the sample arm, PS is the power of the 

sample arm and e is the electronic charge [18]. Eq. 1-3 shows that the SNR is 

not dependent on the detection bandwidth but proportional to integration time. 

Two types of FD OCT are widely used in research and are differentiated 

based on the combination of the source and detector used. Spectral Domain 

(SD) OCT uses a low coherence broadband light source and a spectrometer 

which uses a diffraction grating to disperse the interferometric signal spectrum 

across a linear array detector, while Swept Source (SS) OCT uses a wavelength 

swept laser source and photodiode balanced receiver as the detector. Whereas 

SD OCT spatially encodes the spectrally-resolved interference signal, SS OCT 

time-encodes the spectral signal as the narrow laser line width sweeps through a 

broad spectrum [19]. Although the detected signal is acquired in a different 

manner, the interpretation is the same; the frequency of the interferometric 

fringes corresponds to the location of the sample. The system level advantages 
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of SS OCT over SD OCT are evidenced through the differences in signal 

acquisition. SS OCT systems can be designed with faster line rates, lower 

sensitivity roll-offs, and longer imaging depths than possible with the 

spectrometer based systems due to the technology limitations of cameras and 

grating loses in spectrometers. 

1.4 Research motivation and thesis organization 

In ophthalmology, OCT has become a practical and indispensable tool for 

real-time imaging of the microstructures of the human retina in vivo and for 

diagnosing ocular diseases such as age-related macular degeneration, diabetic 

retinopathy, and glaucoma [20, 21]. Current commercial OCT systems operate at 

a central wavelength of ~830nm and are excellent for imaging the inner retinal 

layers; however, due to limited tissue penetration of the operating wavelength, 

these systems are not suitable to image the deeper structures in the ONH 

necessary to get a better understanding of changes in the lamina cribrosa and 

sclera. Recent research studies have shown the potential of OCT systems 

operating at 1µm for retina and ONH imaging [22-24]. Although OCT systems 

with an operating wavelength centred at ~830nm provide higher resolution, OCT 

systems with an operating wavelength centred at ~1µm provide increased 

penetration into the choroid and optic nerve head, and better penetration through 

ocular opacities [22, 24]. 

The objective of this thesis is to design and develop a novel high-speed 

1µm SS OCT imaging system that can clearly visualize the morphological 

structures of the ONH, specifically the lamina cribrosa, and to translate the 
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technology from the research lab into the hands of a collaborating glaucoma 

specialist for pre-clinical studies involving human subjects. 

This thesis is organized as follows. Chapter 2 describes the clinical 

correspondence of OCT fundus projection acquired with an 826nm SD OCT 

system to stereo disc photographs, the gold standard of ophthalmic imaging [25]. 

Chapter 3 focuses on the characterization of two 1µm swept laser sources. This 

provides a basis for the laser that will be used to build the clinical imaging 

system. Chapter 4 presents details of the designed and developed OCT imaging 

system currently setup at the clinic. Chapter 5 implements a novel method for 

further increasing the acquisition speed of the clinical OCT system described in 

chapter 4. Finally, chapter 6 will close this thesis with descriptions of future work. 
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2: CORRESPONDENCE OF OCT FUNDUS PROJECTION 
WITH SDP 

Characterization of the optic nerve head morphometry has strong potential 

to provide clinicians with a good basis of assessing patients at risk for glaucoma. 

A fundamental landmark for clinicians is the optic disc margin, which defines the 

peripheral boundary of the neural tissue within the disc and facilitates 

assessment of neuroretinal rim loss and disc size [4]. The margin of the optic 

disc is defined to be the border tissues of Elschnig, the dense connective tissue 

that extends anteriorly from the sclera. 

Accurate assessment of the optic Disc Margin (DM) is essential in cross-

sectional studies [5] and the development of a normative database. The 

requirement for an operator-defined disc margin creates a variability factor. 

Strouthidis et al. [5] suggested that cross sectional images of the optic nerve 

head physiology will play a significant role in assisting clinicians to define the true 

location of the disc margin when it is difficult to distinguish by funduscopy or disc 

photography. Precise identification and placement of the contour line is essential 

in glaucoma management [4]. Due to the large variation in the determination of 

the disc margin and the use of this landmark as the reference plane in HRT, 

Strouthidis et al. [6] investigated using the Neural Canal Opening (NCO) as a 

physiological reference plane (also referred to as the Bruch’s Membrane 

Opening (BMO) [5]). Due to uncertainty whether Bruch’s Membrane (BM) can be 
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resolved independently of the BM/Retinal Pigment Epithelium (RPE) complex in 

SD OCT, we use NCO which is defined as the termination of the of the complex 

[5].  

There have been significant challenges in understanding the anatomic 

basis of the clinical disc margin and several reports have been dedicated to 

investigate this topic. In the first report comparing the DM from SDP and the 

termination of the RPE from OCT [26], there was significant disagreement 

between the two; the termination of the RPE delineation in OCT was shown to be 

consistently larger. In a follow up report focusing only on glaucoma subjects, 

Kotera et al. [27] showed that in the OCT images, the delineation of the end of 

the RPE needed to be extended by the scleral disc margin, where observed, in 

order to more closely match the DM in SDP. More recently, the use of automated 

segmentation of the OCT images was investigated for comparison to SDP [28].  

Two reports by Strouthidis et al. have carefully investigated the anatomic 

basis of the clinical DM of Non-Human Primates (NHP) by comparing the DM 

seen in SDP against histology [5] and SD OCT [4]. In these reports, they have 

introduced the concept of two principal border tissue configurations because 

these configurations determine what the clinicians see as the DM in SDPs. 

These two configurations are a) internally oblique and b) externally oblique 

configuration. The internally oblique configuration is when the “border tissue 

extends from the sclera into the neural canal to meet BM”, whereas the externally 

oblique configuration is when the “border tissue extends from the sclera away 
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from the neural canal to meet BM” [4, 5]. In this report, we adapt this terminology 

in describing the principal border configuration. 

The focus of this report is to investigate the correlation of the NCO 

observed in 3D OCT images to that of the DM observed in clinical SDPs. This 

study concentrates on understanding the characteristics of the NCO in the optic 

nerve heads of normal subjects. In order to validate our technique, delineation of 

the normal ONH anatomy in this report was performed by trained professionals, 

and the variability was analysed in order to investigate inter-rater effects on 

measurements. Understanding the relationship of the NCO to the disc margin is 

required in order to investigate the use of the NCO as a reference surface for 

longitudinal studies of morphometric changes to the ONH in early glaucoma. 

2.1 Methods 

2.1.1 Subjects 

OCT images of 16 eyes from 8 volunteers were acquired at Simon Fraser 

University (SFU) with SFU Research Ethics Board (REB) approval. For this 

study, 9 healthy eyes from 6 volunteers were selected.  

Subjects underwent white-on-white 30-2 SITA standard perimetry and a 

comprehensive clinical examination by a glaucoma specialist. Exclusion criteria 

included a family history of glaucoma, a history of previous ophthalmologic 

abnormality or diagnosis, a refractive error greater than 6 diopters of myopia or 

hyperopia, an IOP greater than 21 mmHg, any abnormality on the clinical 

examination and any reproducible abnormality on white-on-white 30-2 SITA 
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standard perimetry. Sequential stereo disc photographs (SDP) were obtained 

using a fundus camera and HRT topographic images were also obtained but 

were not used as inclusion or exclusion criteria. 

2.1.2 Image acquisition and processing 

OCT volumes were acquired using a prototype SD OCT system built at 

SFU centred at 826nm with a FWHM of 82nm and an axial resolution of 3.7μm in 

air. The imaging power at the cornea was approximately 500μW, which is below 

the ANSI recommended maximum permissible ocular exposure for a collimated 

beam at this wavelength. The subjects were asked to sit at a standard slit-lamp 

biomicroscope with a chin and forehead support. The imaging optics were 

mounted onto the actuation stage of a slit lamp to facilitate alignment. Real-time 

data acquisition was performed using a custom software package developed at 

SFU. Volumetric images were acquired by raster scanning the interrogating 

beam using galvanometer mirrors (Cambridge Technology, Lexington, MA). In 

order to facilitate comparison of the data, all images were converted to right eye 

orientation. 

2.1.3 Identification of clinical disc margin in SDPs and NCO in OCT images 

Identification and comparison of the clinical disc margin and NCO was 

performed in three parts: clinical disc margin identification on the SDP, 

delineation of NCO on the OCT images and then SDP/OCT registration.   

Stereo Disc Photos. The clinical disc margin seen in the SDP was 

identified. The masked glaucoma specialist (PJM) viewed the SDP on a personal 
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computer screen with a stereo viewer and defined the clinical disc margin by 

placing concentric points along the disc margin using Adobe Photoshop (Adobe 

Systems Inc., San Jose, CA). 

OCT Image Delineation. The NCO was identified on the OCT volumes by 

three raters independently and without access to the delineated SDP images. 

The raters viewed the volumes on a personal computer screen and identified the 

NCO on every other B-scan (even frames) using Amira (Visage Imaging Inc., 

San Diego, CA). The volumes were viewed as three slaved orthogonal planes to 

facilitate identification of the NCO even in cases where it was obscured by blood 

vessels. Figure 2-1 demonstrates a case where the custom function embedded 

in Amira was used to enable the raters to define the NCO even in situations 

where the NCO was not seen on a B-scan due to blood vessel shadowing. The 

ability of the reviewers to scroll back and forth through the dataset while in the 

slaved viewing arrangement increased the subjective ease of landmark 

identification. 

 

Figure 2-1: Three orthogonal views of an OCT volume. The red, green, and blue lines 
represent the location of the frame with the same border colour. 

 

Image Registration. Image registration was performed in 2D using Amira. 

The SDP image was manually scaled and shifted until the size was similar to that 
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of the OCT fundus image, with overlay of blood vessels, as shown in Figure 2-2. 

The OCT fundus image was generated using the Projection View tool in Amira 

with an alpha scale of 0.4 (transparency). This displayed Average Intensity 

Projection (AIP) images in all three orthogonal directions. The en face AIP 

represented the fundus image shown in Figure 2-2 (center). 

 

Figure 2-2: (Left) SDP Image; (Centre) OCT fundus projection image (AIP); (Right) SDP and 
OCT fundus projection image overlay. 

 

2.1.4 Ellipse fitting 

The delineations of the SDP and the NCO were approximated as ellipses 

using a least-squares fit. For the SDP measurement, the best-fit ellipse was 

defined on the plane of the image. In order to compare the ellipse related to the 

NCO with that of the SDP, the points delineating the NCO were first projected 

onto the SDP plane.  

2.1.5 Data comparison of disc margin in SDPs and NCO in OCT images 

The Disc Margin (DM) from SDP and the NCO from OCT were correlated 

by investigating the overlapping area of their corresponding fitted ellipses. The 

area of the disc margin and NCO were calculated using MATLAB® 

(MathWorks™ Inc., Natick, MA). The ratio of the disc margin area to NCO area 
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(DM/NCO) and the inter-rater variability of the NCO area were calculated for 8 

sectors of the eye centred at the ONH (superior-S, superonasal-SN, nasal-N, 

inferonasal-IN, inferior-I, inferotemporal-IT, temporal-T, and superotemporal-ST). 

The S, I, N and T segments were subtended 60 degrees while the SN, IN, IT and 

ST segments were subtended 30 degrees of arc.  The DM/NCO was calculated 

using only a single rater’s NCO delineation. The DM/NCO value is less than one 

for cases where the DM area was smaller than the NCO area and vice versa. 

The overall DM/NCO was evaluated by calculating its Standard Deviation (SD) 

and the overall inter-rater variability was evaluated by calculating the coefficient 

of variation (CV), which is defined as the SD divided by mean. 

2.2 Results 

2.2.1 Disc margin and NCO correspondence 

9 out of 12 eyes with minimal tilt in OCT images were selected for 

DM/NCO correspondence and the calculated correspondence are illustrated in 

Figure 2-3. Figure 2-3A illustrates the agreement between the clinical disc margin 

and NCO delineation, projected onto the SDPs. The disc photographs are shown 

in the right (OD) eye orientation. The green line in the SDP images indicates the 

location and orientation of the adjacent OCT B-scan. The DM delineations by an 

expert rater (red dots) were superimposed on the SDP images. The NCO 

delineations by the three raters (blue, cyan and magenta) were projected onto 

the SDP plane and were displayed on the same image. On each B-scan, the 

delineations of the DM and NCOs are represented by the colours assigned to 

each rater, and the DM delineations performed from SDP is shown as a red 
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vertical line. The DM/NCO Area of each eye is represented by an 8-sector pie 

chart and the Inter-rater CV of each eye is represented by an 8-sector pie chart 

with each sector representing its respective inter-rater CV. 

Some examples show excellent correspondence (Figure 2-3A2), while 

other examples show consistent regional discrepancy between DM and NCO 

(Figure 2-3A1). Figure 2-3A2 presents representative B-scans through the 

corresponding optic nerve heads shown in Figure 2-3A and provides another 

illustration of the correspondence variability seen between DM and NCO in the 

various examples. Figure 2-3C shows, for each eye, the DM/NCO area, broken 

down by sector. Figure 2-3D illustrates the inter-rater CV for each example. The 

low inter-rater variability in Figure 2-3D1 is evidenced by the dark blue colours of 

the CV maps; in contrast, higher variability can be seen superiorly and 

superonasally in Figure 2-3D7. 
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Figure 2-3: Results of DM/NCO of 9 healthy optic nerve heads; and the inter-rater 
variability of the NCO segmentation.  
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Figure 2-4A shows the group data for 9 eyes. The amount of 

correspondence between DM and NCO was expressed as a group for each 

segment by measuring the coefficient of variation of the DM/NCO area. There 

was a regional variability in the amount of agreement between DM and NCO with 

the highest correspondence nasally (SD 0.40) and the greatest disagreement 

between DM and NCO temporally (SD 0.26) 

 

Figure 2-4: (A) Overall DM/NCO Area standard deviation of 9 healthy ONHs for each sector. 
(B) Average inter-rater CV of 9 healthy ONHs in each sector. 

 

Figure 2-4B illustrates the average inter-rater variability depicted for each 

segment of the ONH. The inter-rater variability of the three NCO raters had an 

average CV of 2.7% and a maximum value of 13%. 

2.3 Discussion 

We investigated the relationship between the clinical disc margin in human 

optic nerve heads and SD-OCT resolved structures to develop and test the 

methodology for delineating and measuring structures in SD OCT images of the 
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optic nerve head and to investigate the anatomical basis of the clinical disc 

margin on SD OCT images.  

2.3.1 Reliability of ONH delineations 

We used three reviewers performing multiple delineations and generally 

observed low inter-rater variability with a mean coefficient of variance (CV) of 

2.7%. The maximum CV of 13% observed in one eye in this study (Figure 2-3, 

ONH 7) was due to inaccurate delineation by one rater in areas with significant 

blood vessel shadowing.  Full use of the three simultaneous orthogonal views 

when delineating, combined with scrolling frame by frame to create a movie-like 

effect through the block of data was required to follow structures, particularly in 

low signal to noise situations.  The same reviewer also missed a similar 

extension of the NCO beyond a blood vessel shadow in Figure 2-3 (ONH 4).  Our 

data provides us with reasonable estimates of observer reliability that can be 

used when training other reviewers to delineate structures. 

2.3.2 Disc Margin and NCO Correspondence 

An accurate assessment of the optic disc margin is essential for cross-

sectional studies [27] and for the development of a normative database. In our 

study, we assessed the inter-rater variability in defining the NCO in OCT volumes 

acquired on normal human subjects. The three-dimensional SD OCT volumes 

provided depth resolved images of the ONH with the NCO and the border tissues 

clearly resolved. The segmentation methodology resolved issues of blood vessel 

shadowing when delineating the NCO observed, for example, in ONH 2 in Figure 



 

 21 

2-3 by providing the raters with three orthogonal views as detailed in the 

Methods.  

We have investigated the relationship between SD OCT images and the 

clinical disc margin in normal human optic nerve heads. Good correspondence of 

the DM and NCO was observed in most cases (ONH 2, 3, 4, 6, 7 in Figure 2-3); 

however, there were a few cases where this is not true; one example is when the 

unpigmented BM is not visible in the stereoscopic disc photo. Significant 

disagreements between the SDP and OCT delineations were generally observed 

in the temporal segment, where DM was consistently delineated internal (closer 

to the ONH centre) to the NCO delineation. This orientation was observed in 

NHPs by Strouthidis et al. and termed as an externally oblique configuration of 

the border tissues, as emphasized in Figure 2-3 (ONH 1). In this case, the 

temporal DM corresponded to the anterior scleral canal opening similar to that 

seen in the human myopic eye example by Strouthidis et al. [4]. The regional 

variation in the DM/NCO measurements due to difference in configuration of the 

border tissues with respect to the NCO observed in this study correspond to the 

studies performed in NHPs comparing the disc margin and NCO seen in 3D 

histomorphometric and SD OCT datasets [4, 5]. Studies in NHP indicated that 

the clinical disc margin within one ONH can be composed of BM, border tissues 

and anterior scleral canal opening depending on the principal border 

configuration [4]. 

Disc Margin analyses of OCT volumes have focused on comparing the 

DM to the termination of the BM/RPE complex or the termination of the border 
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tissue and the anterior scleral canal opening for externally oblique tissue border 

configuration. Manassakorn et al. [26] found a large disagreement between the 

disc area measurements of the clinical disc margin seen in digital photographs, 

OCT fundus image and OCT B-scans. The disagreement was due to the use of a 

closed spline fitting to 6-8 anchor points when using Stratus OCT algorithm on 

the digital photographs and OCT fundus images. Also, Manassakorn et al. [26] 

marked the edge of the RPE without taking account for blood vessel shadowing 

on all B-scans. On the other hand, Kotera et al. [27] showed that there was a 

high agreement in optic disc margin location in glaucomatous human eyes. In 

their study, they marked the edge of the RPE or the edge highly reflective curved 

line connected to the straight line RPE, which was later identified by Strouthidis 

et al. as border tissues. 

2.4 Conclusion 

This study has shown a clinical correspondence of the NCO in OCT 

images to the DM seen in SDPs. The DM and NCO correspondence in our study 

is similar to that shown in non-human primates [4, 5]. The DM and NCO had a 

good correspondence in internally oblique tissue border orientation and a poor 

correspondence in externally oblique cases. Regional variation in DM/NCO 

correspondence was observed mostly in the temporal sector of the ONH, where 

an externally oblique orientation is mostly observed. The NCO was seen to be a 

planar and biologically continuous structure similar to that seen in non-human 

primates. The inter-rater variability in defining the DM in HRT and the increasing 

availability of commercial OCT systems have driven Burgoyne et al. to 
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investigate a new reference plane in data analysis, the NCO. Our investigation 

on the inter-rater variability of defining this plane is 2.7% (including the poor 

delineation by one rater); with the proper choice of delineators, the inter-rater CV 

would be lower. With the increasing availability and popularity of OCT systems 

due to its non-invasive, non-contact, three-dimensional depth resolved imaging 

capabilities; it is worth performing further investigation of using NCO as a 

reference plane for calculating and measuring optic nerve head parameters. 

In this chapter, we described the NCO using a standard retinal system. In 

the next chapter, we investigate a novel OCT technology operating at longer 

wavelengths, which can be used to visualize the lamina cribrosa and sclera. 
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3: CHARACTERIZATION OF SWEPT SOURCE LASERS 

Standard retinal imaging systems centred at ~830nm are suitable for 

retinal imaging because of minimal water absorption as it passes through ~1cm 

thick of water while 1310nm is suitable for imaging general anatomical structures 

due to lower tissue scattering permitting deeper tissue penetration. However, for 

ophthalmic applications, 1310nm sources are limited to imaging the anterior 

segment of the eye because of high water absorption. Therefore, we elected to 

use laser sources centred at 1µm wavelength in order to balance deep tissue 

penetration to visualize the lamina cribrosa and sclera and water absorption 

loses [10].  

The purpose of this section is to characterize two types of 1µm 

wavelength swept or Swept Source (SS) lasers for OCT imaging. The main laser 

characteristics crucial for OCT imaging are axial resolution, sensitivity, dynamic 

range and imaging depth. In this report, we compared the aforementioned 

characteristics of two OCT system that differ only in their light sources. 

3.1 Swept Source OCT 

3.1.1 Swept source laser 

There are many configurations for implementing a wavelength swept laser 

for SS OCT, but the principle components are a gain medium and a tuneable 

wavelength filter designed in a feedback configuration as shown in Figure 3-1. 
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Figure 3-1: Conceptual wavelength swept laser configuration is a fibre ring cavity 
composed of a tuneable wavelength filter and a gain medium. 

 

In the traditional wavelength swept laser, light is circulated through a short 

cavity and the wavelength is determined by the quasi-static position of the 

tuneable filter. Only a single wavelength is present in the cavity at a given time; 

consequently, conventional wavelength swept lasers had limited tuning rates due 

to laser dynamics where time is required to build up lasing from Amplified 

Stimulated Emission (ASE) background. Previously, technology limitation caused 

degradation of performance as tuning rates were increased above the range of 

tens of kilohertz. Recent advances in Micro-Electro-Mechanical Systems (MEMS) 

tuneable filters have overcome performance degradation by providing a very 

narrow line width, optical band-pass filter characteristic enabling high 

performance at tuning rates in the range of a couple hundred kilohertz. MEMS 

technology has also enabled shorter cavity lengths. The shorter cavity round trip 

time to build up lasing from ASE leads to increased sweep speed [29]. 

Although MEMS technology has overcome some performance 

degradation with increasing tuning rates, there is still a fundamental limitation in 

traditional frequency swept lasers. A new technique for swept source laser 

operation named Fourier Domain Mode-Locked (FDML) was developed and 
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currently provides the fastest practical acquisition speed for OCT [30]. Fourier 

Domain Mode Locking (FDML) is an active mode-locking technique performed by 

periodic spectral modulation and its output can be described as highly chirped, 

very long pulse [30]. In the FDML configuration, the cavity is very long and all 

wavelengths are present simultaneously. The drive frequency of the tuneable 

filter is timed to the round trip period of the cavity so that an individual 

wavelength will circulate through the cavity and return to the filter at the exact 

instance that it is selected for that wavelength. In order to achieve this, the length 

of the cavity fibre should be inversely proportional to the frequency drive of the 

tuning filter, 

       
 

       
   (Eq. 3-1) 

where c is the speed of light and n is the index of refraction of the fibre. In the 

case of 1060nm fibres wherein there is high chromatic dispersion, the timing 

mismatch due to dispersion is described as  

                                  (Eq. 3-2) 

where Δλtuningrange is the bandwidth over which the tuning filter is swept and d is 

the dispersion of the fibre used [31]. To compensate for timing mismatch, a 

dispersion managed delay line can be used to achieve the same round trip time 

for the different wavelengths within the frequency sweep. Any uncompensated 

mismatch between the cavity roundtrip time and the frequency sweep such as 

that contributed by chromatic dispersion, τmismatch, should be less than or equal to 

the time τgate [30], 
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   (Eq. 3-3) 

where η = 1/π is a factor used to compensate for the non-linearity of the bi-

directional sweep of the tuning filter and Δλ is the optical bandwidth of the filter. 

Generally, FDML filter bandwidth is chosen with the condition that that τmismatch, 

should be less than or equal to τgate. Using Eq 3-2 and 3-3, we can derive the 

filter value to be [31] 

    
              

  

  
  (Eq. 3-4) 

With short cavity wavelength swept source configurations, the increase of 

tuneable filter rates led to fewer laser cavity round trips resulting in spectral 

broadening of the effective line width affecting the SNR roll-off and limiting the 

usable imaging depth. By timing the round-trip time to be done the same time the 

wavelength is selected a FDML laser resolves this problem, achieving a 

significant improvement in the SNR roll-off. It has been demonstrated that the 

OCT line scan rate can be as fast as 5,200,000,000 axial scans/second without 

signal degradation, enabling unprecedented high-speed volumetric imaging [32]. 

3.1.2 System Configuration 

A typical SS OCT system (Figure 3-2) consists of a wavelength swept 

laser, an optical circulator, a balanced photodiode detector and a high-speed 

waveform digitizer configured into an interferometric topology.  

Light from the laser goes through the optical circulator and is divided into 

the sample and reference arm by the fibre coupler. The back-reflected light in the 
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reference and sample arm is recombined by the coupler. The detector arm of the 

interferometer is directed to one input of a balanced photodiode detector. The 

light travelling backward through the source arm is recovered by the circulator 

and delivered to the other input of the balanced photodiode detector. Balanced 

detection provides better sensitivity over a single detector because it rejects 

common mode noise and is more efficient in light usage [17]. The resulting 

interferometric signal has an AC-coupled appearance. 

 

Figure 3-2: An example of a swept source interferometric topology using a combination of 
one circulator and one fibre coupler. 

 

The swept source laser emits one wavelength at a time as the filter is 

tuned through the optical bandwidth of the gain medium. Due to the nature of the 

various tuneable filters, the sweep rate is not necessarily linear in time, and 

additional steps are required to sample the spectrum S(k) at even wavenumber 

intervals. Some wavelength swept lasers provide a digital pixel clock output 

synchronized to the filter. For those that do not, a common optoelectronic method 

to calibrate wavenumber sampling is illustrated in Figure 3-3. A pixel clock signal, 
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which is fed into the waveform digitizer, can be generated by using a separate 

fixed path interferometer represented by MZI in Figure 3-2.  

 

Figure 3-3: A fixed path Mach Zehnder interferometer (MZI) is used to create a sinusoidal 
signal whose zero crossing are evenly spaced in wavenumber. This signal can be used as 

a pixel clock for digitization of the interferometric signal 

 

As the wavelength swept source is tuned through the source spectrum, the 

fixed interferometer will cross the DC threshold at points evenly spaced in 

wavenumber. Using this signal as an external pixel clock for the waveform 

digitizer permits the SS OCT interferogram to be sampled evenly in wavenumber 

space [18]. 

3.2 Methods and Materials 

Two types of swept source were investigated (Figure 3-4): a) Short cavity 

swept source system by Axsun Technologies (Billerica, MA) with an axial scan 

rate of 100kHz  and b) FDML swept source system by Micron Optics Inc. (MOI) 

(Atlanta, GA) with an axial scan rate of 45kHz (single-sided). 

The source spectra linearly spaced in wavelength displayed in arbitrary 

units (digitized units) of the short cavity laser and the FDML laser are shown in 

Figure 3-5. The backward sweep was for characterizing the FDML since it was 

previously determined that the backward sweep for the FDML laser using a Fibre 
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Fabry-Perot (FFP) Tuneable Filter (TF) has a longer coherence length than the 

forward sweep (Appendix A). 

 

Figure 3-4: Swept source lasers. (A) Axsun Technologies short cavity laser [33] and (B) 
Micron Optics Inc. FDML laser. 

 

Short Cavity Laser Spectrum FDML Laser Spectrum 

  

Figure 3-5: Source spectrum of swept source lasers. Units are in arbritrary intensity 
versus time. 

 

As mentioned earlier, a swept source system consists of a laser source, 

imaging optics, a photodiode detector and a waveform digitizer. The photodiode 

detector used was an InGaAs balanced photodiode detector from Thorlabs 

(Newton, NJ) that has a detection range of DC-350MHz and a transimpedance 

gain of 5x103 V/A. To digitize the signal received by the photodiode detector, a 

waveform digitizer, ATS9350 with a 250MS/s analog input bandwidth from 

AlazarTech Inc. (Pointe-Claire, QC), was used. The system was characterized 
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for each swept source system by measuring the following parameters: axial 

resolution, SNR, SNR roll-off curve, dynamic range and R-number. The setup 

and methodology for measuring each parameter are discussed in the 

subsections below. The lenses used in the system are anti-reflection coated for 

1000nm – 1550nm range (C-coating, Thorlabs Inc., NJ). The lenses used in the 

system configurations below include a C-coated aspheric lens with a focal length 

of 6.24mm and a C-coated achromatic lens with a focal length of 40mm, both 

from Thorlabs Inc. A demonstrative experimental setup is presented in Figure 

3-6. 

 

Figure 3-6: Basic SS OCT setup. (A) Oscilloscope – displays spectrum; square waves 
indicates the forward (high) and backward (low) sweep. (B) Laser controller – 
sets bias and FFP-TF scan amplitude. (C) Laser –  FDML configuration, 
dispersion managed delay line inside white box. (D) Michelson interferometric 
setup – path length mismatch creates interferometric signal. 
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3.2.1 Data visualization, acquisition and processing 

A real-time custom-built interface using LabVIEW software (National 

Instruments, Austin, TX), presented in Figure 3-7, was utilized for optimization 

and data acquisition.  

 

Figure 3-7: LabVIEW real-time software interface and processing steps. (A) Data 
acquisition parameters required by the AlazarTech waveform digitizer are set. 
Raw interferometric signal acquired (B) is then resampled (C) either by 
sampling the raw data evenly in wavenumber spacing or acquiring a reference 
interferometric signal called a pixel clock and using software to resample the 
raw data. The example set here used the former method so additional 
resampling methods were not required. (D) The FFT is performed on the 
resampled data. (E) The FWHM of the PSF can be measured by selecting a 
peak on graph (D). 

 

Communication with the AlazarTech waveform digitizer was achieved 

using AlazarTech LabVIEW VI’s, and basic signal processing was developed 

using built-in mathematical functions in combination with utility VI’s build in the 

BORG lab. In order to convert the detected interference signal to depth, the 
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acquired data is first sampled with the pixel clock generated by a reference 

interferometric signal. With the interference signal now equally spaced in 

wavenumber, we can use the Fourier transform to convert the interference 

fringes versus wavelength to intensity versus depth. 

3.2.2 Axial Resolution 

The system was configured as a common path interferometer, illustrated 

in Figure 3-8 to remove any dispersion mismatch from the reference arm and 

sample arm, and to avoid the PSF broadening due to imperfect fibre coupler 

splitting. The interference is generated by the front and back surfaces of the 

coverslip.  

 

Figure 3-8: Common path interferometric configuration axial resolution measurement 
using a glass cover slip. 

 

A glass cover slip (VWR, Bridgeport, NJ) was used to measure the PSF. 

The approximate thickness from the manufacturer is 130-160μm; the measured 

thickness using calibrated OCT was approximately 156μm. Glass coverslips 

were chosen because they are non-birefringent. 



 

 34 

3.2.3 Sensitivity 

The system was configured as a dual arm fibre-based Michelson 

interferometer with a balanced detection as illustrated in Figure 3-9. Both 

reference and sample arm used the same set of lenses in order to minimize 

dispersion effects from the optics used. The sensitivity or SNR was measured at 

a path length mismatch of 200μm between the reference arm and the sample 

arm.  

 

Figure 3-9: Dual arm interferometer configuration for SNR measurement at a path length 
mismatch of 200μm. 

 

To measure the maximum sensitivity of the OCT system, we must have a 

shot noise-limited system. First, we tried to get maximum sample arm re-coupling 

with the calibrated ND filter in place. Then, calibrated losses and re-coupling 

losses were measured. The reference arm re-coupling was optimized to 

overcome the detector noise and to minimize excess photon noise. The SNR in 

dB was calculated using the following equation: [18] 

                (
         

      
)                   , (Eq. 3-5) 
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where σnoise is the standard deviation of the noise of the reference arm with the 

sample arm blocked and the calibrated losses includes re-coupling losses and 

calculated losses from the ND filter. 

For measuring the SNR roll-off or imaging depth of the system, the 

circulator was removed because the path length mismatch of the positive and 

negative terminal input fibres into the balanced detector were different. The 

phase difference between the two signals modulates the resulting SNR curve. 

The SNR roll-off was measured with the setup shown in Figure 3-10, where the 

linear translator was manually translated in 100μm increments with a micrometre 

(Newport, Irvine, CA). The consequence of an unbalanced system is a decrease 

of SNR value by ~2-3dB, but it does not affect the shape of the roll-off curve. 

 

Figure 3-10: Dual arm interferometric configuration for SNR roll-off measurement. 

 

Previously, the roll-off curve was described by locating the 3dB roll-off 

point or the 6dB roll-off point [34]. To provide a more robust measurement that 

takes into account all the PSFs available, Biedermann et al. proposed a 

parameter termed the R-number which is proportional to the coherence length 
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and has descriptive units of mm/dB [35]. The R-number is the inverse decay 

constant determined by fitting an exponential curve to the linear PSFs versus 

distance [35]; the higher the R-number, the better the coherence properties of the 

source. 

3.3 Results 

3.3.1 Axial Resolution 

The axial resolution of the system was measured in real-time using 

LabVIEW by determining the FWHM of the PSF. The theoretical axial resolution 

of the laser was calculated using Eq. 1-2. The centre wavelength, laser 

bandwidth (3dB), and calculated and measured axial resolution are shown in 

Table 3-1.  

Table 3-1: Axial resolution parameters, theoretical and calculated values for the short 
cavity and FDML lasers 

 
λo Δλ 

Theoretical axial 
resolution 

Measured axial 
resolution 

Short Cavity  1060 nm 61.5 nm 8.1 μm 8.0 μm 

FDML  1060 nm 40 nm 12.4 μm 15.3 μm 

 

3.3.2 Sensitivity 

The theoretical SNR of the laser was calculated using Eq 1-4. The 

detector sensitivity, ρ, is 0.9 at 1μm and the electronic charge, e, is 1.6e-19 C. The 

SNR parameter used to calculate the theoretical SNR, the theoretical and 

measured values and the R-numbers are shown in Table 3-2. The SNR roll-off 

curves are presented in Figure 3-11.  
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Figure 3-11: Sensitivity roll-off graphs for the Axsun short cavity laser (top) and MOI FDML 
laser (middle). The sensitivity roll-off curves are overlayed (bottom). The 
Axsun swept source curve demonstrates superior imaging depth. 

 

The theoretical SNRs were determined by taking the log base 10 of Eq 1-4 

and multiplying it by 10 to have it units of dB. The measured SNR is based on the 

balanced detection setup; consequently, the measured value is ~2-3dBs better 
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than the unbalanced system configuration used for measuring the SNR roll-off 

curve. 

Table 3-2: SNR parameters, theoretical and measured value 

 Psample Δt 
Theoretical 

SNR 
Measured 

SNR 
R-number 

Short Cavity 4.84 mW 5.0 ms 111 dB 110 dB 1.00 mm/dB 

FDML 4.56 mW 22.3 ms 114 dB 109 dB 0.06 mm/dB 

 

3.4 Discussion 

A short cavity laser and FDML laser were characterized by measuring the 

axial resolution, sensitivity, and imaging depth. The measured axial resolution of 

the short cavity laser was close to the theoretical value while the measured axial 

resolution of the FDML laser was 3μm larger than the theoretical value. The 

results showed that the bandwidth and experimental axial resolution obtained 

from the short cavity is better than that of the FDML laser. The discrepancy and 

larger measured axial resolution of the FDML can be attributed to timing 

mismatch in the laser cavity design as well as dispersion effects in the intracavity 

delay line for 1060nm fibres. 

The overlay of the roll-off curves and the measured R-number shows that 

the short cavity laser has better SNR and coherence properties. From the fall-off 

curves, we can also extract the value of the dynamic range and realize that the 

dynamic range of the short cavity laser is better than that of the FDML laser. For 

the short cavity laser, the dynamic range is approximately 71dB for short delays 

and remains >59dB over a 3.5mm depth range. For the FDML laser, the dynamic 
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range is approximately 62dB for short delays but decreases to <40dB over a 

2mm depth range.  

The results show that the short cavity laser is superior to the FDML laser 

due to a non-optimal design of the FDML laser. One problem could be due to the 

wrong choice of filter bandwidth for the tuneable filter. Based on Eq 3-4, for a 

tuning range of 90nm, dispersion of 40ps/nm/km, and index of refraction of 

1.468, the minimum filter bandwidth of the laser should be approximately 

0.093nm for optimum performance. However, the filter bandwidth used in the 

FDML laser is 0.058 nm. The τmismatch is greater the time τgate, thus, the axial 

resolution and coherence length is not representative of an optimized FDML 

system. FDML systems have shown good coherence length and speed [30, 31, 

35]; by redesigning the FDML with a filter bandwidth greater than 0.093nm, the 

coherence length may improve. 

3.5 Conclusion 

In this report, we investigated and compared the characteristics of two 

OCT systems using wavelength swept laser sources. The parameters measured 

were axial resolution, sensitivity, dynamic range and R-number. For the two 

swept laser sources investigated, we chose the short cavity laser source for 

developing our in vivo OCT imaging system because it was superior for all the 

parameters measured. The FDML performed sub-par because of a non-

optimized design of the tuning filter, intracavity fibre delay line dispersion and 

issues brought about by the polarization maintaining fibre used in the cavity ring. 
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4: CLINICAL OPHTHALMIC IMAGING SYSTEM 

Integration of a novel OCT system for the clinical environment requires 

stable and robust instrumentation and can be accelerated by combining the 

system into existing imaging techniques familiar to the clinicians [10]. We have 

integrated our imaging system to a slit-lamp biomicroscope and designed the 

optical system to visualize the human optic nerve head, specifically the lamina 

cribrosa and sclera in vivo. Visualization of these relevant features will facilitate 

morphometric analysis of the ONH for future investigation of glaucoma 

susceptibility. 

4.1 System topology and design 

The source utilized in our clinical imaging system is a compact broadband 

swept source engine by Axsun Technologies Inc.; it has dimensions of 208 x 152 

x 76 mm and an effective 3dB bandwidth of 61.5nm centred at 1060nm. A 

detailed schematic of the imaging system is presented in Figure 4-1.  

Light from the source goes through port1 to port2 of a 3-port circulator (AC 

Photonics Inc., Santa Clara, CA). Then, light exiting port 2 goes through a 50/50 

fibre coupler (AC Photonics Inc., Santa Clara, CA),  which splits the light between 

the reference and sample arm. Light back-reflected from the reference and 

sample arm are recombined at the coupler. The detector arm of the 

interferometer goes directly into one input of the balanced detector (80MHz 
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InGaAs Balanced Photodiode Detector, New Focus, Irvine, CA); the source arm 

of the interferometer is recovered through port2 to port3 of the circulator and into 

the other input of the Balanced Detector (BD). The ATS9350 waveform digitizer 

from AlazarTech Inc. (Pointe-Claire, QC) digitizes the electronic signal from the 

BD. As mentioned previously, balanced detection removes common mode noise 

such as non-interferometric terms and autocorrelation, providing better 

sensitivity. 

 

Figure 4-1: Schematic of the clinical system setup. Axsun SS Module, source; PC, 
polarization controller; BD, balanced detector, fn, focal length of the lensn, 
where n = 1, 2, 3. 

 

Due to non-optimal components for 1060nm wavelength, careful selection 

of fibre couplers was required as well as management of dispersion. Fibre 

couplers that exhibited even wavelength splitting were selected, since uneven 

splitting causes decreased spectral bandwidth and consequently PSF 

broadening. Dispersion, another phenomenon that results in PSF broadening, 

was compensated by physical and numerical means. Dispersion due to sample 

arm lenses and ~24mm of water in the eye were compensated using equivalent 

lenses and a BK7 glass in the reference arm, respectively. BK7 glass was 

chosen since it has similar index of refraction dependence on wavelength as 



 

 42 

water. The remaining dispersion and variation in human eye axial lengths were 

compensated through numerical methods [36].  

The sample arm presented in Figure 4-1 consists of a collimating lens (L1, 

f1 = 6.24mm) followed by an X-Y galvanometer scanning mirror (Cambridge 

Technology, Lexington, MA) and a telescope that shrinks the beam (L2, f2 = 

40mm and L3,  f3 = 35mm). The eye serves as the final focusing lens with a  focal 

length of approximately 25mm in a medium with ncornea = 1.376, and is located at 

the focal distance of L3. L3 was designed to be adjustable to accommodate for 

moderate myopia and hyperopia. Using Gaussian optics calculations, the 

combination of lenses in the sample arm was designed to produce a Depth Of 

Focus (DOF) of 1.7mm and a beam waist of 17µm at the retina/ONH. The long 

depth of focus was chosen to accommodate for the optic nerve head and the 

lamina cribrosa region. A more detailed explanation of the sample arm design is 

explained elsewhere [10]. 

4.2 Data acquisition 

4.2.1 External clocking and wavelength calibration 

As mentioned in the previous chapter, swept source lasers typically have 

a non-linear frequency sweep and require calibration to sample the spectrum at 

even wavenumber intervals. For the Axsun SS engine used, an optically derived, 

variable frequency clock is available and can be used to sample the acquired 

waveform. This optical clock is synchronized to the filter and accommodates for 

sweep-to-sweep variations due to mechanical resonances in high-speed 
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tuneable filters. Thus, by clocking the AlazarTech waveform digitizer using the 

stable optical clock in the SS engine, the data acquired is evenly sampled in 

wavenumber and does not require additional resampling and processing time, 

but can be Fourier transformed directly to generate an image.  

4.2.2 Peripheral card communication and synchronization 

Data acquisition is performed through a combination of trigger events by 

the NI-DAQ PCI-6251 (National Instruments Corporation, Austin, TX) and the 

Axsun swept source engine. The directionality of the electronic signals are 

presented in Figure 4-2. The acquisition process begins with the waveform 

digitizer waiting for a “start of frame” trigger event from the NI-DAQ.  The 

waveform digitizer then polls for a trigger event from the swept source engine. 

Once it receives a sweep trigger, it captures one A-scan. The waveform digitizer 

continues to wait for a sweep trigger to capture sequential A-scans until an entire 

frame has been acquired. The process repeats continuously until the program is 

stopped.  

The NI-DAQ was also used to drive the X-Y output position of the 

galvanometer scanning mirrors and synchronize each scan line with the sweep 

trigger. This data acquisition process has been implemented in our custom real-

time acquisition software written in C++ for instrumentation coordination, 

acquisition, processing and display. 
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Figure 4-2: Directionality of electronic signals between the Multifunction DAQ card, 
AlazarTech ATS9350 card, Balanced Detector (BD), Swept Source (SS) module 
and scanning mirrors. The DAQ card synchronizes frame data acquisition and 
scanning using the digital pulse output (d0) and analogue output a0 and a1, 
respectively. Once the AlazarTech card receives a frame trigger, it polls for 
sweep triggers from the SS module to acquire A-scans to complete a frame 
acquisition. The AlazarTech card uses an external clock from the SS module 
to convert the incoming signal (ChA) from the BD from wavelength space to 
wavenumber space. 

 

4.3 Imaging procedure 

The clinical imaging system has been setup at the North Shore Eye 

Associates (NSEA) and is shown in Figure 4-3. The sample arm optics were 

mounted on an aluminium plate and a z-translator was attached to the third lens 

to enable controlled manual adjustments. In order to image the ONH, which is 

located 10-15 degrees away from the macula towards the nasal side, we used a 

fixation target built using a Light Emitting Diode (LED) mounted on a flexible 

tube. Complementing the fixation target is the real-time display of both the B-

scan image and OCT fundus projection image simultaneously (Figure 4-4). The 

B-scan image assists in depth (z) alignment and the OCT fundus projection 

assists in lateral (x) and elevation (y) alignment to centre the ONH in the volume 

data and to avoid clipping light at the pupil. An alternative method to facilitate 
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alignment would be to integrate a pupil camera into the system and an LCD 

fixation target. 

 

Figure 4-3: Imaging system setup at NSEA. (Right) Zoomed in view of the sample arm 
optics integrated into the slit lamp; light path is drawn in red. 

 

The 1060nm OCT prototype was used to image the human retina and 

ONH. Study protocols and ethics were approved by Research Ethics Boards 

(REB) of SFU and University of British Columbia (UBC); signed informed consent 

forms were obtained for the study. Retinal and ONH imaging were performed 

with the power at cornea set to 1.2mW, which is well below the ANSI limit for up 

to 8 hours of continuous exposure [37]. The detailed imaging procedure has 

been explained elsewhere (Chapter 2, Section 2.1.2).  
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Figure 4-4: OCTViewer interface. OCTViewer outputs two displays alternately. Display1 
shows the B-scan image and Display2 shows the OCT fundus projection. 

 

4.4 Ophthalmic imaging results 

Volumetric images acquired were composed of 1024 x 400 x 400 (axial x 

lateral x elevation) pixels and were acquired at a scan rate of approximately 250 

frames per second. A representative volumetric image and its corresponding B-

scans are presented in Figure 4-5. The volumetric rendering was generated 

using a visualization software (Amira). 
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Figure 4-5: (A) Volumetric rendering of the three-dimensional data acquired. The 
orientation is located in the bottom left corner of the figure. (B) B-scan at the 
ONH with the anterior lamina cribrosa surface clearly seen. (C) B-scan of the 
retina close to the ONH showing the clear distinction of the different layers of 
the retina. 

 

4.4.1 Depth penetration comparison: 830nm vs. 1µm imaging wavelength 

As mentioned in Chapter 1, Section 3.2 Imaging wavelength, imaging at 

~1µm provides increased penetration into the choroid and optic nerve head. We 

investigated the depth penetration improvement of our 1060nm OCT prototype 

compared to standard retinal imaging systems operating at wavelengths centred 

around 830nm (Figure 4-6). The data was taken from the same subject (same 

eye) and the B-scans shown were from approximately the same area based on 

the OCT fundus projections. Images presented in Figure 4-6 shows a clear 

improvement in visualization of the anterior lamina cribrosa surface, scleral wall 

and the choroidal-scleral boundary. However, blood vessel shadowing is a 
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challenge as it prevents the visualization of the entire anterior lamina cribrosa 

surface (Figure 4-6). 

 

Figure 4-6: Comparison of an image at the ONH region acquired with a SFU 830nm 
prototype and SFU 1060nm prototype. 1060nm prototype shows better 
visualization of the anterior lamina cribrosa surface (short single arrow) and 
better visualization of the choroidal-scleral interface (double arrow). Blood 
vessel shadowing obstructs some regions and prevents visualization of the 
lamina cribrosa. 

 

In order to get a complete analysis of the morphological changes of the 

ONH, visualization of both anterior and posterior surfaces of the lamina cribrosa 

and its insertion points at the scleral wall is essential. The current system still has 

some limitation and is not always able to visualize all regions of Anterior Lamina 

Cribrosa Surface (ALCS) and its Insertion Points (IP), especially for internally 

oblique cases generally seen in the nasal region. There are some cases where 

we are able to visualize both anterior and posterior lamina cribrosa surfaces but 

there is still poor visualization in the nasal region (Figure 4-7). 
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Figure 4-7: (Top) a sample image with clear visualization of the anterior and posterior 
lamina cribrosa. The anterior lamina cribrosa surface insertion point can be 
visualized in the temporal region but not in the nasal region. (Bottom) the 
anterior lamina cribrosa surface and its insertion points are difficult to 
visualize. S: superior, N: nasal, I: inferior, T: temporal. 

 

4.4.2 ONH Morphometry 

The development of a 1060nm OCT prototype permits visualization of the 

lamina cribrosa and scleral boundaries which is, for most cases, necessary for 

morphometric analysis of the ONH and development of a normal database. 

Generally, the important boundaries are easily detectable and can be manually 

segmented as shown in Figure 4-8. By manually segmenting 40 radial frames 

extracted from the volumetric data, a point cloud of the segmented surfaces can 

be generated, and morphometric parameters such as the disc tilt or obliqueness, 

Pre-Laminar Tissue Thickness (PLTT), post-NCO cup volume, Anterior Lamina 

Cribrosa Surface (ALCS) depth and ALCS Insertion Point (IP) based on BM can 
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be calculated and measured. Figure 4-9  shows the volume-based parameters 

on a representative B-scan. For rapid analysis of the acquired data, my 

colleague, Ms. Sieun Lee, is investigating automated segmentation methods and 

developing a streamlined processing pipeline as well as algorithms to calculate 

relevant morphometric paramters [38, 39].  

 

Figure 4-8: Visualization of deeper structures in the human ONH permits segmentation of 
additional features such as the Anterior Lamina Cribrosa Surface (ALCS) and 
ACLS insertion points. These features were not visible in our 830nm SFU 
prototype. From radially segmented data, a three-dimensional representation 
of the segmented points can be used to calculate ONH morphometric 
parameters presented in Figure 4-9. 
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Figure 4-9: These morphometric parameters have been the basis of investigations of 
glaucomatous changes in non-human primates suggested by Strouthidis et al. 
[14] and can be measured after segmentation of the relevant layers as shown 
in Figure 4-8. The pre-laminar tissue thickness (B) is measured using 
Laplacian streamlines which is a technique also used for brain cortical 
thickness measurements [40] that is unique in our processing pipeline. The 
calculated values for (A), (C) and (E) are shown; thickness maps are generated 
for (B) and (D)—these results were generated by Ms. Sieun Lee and were 
presented in ARVO 2011 [41]. 

 

4.5 Conclusion 

We have developed a SS OCT system centred at 1060nm that enables 

visualization of the lamina cribrosa and scleral boundaries essential for 

morphometric analysis of the ONH. The system built is stable, robust and 

compact, and has been setup in the North Shore Eye Associates clinic. The 

clinical study on developing a normal database of ONH is on-going. Up-to-date, 

we have imaged >30 volunteers at the North Shore Eye Associates clinic and 

data is being generated for data mining studies. 



 

 52 

5: RAPID REAL-TIME VOLUMETRIC ACQUISITION 

Volumetric imaging of the ONH morphometry with OCT requires dense 

sampling and relatively long acquisition times. Compressive Sampling (CS) is an 

emerging technique to reduce volume acquisition time with minimal image 

degradation by sparsely sampling the object and reconstructing the missing data 

in software [42]. A common problem encountered in ophthalmic imaging is 

motion artifacts due to fixational eye movements [43] such as subconscious 

micro-saccades, which occur approximately once a second [44]. Current 

commercial OCT systems without eye tracking compensate for possible motion 

artifact by designing their scan protocols to acquire a reduced number of scans 

(reduce acquisition time), limiting the ability to acquire high-resolution volumetric 

images. Eye tracking devices [45] solve the problem of eye motion, but this 

approach requires more complex optical setup and control algorithms. Novel 

“ultra-high-speed” OCT systems with megahertz line rates have been presented 

in the literature for rapid data acquisition [46], but require new light sources and 

high-speed electronics for detection.  

Recently, Lebed et al. introduced a novel method for rapid image 

acquisition of OCT volumes called Compressive Sampling (CS) [42]. 

Compressive sampling sparsely samples a volume to reduce the number of 

scans needed to acquire the three dimensional data. The missing data is 

recovered using the CS-interpolation technique which is similar to the popular 
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JPEG-2000, but CS can potentially reconstruct the signal more accurately [47-

49]. 

In this study, we demonstrated real-time CS-OCT for volumetric imaging 

of the ONH using the previously described 1060nm SS OCT prototype. This work 

validates CS-OCT as a means for reducing volume acquisition time with minimal 

degradation of image quality. We have also shown that CS can be integrated into 

new and existing OCT systems without changes to the optics, requiring only 

software changes and post-processing of acquired data. 

5.1 Methods 

5.1.1 Image Acquisition 

Ethics review board approval from Simon Fraser University (SFU) was 

obtained, and written informed consent was obtained from all subjects before 

participation. In this study, we acquired optic nerve head volumes from two 

healthy subjects. Each B-scan was composed of 1024 x 400 (axial x lateral) 

pixels, and the en-face area covered by the volume was 4.4 x 4.4 mm2. 

Volumetric images were acquired at a scan rate of approximately 250 frames per 

second. The CS-OCT volumes were acquired using a modified raster scan 

pattern consisting of randomly spaced horizontal scans Figure 5-1. 
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Figure 5-1: The SSOCT system was constructed using a 1060nm source and a standard 
interferometric topology. The regular raster scan pattern was modified to 
acquire randomly spaced horizontal B-scans, and the full volume was 
generated through CS-recovery in post processing. This figure was 
reproduced from [50] and copyrighted by the Optical Society of America. 

 

We elected to use the horizontal scan pattern instead of the overlapping vertical 

and horizontal scans proposed in [42] in order to demonstrate the utility of the CS 

reconstruction technique without requiring re-calibration of the scanning 

hardware. The CS reconstruction processing steps presented in [42] were not 

affected by this scan pattern change. A maximum gap size was enforced 

between scans; for the 65% missing scan pattern, the maximum spacing 

permitted between scans was 55μm. The fully sampled volume required 1.6s for 

acquisition, and the CS volumes at 36, 48 and 65 percent missing data required 

1.02s, 0.83s and 0.56s, respectively, for acquisition. During imaging, a fully-

acquired volume followed by volumes at 36, 48 and 65 percent missing data at a 

similar location were acquired with a 20-second interval between scans to allow 

the patient to blink and for the eyes to rest and rehydrate. A similar imaging 

procedure was performed during acquisition of each 65% missing data volume 
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for CS volume averaging; the subject was asked to blink and to rest their eyes in 

between each of the volume acquisitions. 

5.1.2 Compressive sampling recovery 

Acquired B-scans from the volumes of 36, 48 and 65 percent missing data 

were axially cropped and constructed into data volume consisting of 512 (axial), 

400 and 400 (lateral) voxels. The acquired frames were inserted into the volumes 

at their corresponding frame positions and missing frames were filled with zeros. 

The sparsely sampled data volume for each percentage of missing data acquired 

was recovered using the Iterative Soft-Thresholding (IST) algorithm [47], 

following the processing details previously presented [42]. For a 512-cube of 

data, the CS-recovery for each volume took approximately two hours on 

computer with an i7 Intel CPU running at 2.67GHz and 20GB’s of memory. The 

CS-recovery algorithm was implemented in MATLAB and not optimized for 

speed; the processing time can be reduced significantly by using other 

processing tools such as a C++ implementation or by using a general purpose 

Graphics Processing Unit (GPU). 

5.1.3 Thickness measurements and error analysis 

The Retinal Nerve Fibre Layer (RNFL) thickness and the Total Retinal 

(TR) thickness were measured from a circumferential scan extracted from the 

data to compare measurements from different CS-OCT volumes. Volumes which 

were fully-acquired, or CS-acquired with 36 and 48 percent data missing were 

motion corrected using the cross-correlation technique. The Neural Canal 
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Opening (NCO) was manually segmented on the volumetric reconstructions and 

an ellipse was fitted to the NCO using the least-squares method. The centre of 

the NCO was used to define a 3.46mm circumference B-Scan around the ONH. 

Manual registration of the volumes based on blood vessels in the en-face 

projections was performed in order to acquire circumferential B-scans from the 

same location on subsequent volume acquisitions. For each circumferential B-

scan, the Inner Limiting Membrane (ILM), RNFL and Bruch’s Membrane (BM) 

boundaries were manually segmented three times without consulting previous 

segmentations. The three manual segmentations were used to calculate the 

variability introduced by the rater, and the average of the three segmentations 

was used for thickness measurements. The rater variability is presented as a 

mean segmentation error for each circumferential B-scan segmented. The 

measured thickness of the total retina and RNFL from one of the fully-acquired 

volume served as the ground truth to which the CS measurements were 

compared.  

5.2 Results 

After acquiring the CS volumes, the acquired data were placed into their 

corresponding positions in the volume, as shown in the first row of Figure 5-2. 

The CS-recovered summed voxel images are shown in the second row of Figure 

5-2. Representative CS reconstructed frames in the fast scan direction and the 

slow scan direction from each CS-recovered volume are shown in the third and 

fourth row of Figure 5-2, respectively.  
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Figure 5-2: CS-Recovered results. The top row shows the position of the frames that were 
acquired, the second row shows the CS reconstructed summed voxel 
projection, and the third and fourth row shows a selected B-scan and Slow 
scan from the CS-recovered, respectively. This figure was reproduced from 
[50] and copyrighted by the Optical Society of America. 

 

Qualitatively, CS interpolation preserves the retinal layers and the border 

of the anterior lamina cribrosa. The appearance of the choroidal vessels in the 

slow scan were also nicely recovered, but modest degradation of image quality in 

the 65% missing CS-recovered data was observed. In the slow scan images, the 

65% missing CS-recovered volume preserved more of the physiological 
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curvature of the retina compared to that of the fully-acquired data, or CS with 

36% and 48% missing data because of the shorter acquisition time. Note that 

cross correlation motion correction was not performed for the 65% missing data 

volume. 

The ability of CS to accurately recover high-resolution images was 

quantified by calculating the measurement error of the total retinal and RNFL 

thicknesses in circumferential scans extracted from the volumetric data. The 

mean retinal thickness error measured from the volume scan of a myopic patient 

for each CS-recovered volume relative to the ground truth is summarized in 

Table 5-1 and the error plots are presented in Figure 5-3. The mean manual rater 

error was calculated to be 1.7µm, and the nominal mean thickness measurement 

errors across all of the CS-recovered volumes were 4.4µm and 5.3µm for the 

total retina and RNFL, respectively. 

5.3 Discussion 

Compressive sampling OCT provides a means to reduce scan time while 

retaining high-resolution quality of fully-acquired volumes. Compressive sampling 

acquisition is versatile as it only requires a change in scanning protocol, which is 

straightforward to integrate into new and existing OCT systems. The 

compressive sampling acquisition scan pattern can be easily modified for 

different percentages of missing data which corresponds to the duration of a 

volume acquisition. The accuracy of the CS reconstruction was investigated on 

circumferential scans extracted from fully-acquired and CS-acquired volumes.  
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Table 5-1: Measurement errors of CS recovered data relative to the fully-acquired volume. 
This table was reproduced from [50] and copyrighted by the Optical Society of 
America. 

% Missing Data 0 36 48 65 

Mean Total Retinal Thickness Error (µm) 4.7 3.7 4.5 5.1 
Mean RNFL Thickness Error (µm) 5.9 4.5 5.0 6.5 
Mean Segmentation Error (µm) 1.7 1.6 1.4 2.1 

 

 

Figure 5-3: (A) Circumferential B-scan extracted and flattened based on the BM from the 
fully-acquired volume showing segmented layers ILM, RNFL and BM. The TR 
thickness and RNFL thickness measured from the fully-acquired volume is 
shown in (B) and (C), respectively. (D) The circumferential B-scan extracted 

from a CS-acquired volume (48% missing) and the corresponding error plots 
are shown in (E) and (F), respectively. The large peaks in the error plots are 
due to the large blood vessels as pointed out by the arrows (D). This figure 

was reproduced from [50] and copyrighted by the Optical Society of America. 
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The segmentation process contributed a mean manual rater error of 

1.7µm, which is less than a single pixel in the image (2.7µm). The overall mean 

RNFL and TR thickness measurement errors for CS reconstructed volumes were 

5.5µm and 4.5µm, respectively, which is less than the axial resolution of the 

system (~6µm). The largest errors were likely mainly due to changes in blood 

vessel diameter when measuring retinal thicknesses from volumes acquired at 

different times. We also compared retinal thickness measurements to a second 

fully-acquired volume acquired at a different time. The mean TR and RNFL 

thickness errors were 4.7µm and 5.9µm, respectively, which is similar to the 

measurement errors calculated from the CS reconstructed volumes. The RNFL 

thickness plot does not fall into the normal database of RNFL circumferential 

scan plot because our research subject was highly myopic. 

5.4 Conclusion 

Compressive sampling technique was applied to ophthalmic imaging with 

OCT to reduce volume acquisition time. Recovery of real-time CS-acquired OCT 

volumes were shown to have minimal degradation for up to 65% of the data 

missing explored in this study. The mean error of both the total retinal and RNFL 

thicknesses from the CS-recovered volumes was less than the axial resolution of 

the system. Compressive sampling has been shown to serve as a promising 

novel method for increasing volumetric acquisition speed for new and existing 

OCT systems without sacrificing image quality. 



 

 61 

6: FUTURE WORK 

Several aspects of our 1060nm prototype system can be improved such 

as increasing acquisition speed and implementing a method for blood flow 

measurement. Current development only investigates the structural aspect of the 

ONH and anterior lamina surface; another parameter for investigating 

susceptibility to glaucoma is understanding blood flow changes within the ONH. 

6.1 Increasing speed 

For a clinical system, acquisition speed is an important factor for both the 

comfort of the patient and the removal of motion artifact in volumetric acquisition. 

The latter is essential for morphometric investigation of the ONH.  

6.1.1 Compressive sampling combined with volume registration and 
averaging 

A method of increasing image acquisition is using Compressive Sampling 

(CS), as mentioned in the previous chapter. We can reduce the image acquisition 

time by a minimum of 48% while retaining image quality. However, we still need 

an increased SNR to get a better visualization of the deeper tissue structures. 

Volume registration and averaging can provide better SNR since we are 

averaging frames at the same location with different speckle characteristics. 

Volume registration and averaging technique was implemented by my colleague, 

Mr. Yifan Jian; the method involves acquiring CS-OCT data, reconstructing 
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images using the CS technique, then registering and averaging the volumes in 

order to preserve the lateral resolution. Figure 6-1 presents the results of this 

method; the frames from the averaged volume permit deeper visualization of the 

sclera (Figure 6-1A) and better visualization of the lamina cribrosa surface 

(Figure 6-1C).  

 

Figure 6-1: Comparison of single frames (top row), the average of 6 adjacent frames from a 
full volume acquisition (middle row) and single frames from a 6 volume CS 
register-and-average acquisition (bottom row). In the bottom row, the sclera is 
visualized better (arrow (A)) and the anterior lamina cribrosa surface is 
defined better (arrow (C)) by using the CS register-and-average process. This 
figure was reproduced from [50] and copyrighted by the Optical Society of 
America. 

 

For this example, we acquired six 65% missing CS-OCT data. Although 

this acquisition took longer (~3.4 seconds) than our standard protocol (~1.6 

seconds), we have six different data sets that we can choose from. If any of the 

datasets have motion artifacts, it can be discarded and the registration and 

averaging method can still be implemented with the remaining CS data. This 
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method will avoid the need for motion correction algorithms and ensure 

preservation of the physiological curve of retina in the acquired data. Additional 

work is required to investigate the robustness of this technique for disease 

diagnosis. 

6.1.2 Double buffering 

Double buffering is a technique used to modify the output sweep of 

tuneable filter based swept source lasers [16]. Double buffering can be 

implemented for high-speed swept source lasers with a bi-directional sweep 

wherein one of the sweeps exhibits a better coherence length and less noise 

than the other, or for commercial swept source systems such as the Axsun SS 

engine where only the forward sweep is amplified and outputted (single sweep). 

For the latter, the axial scan rate can be effectively doubled by implementing a 

buffered system. 

A buffered configuration can be implemented on the current development 

of our 1060nm OCT prototype using the Axsun SS engine since the sweep duty 

cycle was set close to 50% (actual ~53%). A sample system configuration to get 

a buffered output is shown in Figure 6-2. The swept source output is split 60:40 

or 70:30 with the higher percentage power going through the delay line to 

compensate for power loses in the fibre connections as well as the ~1km fibre 

spool. The actual sweep and the delayed copy of the sweep are recombined at 

the 50:50 fibre coupler. The output can be directed to the first port of the 

circulator in the ophthalmic imaging system shown in Figure 4-1 with an effective 

axial line rate of 200kHz. To trigger the delayed copy of the sweep, a hardware 
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electronic delay trigger or a software delay based on # of pts. per sweep can be 

used. In order to implement a double buffered configuration in our 1060nm 

prototype, it is essential to carefully select fibre couplers or use wavelength-

flattened couplers and to carefully tune the length of the delay line. The latter can 

be done by using a combination of a fibre spool and a free space optical delay 

line. 

 

Figure 6-2: A system configuration to create a buffered sweep output using the 100kHz 
Axsun SS engine. The output can be fed into the first port of the circulator in 
the ophthalmic imaging system shown in Figure 4-1. 

 

6.1.3 Multichannel OCT system 

Multichannel OCT (MOCT) systems permit imaging of multiple regions at 

the same time resulting in increased imaging speed. However, for imaging the 

ONH, care must be taken to comply with ANSI standards, which limit the amount 

of power incident on the eye. The sum of the powers from the multiple sample 

arms should be less than 1.9mW. For the case of two spots on the retina, the 

maximum power in each eye is at most .95mW. Using the proposed dual channel 

configuration in combination with a buffered output, the current 1060nm 

prototype can have an effective a-scan line rate of 400kHz. This configuration is 

feasible and has been demonstrated by Potsaid et al. [23]. 
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MOCT can also be implemented to improve lateral resolution by having 

the sample arm beams focused at different depths or it can be configured to 

image adjacent A-scans at the same time to remove motion artifacts for Doppler 

OCT [51]. The former can be useful for imaging the lamina cribrosa pores and 

the latter could potentially be used for measuring ocular blood flow at the ONH. 

Additional research is required to implement and investigate ONH imaging with 

this technique. 

6.1.4 Radial scan acquisition 

Radial scan acquisition centred at the ONH can also facilitate rapid 

acquisition while retaining dense sampling at the ONH as shown in Figure 6-3. 

For example, instead of acquiring 400 frames using raster scan, we can image 

80 frames using radial scan, reducing the acquisition time 5 fold. Although it 

seems like a simple and ideal solution for imaging circular (slightly elliptical) 

features such as the ONH, there are challenges in volume reconstruction (polar 

coordinate space to cartesian coordinate space) and in correcting for motion 

artifacts. A method for volume reconstruction and interpolation from polar 

coordinates to cartersian coordinates is being investigated by a member of the 

ImageBORG group, Mr. Evgeniy Lebed. The combination of high-speed OCT 

systems and reduced number of frames can avoid the need for motion correction 

algorithms. 
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Figure 6-3: Radial acquisition centred at the optic nerve head for dense sampling in the 
lamina cribrosa region. 

 

6.2 Blood flow measurement at the ONH 

Changes in ONH blood flow and nutrient transport is an important aspect 

in determining glaucoma susceptibility [3]. For example, elevated IOP strain 

could lead to decreased blood flow to the lamina cribrosa due to deformation of 

the capillaries located in the connective tissue structures. Consequently, it is 

possible that cell-mediated connective tissue changes occur, which could 

weaken the laminar beams. A compromised structural support in the lamina 

could lead to higher susceptibility to glaucomatous damage. Investigation of 

blood flow at the level of the lamina cribrosa will provide another measure for 

understanding glaucomatous damage. 

Some of the techniques that have been developed for in vivo blood flow 

measurement fall into two categories: quantification of blood flow and visualizing 

blood flow. Phase Resolved Doppler OCT (PRDOCT) [52, 53] is a technique 

used to quantify blood flow velocity; and speckle variance OCT [54] is a 
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technique used to visualize blood flow. Blood velocity quantification using 

PRDOCT is attained by extracting the phase component of the intensity 

signal received from an OCT system and calculating velocity based on the 

phase difference of consecutive axial scans. Although PRDOCT has been shown 

to successfully measure retinal blood flow velocity in vivo, it is dependent on the 

angle between the blood vessel and incident beam, and the minimum velocity 

that can be measured is dependent on the background phase noise.  With the 

vascular anatomy of the lamina cribrosa, PRDOCT will not be able to provide a 

complete blood vessel mapping in vivo. On the other hand, svOCT has minimal 

dependence on the beam angle and can provide a more complete vasculature 

map. Speckle variance OCT calculates inter-frame intensity variation of structural 

images; the contrast in svOCT is attained by the time-varying properties of blood 

flow [54, 55]. svOCT is simple, and minimal software changes to our current 

system are required; however, svOCT does not provide velocity information and 

can also be greatly affected by bulk motion, which will make in vivo imaging 

challenging. The multispot imaging and high-speed SS OCT methods discussed 

above provide a path toward making real-time in vivo svOCT imaging possible in 

the ONH. Implementation of svOCT into the current system will enable blood 

vasculature mapping and provide another perspective for determining 

physiological changes associated with glaucoma susceptibility. 
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APPENDICES 

Appendix A: Fourier Domain Mode-Locked Specifications 
(Micron Optics Inc.) 
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