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Abstract 

Alzheimer’s disease (AD) is a neurodegenerative disease currently affecting 5.8 

million Americans and more than 50 million people worldwide. It is a progressive 

disease that destroys cognitive functions, leading to dementia. With increasing life-

expectancy, significant efforts have been made to clinically diagnose this age-related 

disease. However, definitive diagnosis of AD has been challenging, especially at an early 

stage, as there is a lack of quantifiable changes that can be assessed using routine 

diagnostics. Recently, many researchers have shown that retinal changes, as an 

extension of the brain pathology, may provide a window to study AD using fast and 

high-resolution retinal imaging tools.  

This dissertation focused on the development of low-cost imaging tools aimed to 

extract retinal biomarkers for AD. Specifically, the use of optical coherence tomography 

(OCT) and angle-resolved low-coherence interferometry (a/LCI) will be described, with 

steps leading to a combined optical system for retinal imaging in humans. OCT has 

already been established as the gold standard in ophthalmology due to its excellent axial 

resolution and high sensitivity. Similar to OCT, a/LCI is another interferometric 

technique that provides depth resolution but obtains non-imaging structural 

information. Previous work has supported the ability of a/LCI to retrieve depth-resolved 

light scattering measurements of nuclear morphology in dysplastic tissue. The use of 
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OCT as image guidance for a/LCI can strengthen the applicability of the technique, 

providing sample orientation as well as retinal layer segmentation to pinpoint a/LCI 

measurements.  

The dissertation starts with the development and clinical application of a low-

cost OCT system. Despite the prevalence of OCT, its high-cost nature has prevented 

routine use at the point-of-care and in low-resource settings. Clinical feasibility of a 

complete low-cost OCT system is evaluated, and its imaging performance compared to a 

commercial system.  System design is discussed, followed by a comprehensive image 

processing pipeline to characterize image quality for subsequent low-cost systems. 

The subsequent portions of the dissertation outline the extraction of light 

scattering parameters using a/LCI in an AD mouse model. A benchtop co-registered 

system using a/LCI guided by OCT allows measurements of depth-resolved light 

scattering measurements in an AD mouse retina model. The parameters resulting from 

these measurements serve as unique quantification of AD tissue structure with potential 

to be translated to future human studies. A scanning mechanism for 2D a/LCI is also 

presented, which also allowed for the characterization of a/LCI sensitivity to anisotropic 

scattering that is often present in the complex retinal tissue. 

The last portion of this dissertation discusses the development of a second-

generation low-cost OCT system which will be integrated in a combined imaging system 

for eventual AD studies in human patients. Several technical improvements are shown 
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to facilitate clinical retinal imaging at the point-of-care. A characterization of this system 

in a small clinical study illustrates the system’s capability to screen patients, and to serve 

as a morphological image guide for a clinical, retinal scanning a/LCI system. Finally, a 

discussion of how the low-cost OCT system can be integrated to a multimodal imaging 

system for AD human retinal biomarker measurement is provided. 
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1. Introduction   

1.1 Motivation 

Alzheimer’s disease (AD) is an increasingly prevalent neurodegenerative disease 

as the population ages [1]. In the US, it is becoming the sixth largest cause of death with 

an increasing lifetime risk, nearing 12 % risk for men and 21% risk for women by the age 

of 65 [2]. Currently, there are 5.8 million Americans affected by AD and more than 50 

million people worldwide. These numbers are expected to increase further every year as 

our life expectancies rise. The neuronal and synaptic losses from AD destroys cognitive 

functions, leading to dementia [3]. The loss of cognitive functions severely interferes 

with the patient’s quality of life, having to depend on others for the most basic activities 

in the most severe cases. However, neurological changes from AD often begin early, 

usually without any symptoms of cognitive decline for a decade or more after 

degradation in the brain has already begun. Therefore, there exists a current need for an 

early clinical diagnosis method for AD. Such an early diagnosis has been shown to 

potentially allow for an effective intervention that may improve cognitive function or 

slow the rate of cognitive decline [4]. For such a diagnosis to happen, quantitative 

biomarkers of AD are needed. Drug delivery methods that seek to repair neuronal 

damage often employ combinations of biomarker tests to assess targeted effects [5]. 

Successful efforts have also been shown in the literature by characterizing performance 
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of activities by patients with dementia, who exhibited improved cognitive test scores 

afterward therapy [6]. 

Currently, patients are suspected to have AD once they demonstrate cognitive 

decline. By then, however, the neuronal damage might already be too severe for an 

effective intervention with existing therapies. For decades, definitive diagnosis of AD 

relied on post-mortem analysis of brain tissue sections for correlated pathological 

changes [7]. Such indicators include neurofibrillary tangles [8] and amyloid beta plaques 

[9-12], whose accumulation are linked to neuronal dysfunction and inflammation that 

eventually lead to dementia [3]. Significant progress has been made to detect 

pathological changes in the brain using neuroimaging methods. These include MRI, 

Single-photon emission computed tomography (SPECT), and Fluorodeoxyglucose 

positron emission tomography (FDG-PET), which have shown success with extracting 

morphological and quantitative parameters linked with AD in the brain [13]. PET 

imaging especially can detect beta amyloid in AD patients using radiolabeled ligands 

[14]. Other in vivo methods for AD diagnostics include cerebrospinal fluid examination 

for amyloid-beta and tau proteins [15, 16], as well as structural changes in the brain via 

MRI for hippocampal and ventricular volume changes [13]. However, these 

neuroimaging techniques are typically limited by their high cost and are often invasive 

procedures [17, 18]. The high cost of PET imaging has made it difficult to access for 
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many patients, limiting its diagnostic potential on a population scale. Therefore, a faster 

and more cost-effective method for extracting relevant biomarkers in AD is still needed. 

There is a shift in focus to other means of measuring quantifiable changes 

associated with the presence of AD. Many researchers have made a key realization that 

the retina, which is an extension of the central nervous system, will also manifest 

changes from AD [19, 20]. Studies in the literature have shown these correlated changes 

in the retina, which include plaque depositions observed in AD transgenic mouse 

models at certain layers, such as the nerve fiber layer (NFL) and outer plexiform layer 

(OPL) [21]. Morphological changes have also been observed using high resolution 

retinal imaging modalities such as optical coherence tomography (OCT). Several studies 

have pinpointed layer thinning as a correlated change between AD and structural 

changes of the retina [22-24]. Some studies have reported thinning of the retina overall 

[22], as well as more specific layers [15, 23, 25], such as the NFL, where degradation of 

neuronal cells is thought to be present. Therefore, there is now a potential window to 

study brain pathology through retinal measurements using fast and high-resolution 

retinal imaging tools. The benefits for using retinal imaging modalities are compelling, 

as the retina is more accessible than the brain to image, allowing for a noninvasive 

method of disease monitoring [26-31]. Furthermore, the fast and lower cost nature of 

modern retinal imaging systems [32] indicate the potential of population-scale screening 

of AD, once sufficient biomarkers are established. 
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In terms of retinal imaging tools, OCT has long been the gold standard in 

ophthalmology and there are several studies already published using OCT to measure 

morphological changes associated with AD [22-24]. A couple limitations in applying 

OCT to AD studies, however, motivate subsequent work in this dissertation. Firstly, 

most current OCT systems remain costly and bulk in size [33, 34], and it remains 

difficult for many patients to travel to a centralized eye center for OCT screening. Hence, 

there is a limitation to rapid population-scale screening of AD patients using OCT 

systems. The development and use of low-cost OCT systems therefore provides clinical 

importance for rapid assessment and offers AD researchers a potentially cost-effective 

alternative.  

Secondly, while using OCT to detect retinal layer thickness changes as a 

biomarker of AD is promising, studies have also pointed out the nonunique nature of 

layer thinning. This is due to various confounders, such as instrumentation variability as 

well as differences in layer segmentation protocols [35]. Furthermore, other brain and 

retinal pathologies may manifest similar thinning changes in the retina, such as 

Parkinson’s disease and glaucoma [3]. Therefore, another optical technique known as 

angle-resolved low-coherence interferometry (a/LCI) can potentially be used in 

conjunction with OCT to improve diagnostic power. This combination of morphological 

changes measured with OCT and tissue structural changes measured with a/LCI offers a 

unique analysis of potential AD biomarkers [36].  
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Three overall steps were performed in this project with the goal of extracting 

relevant AD biomarkers through the development of cost-effective retinal imaging 

modalities: (1) Validate low-cost OCT performance in the clinic and characterize image 

quality with custom image processing techniques, (2) extract light scattering parameters 

in an AD mouse model using 2D a/LCI and implement a spatial scanning mechanism, 

(3) develop an improved low-cost OCT system towards application to AD human 

patients. 

1.2 Document Organization 

This dissertation document is organized as follows. Chapter 2 provides 

background and an overview of OCT and a/LCI technologies. Chapter 3 describes the 

clinical validation of a low-cost OCT system for human retinal imaging. Chapter 4 

outlines the image processing steps taken to facilitate OCT image contrast analysis that 

will also be applied to later work. Chapter 5 presents a mouse model study using a 

benchtop combined OCT and 2D a/LCI system to extract AD light scattering parameters. 

Chapter 6 shows the implementation of a spatial scanning mechanism for the unique 

geometry of 2D a/LCI that enables subsequent characterization of 2D a/LCI sensitivity to 

anisotropy of tissue structures. Chapter 7 focuses on the development of the improved 

low-cost OCT system with an eye towards imaging AD human patients, with emphasis 

on a future multimodal implementation with 2D a/LCI.  
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2. Background 

This chapter provides the background to facilitate understanding of the clinical 

and technological aspects of the dissertation. Section 2.1 summarizes previous relevant 

findings in terms of retinal changes for Alzheimer’s disease (AD) detection. Section 2.2 

reviews the general theory and technical components of optical coherence tomography 

(OCT). Section 2.3 outlines angle-resolved low-coherence interferometry (a/LCI), which 

includes its 2D implementation and its data processing steps. 

2.1 Retinal Changes Related to Alzheimer’s Disease 

Extracellular accumulation of amyloid-beta plaques and neurofibrillary tangles 

in the brain has long been held as primary pathological processes for AD [10, 12, 37]. 

Their depositions are thought to trigger mechanisms that lead to inflammation and 

synaptic dysfunction, which eventually lead to dementia [3, 38, 39]. Since then, several 

studies have demonstrated novel approaches to diagnosing AD by observing visual 

anomalies correlated with the abnormalities of the eye. Specifically, changes in the 

retinas of AD patients have been observed, drawing connections between neurological 

and retinal pathologies. One of the earliest observed changes in the retinas that was 

potentially linked to AD is the thinning of the retinal ganglion cell layer and the loss of 

ganglion cells [22]. Another morphological change was observed in the nerve fiber layer 

(NFL) [40-47], including a reduction in the number of optical nerve head axons and a 

decrease in its peripapillary and macular thickness.  
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The deposition of amyloid-beta has also been observed in the retinas of AD 

patients and in postmortem specimens [48-52]. The depositions were observed between 

the outer nuclear layer and the nerve fiber layer. Some have also reported greater 

numbers of depositions in the superior quadrants of the retina, linking to greater 

neuronal degeneration. The amyloid-beta plaques in the retina have been demonstrated 

in transgenic AD mouse models [21, 53-55], where they manifest primarily in the nerve 

fiber layer, ganglion cell layer, inner and outer plexiform layers. Subsequent reduction 

in visual function and spatial recognition in these mice were demonstrated to reflect the 

toxicity of the plaques on retinal functions. Therefore, the detection of these plaques 

through noninvasive retinal imaging techniques could enable more parameters to be 

drawn for early AD diagnosis [56]. 

For OCT application to investigation of changes in AD retinas, the main feature 

observed is the thinning of certain retinal layers [57]. Retinal nerve fiber layer thickness 

has been shown to decrease in the superior quadrants of patients with mild cognitive 

impairment as well as in the inferior quadrant for AD [25]. Other studies have pointed 

to a higher density of plaques and tangles contributing to an inferior visual field defect 

and superior-quadrant NFL thinning [3, 25]. However, there are also studies that report 

NFL thinning in both the superior and inferior quadrants [22-24]. The variability in NFL 

thinning reports has been attributed to several factors, such as the dynamic changes as 

AD progresses, or simply from the differences in OCT systems used [27]. Lastly, 
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atrophic thinning was also reported for the ganglion cell-inner plexiform layer [26, 28, 

58]. The challenge remains, however, to translate these morphological changes of retinal 

layer thinning for clinical screening of AD. Therefore, the work in this dissertation also 

focuses on improving the power of OCT metrics with optical parameters drawn from 

a/LCI.  

2.2 Optical Coherence Tomography 

2.2.1 Technical Implementations 

Optical coherence tomography (OCT) is an optical technique analogous to 

ultrasound [59]. Due to the speed of light being too fast for its time of flight to be 

properly measured electronically, OCT relies on low-coherence interferometry to 

achieve the necessary depth sensitivity for biomedical imaging. Typically, light from a 

low-coherence source is divided into a sample path and a reference path within an 

interferometer. The backscattered light from the sample is interfered with the reflected 

light from the mirror in the reference path before being detected by a sensor. The 

detected interference signal depends on the pathlength difference between the light 

from the sample and reference arms, and is observed when the difference between the 

two paths is within the coherence length of the light source [60]. The interference signal 

is then processed to reveal depth-resolved reflectivity profiles of the sample (A-scan) 

[61]. 
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The first implementation of OCT was time-domain OCT [59, 61], which 

measured the backscattered reflectance profiles of the sample through an adjustable 

reference mirror. The optical pathlength of the reference arm was therefore controlled to 

match the various depths of the sample being probed. A scanning mirror is typically 

implemented in the sample arm to scan the focused beam laterally across the sample (B-

scan). The introduction of Fourier-domain OCT advanced the capabilities of the 

technology to enable faster imaging speeds and a significantly greater sensitivity [62-64]. 

Two main variations of Fourier-domain OCT exist, which are spectral-domain OCT (SD-

OCT) and swept-source OCT (SS-OCT) [65, 66]. Unlike the time-domain 

implementation, both the Fourier-domain approaches fix the pathlength of the reference 

arm [67]. SD-OCT utilizes a broadband light source, such as a superluminescent diode 

(SLD), to deliver multiple wavelengths of light onto the sample, which are dispersed by 

a spectrometer after interference to implement wavelength-resolved detection with a 

multi-pixel line scan camera. SS-OCT, also referred to as optical frequency domain 

reflectometry (OFDR) [68-70], relies on a narrow-band laser light source, which is 

rapidly swept in wavelength before detecting frequency as a function of time using a 

single photodetector. 

The reliance of SS-OCT on advanced laser sources such as the vertical cavity 

surface emitting lasers (VCSELs) makes it challenging for cost reduction efforts [69, 70]. 

SD-OCT, however, takes advantage of the simplicity of the broadband light source and a 
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spectrometer, pointing it to a pathway for significant manufacturing cost reductions. 

Therefore, the remaining sections of this dissertation will focus on the development of 

low-cost SD-OCT systems. A basic schematic of a SD-OCT system is shown in Figure 2.1. 

 

Figure 2.1: Basic schematic of a SD-OCT system set-up based on a Michelson 

interferometer. 

2.2.2 Signal and Image Processing 

 Since SD-OCT is an interferometric technique, spectral interference patterns are 

captured by the linear array sensor of the spectrometer, such that each pixel is intensity 

is as a function of the dispersed wavelength. Specifically, the signal detected by the 

spectrometer, I, is as follows [71]: 

                                                       (2.1)         
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Where Es and ER are the sample and reference fields, k = 2/λ is the spatial frequency 

wavenumber, ∆z is the optical pathlength difference between the light from the two 

paths, and  is a phase term. The first two terms represent the intensities of the sample 

and reference fields while the third term represents the cross-correlation terms between 

the two modulated by the product of the wavenumber of the source and the pathlength 

difference.  

To retrieve the reflectivity profiles of the sample as a function of depth, standard 

SD-OCT processing steps are taken [72]. These steps include background subtraction 

and linear interpolation from wavelength space to k-space [73]. From the Weiner-

Khinchin Theorem, there exists a Fourier relationship between the autocorrelation and 

the power spectral density, meaning that a Fourier transform can be applied to the 

measured interferogram to retrieve the depth resolved sample reflectivity profiles (A-

line). To construct a B-scan or an image, multiple A-lines are taken using the scanning 

mirror in the sample arm and compiled into a tomographic image. Finally, dispersion 

correction can be applied by numerically imposing a frequency dependent phase delay 

into the signal [60, 72].  

To achieve axial resolution, SD-OCT relies on a broadband light source with a 

coherence length, lc, defined by [67]: 

                                                                                                                                        (2.2) 
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where λo represent the center wavelength of the source and Δλ is the full width at half 

maximum (FWHM) bandwidth. Equation 2.2 also defines the axial resolution of the SD-

OCT system, meaning that a larger bandwidth light source will yield better axial 

resolution. Similar to confocal microscopy, the SD-OCT lateral resolution is measured by 

the spot size of the beam at the focal plane on the sample, and can be calculated by [67]: 

                                                                                                                                             (2.3) 

where NA simply refers to the numerical aperture of the objective, which is usually the 

focusing lens. Therefore, in designing an OCT system there exists a trade-off between 

the lateral resolution and the working distance of the objective.  

2.3 Angle-resolved Low-coherence Interferometry 

Angle-resolved low-coherence interferometry (a/LCI) is an optical technique that 

acquires depth-resolved light scattering measurements [74]. Elastically scattered light 

near the backscattering direction is collected for various scattering angles from the 

sample. Similar to OCT, a/LCI uses low-coherence interferometry to achieve depth-

gating of the intensity measurements detected by an imaging spectrometer. Therefore, 

each pixel on the camera of the spectrometer is intensity as a function of the dispersed 

wavelength as well as the scattering angle. A Fourier transform of the detected 

interferogram therefore produces angular scattering profiles at specific depths of the 

sample [75, 76].  
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While OCT and a/LCI share many similarities in terms of the system design, 

there are a few important differences. Firstly, a/LCI utilizes a different illumination 

scheme, where the illumination beam is collimated and incident upon the sample at an 

oblique angle relative to the optical axis. This is to increase the range of the detected 

scattering angles by utilizing the full NA of the objective, as well as to avoid specular 

reflections. This contrasts with the on-axis focused illumination beam required in OCT. 

Secondly, a/LCI illumination and collection paths are not shared in current a/LCI 

systems, and therefore a Mach-Zehnder interferometer scheme is typically employed 

instead of a Michelson interferometer scheme. Lastly, a/LCI is not an imaging modality, 

but rather obtains measurements across the large diameter of the collimated 

illumination beam from a region of interest on the sample, spanning a few hundred 

microns in diameter [77, 78].  

2.3.1 Two-dimensional a/LCI 

 A recent advancement was made to traditional 1D a/LCI systems through the 

incorporation of an angular scanning scheme within the collection path of the 

interferometer [78]. Instead of detecting scattered light in one direction, this approach 

can measure scattering in two orthogonal directions. This augments the technique to 2D 

a/LCI, which collects an order of magnitude more angular scattering information than 

1D a/LCI [79]. An example of the measured angular scattering field is shown in Figure 

2.2 for both 1D and 2D a/LCI.  
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Figure 2.2: Comparison of 1D and 2D a/LCI measurements simulated for a 10 

µm polystyrene bead from light collected near the backscattering direction. 2D a/LCI 

here has an angular range of 21⁰ by 34⁰, while 1D a/LCI collects only the 34⁰ range. 

Figure modified from [79]. 

Physically, the scanning galvanometer placed in the collection path scans the 

angle-resolved scattered field across the slit of the spectrometer [80]. The slit of the 

spectrometer collects data from the primary axis of the angular scattering field, while the 

orthogonal dimensions are collected as a time sequence as the beam is scanned across 

the slit. 2D a/LCI therefore acquires a more detailed description of the angular scattering 

field in two transverse planes. An example schematic of a 2D a/LCI system and an 

illustration of the angular scanning scheme are shown in Figure 2.3.  



 

15 

 

Figure 2.3: (a) 2D a/LCI system setup. PM Fiber = Polarization Maintaining 

Fiber. PC = Polarization Control, RR = Retro Reflector, BS = Beamsplitter. Red lines 

indicate illumination path and green lines indicate scattered light from the sample 

that is scanned by the galvanometer onto the slit of the imaging spectrometer. (b) 

Angular scanning scheme for 2D a/LCI, where the galvanometer sweeps the image of 

the scattered field across the slit over a range of solid angles. Figure taken from [80]. 

2.3.2 a/LCI Data Processing 

 Angular scattering measurements taken from traditional 1D a/LCI systems have 

shown important diagnostic applications to detecting dysplasia in various epithelial 

tissues, such as in the esophagus [81, 82], the cervix [83, 84], and the colon [85]. 

Quantitative information such as the cell nuclear diameter and nuclear density can be 

extracted by performing inverse light scattering analysis (ILSA) based on Mie theory 

[86]. The collected angular scattering is compared to a precomputed library of Mie 

scattering spectra, which is generated in advance for a range of scatterer size given 

several parameters [87]. These parameters include the light source wavelength, size 

percentage distribution [88], and the indices of refraction for the scatterer and medium. 

Prior to comparing to the theorical spectra, the measured angular scattering profiles are 
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first selected for specific depths of interest. The data is then low-pass filtered and 

detrended using a polynomial fit and subtraction, which removes high-frequency 

scattering contributions from structures within the sample with length scales smaller 

than the range of interest. The details of standard 1D a/LCI processing steps are outlined 

by Brown et al [87]. The processed angular scattering data is compared to the 

precomputed spectra for each scatterer size, with the best fit determined by the smallest 

chi-squared error between the two curves. An example of this fitting procedure for 

a/LCI data is shown in Figure 2.4. For 2D a/LCI, the additional dimension of angular 

scattering data allows for extraction of tissue structural information through spatial 

correlation and fractal dimension analysis [79]. The details of 2D a/LCI data processing 

and analysis are outlined later in Chapter 5. 

 

Figure 2.4: Representative a/LCI scan showing angular scattering as a function 

of depth for a 15 µm diameter polystyrene bead. The sampled scattering for a specific 

depth of interest in the sample is then compared to a precomputed Mie library. The 

best fit is revealed by the smallest chi-squared error between the two curves, 

indicating that the correct scatterer size has been determined. 
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3. Clinical Application of Low-cost OCT 

In this chapter, we discuss the design and clinical validation of a low-cost OCT 

system developed for retinal imaging [32]. The design of a general low-cost OCT engine 

was previously reported by Kim et al. [89], and several modifications were made such 

that the system can be applied to clinical retinal imaging. These modifications are 

discussed in detail and the optical performance of the low-cost system is fully 

characterized. A clinical study was performed to validate its imaging capabilities and 

ease-of-use. Imaging performance is evaluated and compared to a standard on-site 

commercial OCT system. Image contrast analysis is performed to compare the level of 

imaging quality between the commercial system and the low-cost OCT. 

3.1 Motivation 

Cost reduction and increased system portability for OCT have been key points of 

interest. Despite the prevalence of OCT in retinal imaging, access to OCT screening 

services continues to be limited to mostly large eye institutes and laboratories due to the 

high-cost requirement [33]. In ophthalmic applications, a commercial OCT system can 

range between $40,000 and $150,000 [34]. For several retinal diseases routine eye 

screening is often strongly recommended, and OCT screening offers more clinically 

useful data than traditional fundus imaging. However, patients in underserved 

environments often have significantly lower screening rates [90], as they often lack the 

means of transportation and access to a nearby eye clinic that can afford an OCT system. 
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This limitation has prompted the development of various cost-reduction methods as 

well as portable OCT systems. Several research groups have demonstrated low-cost 

handheld OCT scanners using off-the-shelf optical elements to generate a compact form 

factor [91-93]. While cost-reduction and portability considerations have been limited to 

the scanner portion, it is only recently that a system-level design has begun developing 

the application of low-cost OCT towards population-scale screening in low-resource 

settings. The first instance was demonstrated by Kim et al. [89], who developed a 

complete low-cost OCT system that is 14 in x 7.5 in x 5 in and weighs 6 lbs, with a cost of 

around $7,000 in parts. This design was for a general research OCT system; therefore, 

modifications were needed to apply this design for retinal imaging at the point-of-care.  

3.2 Retinal Low-cost OCT System 

The system-level design for retinal imaging maintains the various cost-reduction 

techniques illustrated previously [89]. An emphasis is placed on a novel scanner design 

to allow for high-resolution retinal imaging. The following subsections outline the 

hardware and system control components in the retinal system, along with a thorough 

optical characterization and cost of materials summary.  

3.2.1 Interferometer 

 The interferometer for the low-cost OCT system uses a Michelson interferometry 

setup. To conserve a compact form factor, a fiber-based interferometer was used, with a 

fiber pigtailed superluminescent diode (SLD) with an open-loop thermoelectric cooling 
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(SLD, 3.5 mW, Exalos BTF14, Exalos AG, Schlieren, Switzerland) as the light source. Use 

of the uncooled SLD significantly reduced overall cost, though it introduced some 

power fluctuations that led to common path artifacts in the resulting B-scans. Therefore, 

regular acquisition and subtraction of the background spectrum were performed during 

image acquisition to remove these artifacts. The fiber optic output from the SLD was 

fusion spliced to one input arm of a 50:50 fiber coupler (TN830R5A2, Thorlabs Inc., 

Newton, NJ). The SLD had a measured center wavelength of 830 nm and a full-width-at-

half-maximum (FWHM) bandwidth of 42 nm.  

 To perform interferometry, a reference arm is needed to match the optical 

pathlength of the scanner arm. A cost-effective and simple reference arm was designed 

using an adjustable lens tube. Light from the SLD that was split to the reference arm and 

the fiber output was collimated using a collimating lens, before being focused by 

another lens onto a mirror. The focusing lens and the mirror were both placed in 

separate threaded adjustable lens tubes such that their positions can be adjusted. 

Therefore, reference arm power could be easily adjusted by defocusing the beam on the 

mirror and the pathlength can be adjusted by moving the focusing lens along the optical 

axis.  

3.2.2 Spectrometer  

In spectral-domain OCT (SD-OCT), the most expensive element is often the 

spectrometer [94]. Therefore, the low-cost retinal OCT system employs a robust custom-



 

20 

built spectrometer (Figure 3.1) fabricated from 3D printed parts. This design uses a 

transmission diffraction grating (T-1850-800s, LightSmyth Technologies Inc., Eugene, 

OR) in a loop configuration. Light can be fiber-coupled into the spectrometer before 

being collimated by a parabolic mirror. The parabolic mirror serves both as a collimating 

element and a fold mirror, which help reduce spherical aberrations. The spherical 

aberrations are further reduced by using a pair of achromatic doublets (AC254-150-B, 

Thorlabs) as focusing elements before the sensor, yielding a near-diffraction-limited spot 

profile at the detector plane. The tall pixel geometry (S11639-01, Hamamatsu, 

Hamamatsu City, Japan) in the spectrometer allowed increased tolerance to vertical 

misalignment induced by thermal perturbations, such that alignment along the spectral 

dimension can be maintained.  The sensor array consisted of 2048 pixels, but only half 

the array was used to increase the A-scan rate by nearly double. The entire spectrometer 

was housed in a 3D printed housing (eco-acrylonitrile butadiene styrene, Dremel) for a 

compact form factor. Various measures were also taken to alleviate temperature 

fluctuations in the spectrometer, such as air holes in the bottom of the enclosure for 

ventilation. Mechanical stress was reduced using rubber vibrational isolators placed 

under the spectrometer housing. 
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Figure 3.1: Custom low-cost OCT spectrometer. (a) Loop configuration of the 

spectrometer, matrix spot diagrams in Zemax at the sensor plane at (b) 815 nm, (c) 840 

nm, (d) 860 nm. (e) 3D schematic of optical components in the spectrometer, (f) fully 

enclosed spectrometer housed in a 3D-printed enclosure. Figure taken from [95]. 

3.2.3 Scanner Optics 

A novel scanner arm design was first simulated using software (OpticStudio, 

Zemax LLC., Kirkland, WA) and then implemented in the low-cost OCT system. The 

design was modified from that of Kim et al. [89] such that it was suitable for retinal 

imaging. Therefore, a longer working distance was implemented during design to avoid 

accidental contact between the scanner objective and the patient’s eye or eyelash during 

imaging. Optics were chosen to maintain a desirable spot size as the focused beam is 

swept across the field of view (FOV) defined by the scan range. Figure 3.2 illustrates the 

resulting scanner design, which provided a working distance of 17.5 m, with a spot size 

less than 20 µm across a 6.6 mm FOV in X and Y.  
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Figure 3.2: Low-cost retinal OCT scanner design simulated in Zemax. The 

design incorporated a MEMS mirror for scanning and a liquid lens for dynamic 

focusing control. Figure taken from [32]. 

The scanning element chosen for this design was a microelectromechanical 

mirror (MEMS, A7B2.1-3600AL, Mirrorcle Technologies Inc., Richmond, CA), which is a 

component that is now widely adopted for handheld OCT probes. MEMS mirrors are 

made in compact forms on integrated chips fabricated with semiconductor technology 

that scan in two axes. The MEMS mirror used in the low-cost OCT system has a 3.6 mm 

diameter, with a 6⁰ tilt range in X and Y. The larger aperture of the MEMS mirror can be 

used in combination with a faster lens to achieve a tight lateral spot size while the beam 

is scanned across the FOV.  

A liquid lens (Optotune, Dietikon, Switzerland) was used in combination with 

the MEMS mirror in the scanner design for dynamic focusing control. The liquid lens is 

a focus tunable lens with a 10 mm diameter. This combination of the MEMS mirror and 

liquid lens allowed for independent scanning and dynamic focusing control. For a given 

patient, an optimal spot size can still be achieved using the liquid lens to focus without 

having the need to adjust imaging optics, essentially accommodating for different 

patients.  
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3.2.4 Synchronization and Software 

To synchronize the scanning elements with the spectrometer sensor array, a 

series of custom printed circuit boards (PCBs) were implemented for system control. A 

master controller board sends a trigger signal to the scanner control board to begin each 

lateral scan. The scanner control board uses a digital-to-analog converter to generate an 

analog voltage that is amplified through a high-voltage rail to begin scanning the MEMS 

mirror. A frame trigger command to the spectrometer sensor is sent by the master 

controller board to acquire A-scans once scanning is initiated.  

The spectrometer sensor array is controlled by a pair of PCBs, including a 

daughter board that interfaces with the sensor, as well as the mother board that digitizes 

and sends signals (B-scans) back to the PC through a USB 3.0 port. An integrated mini-

PC (NUC515RYK, Intel Corp., Santa Clara, CA) receives and processes each frame of the 

OCT scan before displaying the processed images onto a 7-inch TFT touchscreen 

(Newhaven Display International Inc., Elgin, IL) via HDMI. Dynamic focusing from the 

liquid lens is adjusted through a microcontroller on the scanner control board, which 

adjusts the current through the liquid lens, thereby electrically altering its spherical 

contour. Similarly, the SLD light source is driven at its proper current through a serial 

peripheral interface on its driver board. A system block diagram of the low-cost OCT 

system is shown in Figure 3.3. 
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Figure 3.3: System block diagram showing the major components of the low-

cost OCT for retinal imaging. Electronic signaling was performed using a series of 

PCBs that communicates between the various components in the system body and 

handheld scanner. Figure taken from [32]. 

To enable user interaction during imaging, a custom OCT software Windows 

application (Microsoft Visual Studio, Microsoft, Redmond, WA) was written in C# and 

C++. The user interface is displayed onto the touchscreen and allowed input for several 

patient demographic information, and also enabled the clinician to make scanning 

direction selection, control liquid lens focus and save the acquired images. Once an OCT 

scan is taken, the last 30 frames are saved for operator review and stored on the hard 

drive of the integrated PC. The low-cost OCT user interface display is shown in Figure 

3.4.  
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Figure 3.4: Low-cost OCT user interface that is displayed onto the 7-inch TFT 

touchscreen during clinical imaging. The application contains tabs for patient 

demographic information input, as well as controls for focusing and image review. 

Figure taken from [32]. 

3.2.5 System Assembly 

The low-cost OCT system is comprised of the handheld scanner and the system 

body. To ensure a cost-effective and portable design of the system assembly, the housing 

materials were 3D printed. This allowed the low-cost OCT system to be significantly 

more compact and lightweight compared to the typically machined aluminum parts 

employed in most commercial systems. The system body, which consisted of the 

spectrometer, master controller board, mini-PC, and the display touchscreen, was 

housed in an enclosure printed using 3D45 (Dremel, Mount Prospect, IL). The mini-PC 
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and the touchscreen were mounted in the system body for user ease-of-use. External 

ports were included to facilitate access to the USB ports.  

The handheld scanner was housed in an enclosure printed using the Connex3 

Objet350 (Stratasys, Eden Prairie, MN). A significant advantage in system portability 

was that the incorporation of the fiber optic interferometer, scanner controller board, 

and SLD driver board within the handheld scanner housing. This contrasts from most 

other low-cost OCT designs, in which only the scanning optics are housed in the scanner 

enclosure, requiring a larger base unit to house the reference arm, light source and fiber 

splitter. Another advantage with the fiber interferometer placed entirely in the scanner is 

the fact that manipulation of the handheld scanner does not change the polarization 

state of the reference arm and sample arm light, since both signals are already combined 

prior to being directed to the spectrometer. Optimal signal was ensured by first 

matching the polarization of the light in the two arms through geometric manipulation 

of the optical fibers before they were fixed in place in the scanner enclosure. These 

design decisions allowed for a compact handheld scanner with significantly reduced 

size and weight, to facilitate clinical ease-of-use. Furthermore, the handheld scanner 

enclosure also included a mounting scheme to allow for easy attachment to a standard 

slit lamp chin rest which is typically used in eye clinics. Interface with the standard slit 

lamp base greatly facilitates clinician control of the scanner and stability during retinal 
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imaging. Figure 3.5 illustrates the completely assembled low-cost retinal OCT system as 

well as a detailed composition of the handheld scanner elements.  

 

Figure 3.5: (a) Complete low-cost OCT system for retinal imaging, showing the 

mini-PC, touchscreen display, and the handheld scanner. (b) Detailed schematic of all 

components inside the handheld scanner, which includes the entire fiber 

interferometer and a couple scanning control boards. Figure taken from [32]. 

3.2.6 System Characterization 

The complete low-cost OCT system for retinal imaging utilized several cost-

reduction designs and custom components, which yielded a total cost of parts of $5,037. 

A break down of the cost of materials for the low-cost system is listed in Table 3.1. 

Significant cost reductions were achieved in the spectrometer, light source, and the 

overall system enclosure through 3D printing. 
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Table 3.1: List of costs for the materials used in the complete low-cost OCT 

system. Table taken from [32]. 
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Optical characterization of the low-cost system was performed using standard 

spectral-domain OCT (SD-OCT) characterization methods for properties such as axial 

resolution and sensitivity. To draw comparisons with a commercial system typically 

employed in an eye clinic, the specifications of the low-cost OCT are listed in Table 3.2 

along with those of the Heidelberg Spectralis OCT system. The low-cost OCT system 

demonstrated an axial resolution of 8.0 µm, a lateral resolution of 19.6 µm, and imaging 

depth of 2.7 mm for a 6.6 mm FOV in the X and Y directions. The bulk of the OCT 

system was also reduced, as the weight of the system body is 1.8 kg, the weight of the 

handheld scanner is less than 500 g, for a total system weight of 2.3 kg. Compared to the 

Heidelberg Spectralis system, the low-cost OCT system achieved more than 90 % 

reductions in both cost and total size of the system. 

Table 3.2: System specifications of the low-cost OCT system and the 

Heidelberg Spectralis OCT system. Table taken from [32]. 
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3.3 Clinical Feasibility of Low-cost OCT 

To determine the clinical utility and performance of the low-cost OCT system, a 

study was performed at the University of North Carolina Kittner Eye Center 

(Institutional Review Board, Study no.170-2094). The low-cost OCT system was 

evaluated for its clinical imaging capabilities, and its performance was compared 

directly with an onsite commercial OCT system, the Heidelberg Spectralis OCT 

(Heidelberg Engineering GmbH, Heidelberg, Germany). 

3.3.1 Imaging Protocol 

At the Kittner Eye Center, a clinical study consisting of one hundred twenty eyes 

of 60 patients (36 female and 24 male) was performed. Every patient was imaged using 

the low-cost OCT system as well as the standard Heidelberg Spectralis OCT system on-

site. From the 120 eyes imaged, 60 were eyes of healthy volunteers, and the other 60 

were from patients with known retinal pathologies. Volunteers with healthy retinas 

were recruited with an age range between 20 to 60 years, and patients with retinal 

diseases had a mean age of 70.4 years. Study participants were recruited by the clinical 

research coordinator at the eye center and written consents were obtained from all 60 

patients prior to OCT imaging. Dilation was performed only for patients with retinal 

pathologies, as dilation was part of the standard of care for their same-day appointment 

for ophthalmic screening; patients with healthy retinas did not have their eyes dilated. 
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Imaging was first performed for each patient on the Heidelberg Spectralis by a clinician 

according to standard eye center protocol, followed by imaging on the low-cost OCT. 

For low-cost OCT imaging, each participant was seated facing the imaging 

clinician (Figure 3.6). Although the low-cost OCT scanner is handheld in design, it was 

mounted on a standard chin rest for this study to guarantee a degree of stability similar 

to that of the Heidelberg Spectralis OCT scanner. The stability from the chin rest 

decreased imaging time taken, minimized the interference with the workflow of the 

clinical site. Study subjects were instructed to fixate on the scanning OCT beam, which 

appeared as a red line. The imaging clinician would then operate the scanner position, 

while observing the B-scans in real time on the touchscreen, before acquiring the best 

image possible. The clinician also had control over dynamic focusing from the liquid 

lens and was able to review the last 30 frames captured before saving both the raw and 

processed OCT images for each retinal scan. For both the Heidelberg Spectralis OCT and 

the low-cost OCT systems, four scans were performed for each study participant (one 

horizontal and one vertical scan in each eye). To allow fair comparison, images acquired 

from the Heidelberg Spectralis OCT were set to 2-frame averages, which is the lowest 

frame-average option allowed on the device. Two-frame averages were applied to the 

low-cost OCT images in post-processing. 
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Figure 3.6: Imaging of a study patient using the low-cost OCT system 

performed by an on-site clinician at the UNC Kittner Eye Center. Figure taken from 

[32]. 

Similarly, retinal scans were also performed without the chin rest on five patients 

with healthy retinas within the study, with the scanner manually held in free space. For 

handheld imaging, the operator would stabilize by placing one hand onto the face of the 

patient to allow the tip of the scanner optics to rest on the thumb. Using the other hand, 

the handheld scanner can be then manipulated to achieve the best image possible. 

3.3.2 Image Processing 

The quality of the images acquired on the low-cost OCT system were compared 

to those from the Heidelberg Spectralis using contrast to noise ratio (CNR) as a 

quantitative image metric. For each B-scan, the raw interferograms were first processed 

using standard SD-OCT methods [72], which include background subtraction, k-space 
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interpolation, and Fourier transform. Additionally, a speckle reduction technique based 

on a dual-window method published previously by Zhao et al. [96] was applied to the 

interferograms prior to Fourier transformation. However, this speckle reduction method 

was primarily targeted for larger bandwidth systems (>100 nm), and therefore had very 

little noticeable effect on the resulting images.  

The A-line rate of the low-cost OCT system is 12.5 kHz, which was lower than 

that of the Heidelberg Spectralis OCT. To ensure a fair comparison, 2-frame registration 

was performed on the images acquired on the low-cost OCT, to match the 2-frame 

averages from the Heidelberg Spectralis OCT. To account for interframe motion, two 

sequential frames from the low-cost OCT images were pixel-shifted in X and Y to 

maximize the 2D cross-correlation coefficients between consecutive frames prior to 2-

frame averaging. The image registration method will be elaborated in more detail in 

Chapter 4, which focuses on OCT image processing to facilitate image metric analysis.  

Inspecting the pixel intensities distributions of the images from both OCT 

devices revealed some differences (Figure 3.7). The pixel intensity histograms of the 

Heidelberg Spectralis OCT images of the retina were near-Gaussian in many cases, 

which contrasted with the images from the low-cost OCT, which exhibited a more 

Rayleigh-like distribution. To enable a fair comparison between the images acquired on 

the two systems, a custom histogram matching procedure was implemented using 

MATLAB software as part of the image processing procedures. This histogram matching 
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method has since been revised to facilitate other OCT image processing applications and 

is elaborated in detail in Chapter 4. For this study, only a simple histogram matching 

step was applied to produce a fair comparison between the images from the two 

systems. A matching function was generated by fitting the pixel intensity histogram for 

each Heidelberg Spectralis image using a third-order polynomial. The coefficients of this 

fit were then applied to equalize the corresponding pixels intensity distributions for the 

images acquired on the low-cost OCT. Finally, images from both OCT systems were 

oriented in a horizontal direction to account for some captured images showing retinas 

tilted across the FOV due to patient eye movements. This straightforward flattening step 

was performed by finding the outermost layer of the retina using a Canny edge 

detection scheme (MATLAB). Each A-scan of the image was then vertically shifted with 

respect to the detected edge. The images taken on the low-cost OCT using handheld 

mode were also processed in this manner.  
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Figure 3.7: Example histogram of the pixel intensities of the retina in the 

images acquired on the (a) low-cost OCT and (b) the Heidelberg Spectralis OCT.  

 

 

Figure 3.8: OCT image processing steps for images acquired on the low-cost 

OCT. For images from the Heidelberg Spectralis OCT, only the flattening and the 

retina segmentation steps were performed. Figure taken from [32]. 

 The quantitative metric used to characterize the OCT images was the contrast-to-

noise ratio (CNR). Since the OCT images are logarithmic, the CNR is defined by [97]:  

                              (3.1) 
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where  and  are the mean and standard deviation of the region of interest, 

respectively, and  and  are the mean and standard deviation of the background 

noise, respectively. The region of interest, or the signal, was defined in this case as the 

entire retina, which was manually segmented from each B-scan using Canny edge 

detection to extract the values between the inner and outermost layers of the retina. The 

background noise was defined as a 10 by 10 pixel region above the retina in each image 

(vitreous). After the signal and the background noise were defined for each B-scan, the 

CNR was computed. The CNR calculation was performed for each low-cost OCT image 

as well as its corresponding image acquired on the Heidelberg Spectralis. The overall 

quantitative image contrast computation steps are illustrated in Figure 3.8.  

3.3.3 Clinical Images  

Images were acquired from the retinas of 60 patients on both OCT systems. 

Figures 3.9 and 3.10 show and compare the B-scans acquired using the low-cost OCT 

and the Heidelberg Spectralis systems from study subjects with healthy retinas. Images 

taken on the low-cost OCT system can clearly resolve relevant layers of the retina with 

comparable axial resolution to the images taken on the Heidelberg Spectralis OCT. 

Visually, Heidelberg Spectralis OCT images exhibited a stronger retinal signal due to 

higher incident scanner output power, which was nearly twice as much as that from the 

low-cost OCT scanner (Table 3.2). However, images taken on the low-cost OCT 
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demonstrated a more uniform and lower intensity background noise variance compared 

to those from the Heidelberg Spectralis OCT. This is clear in Figure 3.9, where the 

Heidelberg Spectralis OCT image showed a sharp change in noise variance, with a 

larger noise variance in the regions above the retina (vitreous), followed up more than 3 

to 4-fold lower noise variances in regions below the outermost layers of the retina. Noise 

variances in the low-cost OCT images, however, are relatively uniform across the 

entirety of the imaging depth.  

 

Figure 3.9: Representative B-scans of the right eye from a study subject with 

healthy retinas using the low-cost OCT (LC) and Heidelberg Spectralis OCT (HE) 

systems. RNFL – retinal nerve fiber layer, GCL – ganglion cell layer, IPL – inner 

plexiform layer, INL – inner nuclear layer, OPL – outer plexiform layer, ONL – outer 

nuclear layer, ELM – external limiting membrane, IS-OS/EZ – inner segment/outer 

segment junction line, COST/IZ – cones outer segment tips line/interdigitation zone, 

RPE – retinal pigmented epithelium. Scale bars: 500 µm. Figure taken from [32]. 
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Figure 3.10: Representative images taken on both OCT systems for a single 

patient. OD – right eye, OS – left eye, LC – low cost OCT, HE – Heidelberg 

Engineering. Scale bars: 500 µm. Figure taken from [32]. 

 

Similarly, high quality retinal scans were also acquired with the scanner in 

handheld mode, where the operator took images without employing chin rest. A 

representative B-scan of a healthy retina is shown in Figure 3.11, which again 

demonstrates adequate contrast and resolution for identifying relevant layers and 

features that are necessary for clinical diagnosis. 
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Figure 3.11: Representative retinal B-scan from a study subject with healthy 

retinas acquired using the low-cost OCT scanner in handheld mode. Scale bars: 500 

µm. Figure taken from [32]. 

 To illustrate the utility of the low-cost OCT for helping with the identification of 

retinal pathologies, comparisons were also drawn between the two OCT systems for 

images taken from patients with diseased retinas. B-scans taken from patients with 

known retinal pathologies are shown in Figure 3.12 for four disease cases. Images are 

again compared between those taken on the low-cost OCT and those from the 

Heidelberg Spectralis OCT. Representative images shown include images of a patient 

with macular puckering (top left of Figure 3.12). An epiretinal membrane can cause 

wrinkling of the inner retina and lead to an absent foveal depression. Another example 

scan shows multiple drusenoid pigment epithelial detachments exhibited by a  

 

patient with age-related macular degeneration (bottom left, Figure 3.12). The two image 

pairs on the right column of Figure 3.12 show intraretinal cysts and hard exudates in 
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patients with diabetic macular edema. It can be seen that images taken on the low-cost 

OCT system for these retinal pathologies demonstrate adequate resolution and contrast 

compared to those of the Heidelberg Spectralis to allow identification of important 

features for disease diagnosis.  

 

Figure 3.12: Representative retinal B-scans taken from patients with 

pathological retinas using both the low-cost OCT and the Heidelberg Spectralis OCT. 

LC – low-cost OCT, HE – Heidelberg Engineering. Scale bars: 500 µm. Figure taken 

from [32]. 

3.3.4 Image Quality Characterization 

To quantitatively compare image quality from the retinal scans taken on both 

OCT systems, CNR values were computed for each image in this study as outlined in 

section 3.2.2. To enable a comparison between the CNR values of the images taken on 

the two OCT systems a paired t-test was used. This t-test was chosen since the CNR 

values for images taken on the same patient were compared between two devices. An 

inspection of the distributions of the CNR values from images taken on both OCT 

systems showed that they follow Gaussian distributions (Shapiro-Wilk, p > 0.05). A 
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Grubbs test was also performed to eliminate any outliers in the computed CNR values. 

A few images from the Heidelberg Spectralis OCT were excluded from the analysis that 

inadvertently had the incorrect frame-average setting; the corresponding images taken 

on the low-cost OCT for that patient were therefore also excluded. Due to the large 

sample size of the image CNR values, the presence of a few outliers did not have a 

significant effect on the overall comparison.  

The statistical distributions and comparisons for the CNR values are summarized 

in Figure 3.13 and Table 3.3. Without differentiating between the patients with healthy 

and pathological retinas, the images taken on the low-cost OCT demonstrated a mean 

CNR value of 1.592 ± 0.021, while those acquired on the Heidelberg Spectralis OCT was 

1.687 ± 0.027. The paired t-test showed that the 5.6 % difference in the mean CNR values 

of the images taken on the two OCT systems was statistically significant (p < 0.0001). 

Similarly, differences existed between the mean CNR values when comparing images 

taken from pathological retinas only (low-cost OCT: 1.496 ± 0.029; Heidelberg Spectralis 

OCT: 1.577 ± 0.039, 5.3 % difference, p = 0.0004), as well as from healthy retinas only 

(low-cost OCT: 1.694 ± 0.027; Heidelberg Spectralis OCT: 1.803 ± 0.033, 6.0 % difference, 

p < 0.0001).  

Image contrast quality obtained during freehand acquisitions with the low-cost 

OCT scanner was determined using a paired t-test on the difference of the mean CNR 

values to those obtained when the chin rest was used. The mean CNR values of the 
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images computed for the same patients in handheld mode and with a chin rest showed 

no statistical significance (n = 20, five patients, 2 scan directions in each eye, p > 0.05). 

 

Figure 3.13: (a) Distributions of CNR values for images taken on the 

Heidelberg Spectralis OCT and the low-cost OCT. (b) Mean CNR values for the 

images taken on the two OCT systems differentiated by healthy and pathological 

retina patient groups. Error bars indicate standard error of the mean. Figure taken 

from [32]. 

 

Table 3.3: Statistical distributions of the CNR values and paired t-test results. 

Table taken from [32]. 
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3.4 Discussion and Future Plans 

 This chapter presented a low-cost OCT system, adapted from the design of Kim 

et al. [89], for clinical retinal imaging. A clinical study was conducted to characterize 

system performance, in which 120 eyes from 60 patients were imaged. The acquired 

retinal scans demonstrated that the low-cost OCT can clearly resolve features and layers 

necessary for disease diagnosis. A quantitative comparison of image quality was 

conducted in which the performance of the low-cost OCT was compared to a standard 

commercial system, the Heidelberg Spectralis OCT. The CNR analysis of the images 

acquired on both systems showed a 5.6% difference in mean CNR values between the 

two OCT systems. This difference, however, is not expected to have a practical impact 

on most clinical diagnostics applications. The small difference in performance is offset 

by the fact that the low-cost OCT comes at more than 90% reduction in overall cost. 

Furthermore, the standard deviations of the CNR values measured from the images 

acquired by the two systems were 0.3 and 0.4 for the low-cost OCT and the Heidelberg 

Spectralis OCT, respectively. These standard deviation values indicated that the patient-

to-patient variability exceeded the small difference in the mean CNR values.  

 Handheld OCT retinal imaging was also performed using the low-cost OCT 

scanner, with resulting analysis showing no significant differences in the mean CNR 

values to imaging with a chin rest. While handheld OCT imaging may suffer from the 

drawback of longer image acquisition times due to a lack of stability, it has important 
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applications for patients such as children, or those who cannot maintain an upright 

sitting position. The low-cost OCT therefore offers the flexibility of both modes of 

clinical imaging, while maintaining system portability.  

 A current limitation of this low-cost retinal OCT system is the power fluctuations 

of the SLD light source during imaging. This power instability arose from the use of an 

uncooled SLD, which was chosen for cost reduction, but would need to be resolved in 

future iterations given its impact on the image quality. A scanner output power 

characterization was performed and summarized in Figure 3.14, which shows how the 

power drops significantly after more than 20 minutes of system operation. However, 

cooling the light source showed that a stable scanner output power was easily realized. 

This issue can be readily resolved by implementing a thermoelectric cooler onto the SLD 

driver board in the scanner, which will drive the SLD at its proper forward current, 

maintaining output power.  
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Figure 3.14: Low-cost OCT scanner output power over time using open-loop 

cooling of the SLD light source. Subsequent cooling of the SLD allows power 

recovery to desirable levels for good retinal signal. 

Another limitation of the low-cost OCT system was the low acquisition speed 

given by the 12.5 kHz A-line rate achieved. The implementation of the MEMS mirror 

scanning scheme and the acquisition speed of the line scan camera limited the final B-

scan rate. This was apparent during clinical retinal imaging, where the motion artifacts 

from the patient breathing limited the number of acquired image frames which could be 

averaged. For this study, only 2-frame averages from the low-cost OCT were achievable, 

as image registration beyond that was often challenging. Future iterations of the low-

cost OCT system will incorporate a faster line-scan camera, to match the 40 kHz A-line 

rate of standard commercial systems, such as the Heidelberg Spectralis OCT.  

Aside from the technical improvements, further development is also needed for 

the low-cost OCT system to be suitable for routine clinical use. Cost estimates presented 

in this chapter are the cost of materials, and do not include costs for commercial 
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development, regulatory approval and manufacturing. Adoption of the low-cost OCT 

for retinal imaging to study Alzheimer’s disease would also require future clinical 

studies to validate its utility and ability to generate comparable images to commercial 

systems. An improved low-cost OCT platform will serve as an inexpensive and portable 

instrument to routinely screen AD patients at the point-of-care. Furthermore, the 

improved platform would also be designed to facilitate multimodality implementations 

with the OCT scanner to acquire additional biomarkers of AD to complement OCT 

morphological measurements.  
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4. Retinal OCT Image Processing, Histogram, and 
Contrast Analysis 

In this chapter, a detailed image analysis and processing pipeline is discussed 

specifically for the low-cost OCT engine. Aside from standard spectral-domain OCT 

image processing techniques [72], a custom series of additional processing steps was 

developed to enable frame registration, remove noise, and improve overall image 

contrast to facilitate quantitative image characterization. These processing steps can be 

applied for future low-cost OCT platforms and have potential to be integrated into 

clinical image analysis workflow. 

4.1 Motivation 

 A quantitative image metric based on contrast-to-noise ratio (CNR) was utilized 

in the clinical study described in Chapter 3 to enable direct comparisons between the 

images taken on the low-cost OCT and those taken on the Heidelberg Spectralis OCT. A 

simple histogram matching procedure was developed [32] and used to equalize the 

images on both systems such that a comparison could be drawn, given the differences in 

scanner output power, A-line rate, and image postprocessing techniques. It was soon 

apparent that without the images from the Spectralis reference system, another custom 

set of image processing tools would need to be developed to facilitate future image 

characterization tasks. Furthermore, any technical improvements incorporated into the 

low-cost OCT engine would benefit from the image processing steps developed to 

register images, enhance retinal signal contrast, and reduce image noise.  
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 A major consideration in developing such a custom image processing pipeline is 

generating a reference retinal signal histogram in the images that is desirable for 

subsequent histogram matching. In the previous clinical study (see section 3.3.3), certain 

aspects of the image histograms taken on the Heidelberg Spectralis OCT were different 

than those from the images acquired by the low-cost OCT. These included variabilities 

in the retinal signal histograms as well as how the noise variance behaved throughout 

the depth of the image. Therefore, an analysis of the images from the commercial system 

will first be conducted to shed light on subsequent histogram matching decisions.  

4.2 Histogram Analysis 

4.2.1 Commercial System Image Histogram Analysis 

An analysis of the images taken in the previous clinical study using the 

Heidelberg Spectralis was performed to understand the behavior of the image 

histograms. Using 30 2-frame averaged images from the retinas of 30 healthy patients 

acquired on the Heidelberg Spectralis OCT, some generalizations were made with 

regards to histogram shape. Some representative retinal signal histograms from the 

images taken on the Heidelberg Spectralis OCT are shown in Figure 4.1.  
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Figure 4.1: Representative retinal signal histograms taken from 30 images of 30 

patients with healthy retinas using the Heidelberg Spectralis OCT. (a) Typical shape 

of histograms observed in most of the 30 images. (b) A 2-peak retinal signal 

histogram. (c) A right-tailed retinal signal histogram. (d) A left-tailed retinal signal 

histogram. 

There appeared to be a variety of retinal signal histogram shapes from the 

images for the eyes of different patients taken on the commercial system. Figure 4.1a 

shows a most common shape, which resembles a Gaussian distribution with some minor 

variations in the tails. Another common shape is shown in Figure 4.1b, which exhibits a 

2-peak behavior, yielding strong retinal signal contrast in the resulting images. 

Histograms shown in Figure 4.1c and d were less common and yielded either weaker or 

stronger retinal signal intensities in their corresponding images. Several previous 

studies have modeled the retinal signal histogram in OCT images using a mixture of 

statistical distributions [98-100]. The challenge remains to identify one representative 
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histogram that would be desirable for subsequent matching to enhance image contrast. 

Therefore, an analysis of the low-cost OCT retinal signal histograms was performed to 

determine if some similarities can be drawn. 

4.2.2 Low-cost System Image Histogram Analysis 

An inspection of the low-cost retinal signal revealed significant differences in the 

histogram shape compared to the commercial system. An example histogram from a 

low-cost OCT image is shown in Figure 4.2a. There was a larger number of dark pixels 

due to the weaker scanner output power from the low-cost OCT scanner. The shape of 

the retinal signal histogram, as mentioned briefly in section 3.3.3, resembles a Rayleigh 

distribution as opposed to that of the Heidelberg Spectralis OCT images, which 

exhibited more Gaussian-like behavior. 

 

Figure 4.2: (a) Typical retinal signal histogram from an image taken on the 

low-cost OCT system, exhibiting a larger number of black points. (b) Retinal signal 

histogram from a low-cost OCT image after black-point adjustment to the image. 
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To improve the shape of the histogram such that it more resembles that of the 

Heidelberg Spectralis, a black-point adjustment was first performed to the image. The 

black-point adjustment level can be set using a threshold to generate essentially an 

image with any percentage of black points. To set this level, an average image black-

point percentage was first determined from the 30 images taken from the commercial 

system. The resulting analysis revealed a roughly 30 % black-point level within a 

standard image taken on the Heidelberg Spectralis OCT. Upon using the new black-

point adjustment, the low-cost OCT retinal signal histogram now behaves as shown in 

Figure 4.2b.  

 In evaluating different histogram shapes to improve imaging, it was discovered 

that performing a lateral blur on the retinal signal histogram produces a good model. 

Essentially, a lateral blur to the histogram distribution achieves a similar effect to 

averaging multiple distributions, which according to the Central Limit Theorem will 

result in a Gaussian-like shape, similar to the histogram seen for of the Heidelberg 

Spectralis OCT retina signal. Figure 4.3 illustrates the signal and image histograms of a 

typical low-cost OCT image as it undergoes running 2 and 3 pixel lateral blurs. The 

retinal signal histogram approaches the 2-peak signal histogram shape exhibited by the 

Heidelberg Spectralis OCT images after a 3 pixel blur. Attempts were also made to 

evaluate lateral blurs with more than 3 pixels, but the resulting signal histograms 

appeared similar to that for a 3-pixel blur. Since the retinal signal histogram obtained 
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using 3-pixel blur was similar in shape to that of the commercial system shown in the 

previous section, it was sufficient to use it as a reference signal histogram to which 

matching can be performed. The additional benefit of using the histogram from a 

blurred image as a reference is that this was a straightforward and self-referencing 

method. The retinal signal in each image for each patient can simply be matched to 

another improved version of itself, thereby removing the future need to do statistical 

modeling or to acquire reference images from another commercial system.  

 

Figure 4.3: (a) Image histograms as the OCT image is blurred. (b) Retinal signal 

histograms as the OCT image is blurred. The resulting shapes approach the 2-peak 

histograms observed in the Heidelberg Spectralis OCT images. 
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4.3 Registration and Noise  

4.3.1 Registration and Averaging of Image Frames 

In the previous study, the 12.5 kHz A-line rate of the low-cost OCT system did 

not allow robust image registration and averaging of consecutive frames due to the 

motion and breathing artifacts from the patient. Interframe motion was alleviated 

through registration and averaging of 2 consecutive frames, matching the lowest frame-

average setting on the Heidelberg Spectralis OCT. Future iterations of the low-cost OCT 

system would incorporate a faster linescan camera into the custom spectrometer to 

allow multi-frame registration and averaging in order to improve image contrast and 

reduce noise. Since the low-cost OCT system retains 30 frames per scan in the buffer, an 

ideal processed image would include a 20+ frame average to facilitate identification of 

retinal structures. An improved image registration code is therefore essential to future 

clinical studies. Therefore, a custom-written registration code was developed as part of 

the image postprocessing pipeline.  

The custom-written frame registration code was based on the work by Reddy 

and Chatterji [101]. Phase correlation was used to adjust for rotational and translational 

movements between each frame. Rotation correction is performed with a log-polar 

transform of two frames. The inverse Fourier transform of the cross-power spectrum is 

used to find the difference between the two frames, where the angular offset is shown 

by the location of the resulting impulse function. Translational correction is performed 
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with the same procedure but without the use of a log-polar transform. For multiple 

frame registration and averaging, the steps are performed iteratively between a base 

frame and each additional frame selected within each OCT B-scan. Frames with the best 

possible alignment to the base frame is determined by the magnitude of the final 

impulse function, followed by simple averaging of the motion-corrected image.  

4.3.2 Behavior of Mean and Variance for Signal and Noise 

Validation of the image registration and averaging code can be achieved by 

observing the moments of the retinal signal and noise within each image. For CNR 

calculations, the mean and variances of the signal and noise are needed and can be 

characterized as a function of the number of frames averaged. As an example, the 

various components needed for an image CNR calculation are computed for 2 to 25-

frame averaged images and plotted in Figure 4.4. The resulting plots demonstrate the 

proper image registration and averaging achieved using the custom registration code. 

As expected, no changes in the mean signal and noise values were observed in the OCT 

image as more frames are averaged, reflecting proper image registration [97]. The rapid 

decrease of speckle is reflected by the sharp decreases observed in the signal and noise 

variances as a result of frame-averaging. The process of frame registration and 

averaging therefore improved image contrast by reducing noise variances, while 

maintaining signal levels. 
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Figure 4.4: Components within an image CNR calculation as a function of the 

number of frames that were registered and averaged. (a) mean retinal signal, (b) mean 

background noise, (c) retinal signal variance, (d) background noise variance. Errors 

bars represent standard deviation. 

4.4 Contrast Enhancement  

4.4.1 Background Subtraction 

An important step that facilitates noise reduction is background subtraction. 

Although background subtraction is already performed in standard SD-OCT image 

processing before Fourier transform, it can be performed in a different manner for a 

post-processed image to reduce overall image noise levels. Inspection of typical low-cost 

OCT images reveal a depth-dependent noise level that decreases as a function of 

imaging depth. A high concentration of noise is in the vitreous region of the OCT image, 

which deteriorates overall image contrast. Therefore, a depth-dependent background 
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subtraction step can be performed to not only reduce overall noise level, but also to 

produce a uniform noise level throughout the depths of the image.  

The depth-dependent background subtraction step is summarized in Figure 4.5. 

Briefly, a noise-only OCT image (without sample) is acquired with which all the A-lines 

can be summed and subsequently fitted to a 3rd degree polynomial. The DC terms of the 

summed A-line is removed from the polynomial fit. The resulting fitted curve is 

replicated over the lateral size of a B-scan. In essence, this process achieves an averaging 

effect to mitigate the random speckle noise within the image and can therefore be 

subtracted from any number of frame-averaged images. This depth-dependent 

background subtraction both reduced and uniformized the noise levels throughout the 

entire imaging depth of the OCT image. However, subtraction of pixel intensity values 

in the retinal regions of the image also meant that the overall signal was reduced with 

this background subtraction step. Therefore, a further step is needed to not only recover 

the lost signal level, but to also enhance it to improve overall image contrast.  

 

Figure 4.5: Summary of depth-dependent background subtraction. (a) A noise-

only OCT B-scan is taken, and its A-lines are summed across the image. (b) The 

summed A-line is fitted to a 3rd degree polynomial and the resulting curve is 
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duplicated across the size of the B-scan. (c) The depth-dependent background image 

to be subtracted from any frame-averaged OCT image.  

4.4.2 Histogram Matching 

Histogram matching can be performed between the background-subtracted 

image and the blurred image to subsequently recover and enhance retinal signal. As 

mentioned before in section 4.2.2, the retinal signal histogram from the blurred image 

closely resembles that of the observed Heidelberg Spectralis OCT images and therefore 

serves as the reference histogram to which matching can be performed. The histogram 

matching procedure is similar to that demonstrated in the previous clinical study [32]. 

The pixel intensity histogram of the retinal signal within each background-subtracted 

image is fitted to that of the blurred image using a 5th order polynomial, which equalizes 

the corresponding pixel intensities within the retinal signal to those in the ideal 

histogram provided by the blurred image. The final processed image is therefore the 

background-subtracted image with its signal histogram matched to that of the blurred 

image, resulting in both a reduction in background noise and an enhancement in image 

signal. A summary of the overall custom image processing pipeline, aimed to improve 

low-cost OCT image contrast, is illustrated in Figure 4.6 for a representative 2-frame 

averaged image. The final processed image can then be used in image quality 

characterizations using CNR for future clinical imaging studies. 
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Figure 4.6: Custom image processing steps to facilitate future clinical image 

contrast characterization. The resulting processed image exhibits a reduction in 

overall image noise and an improvement in retinal signal. 

4.5 Conclusion  

This chapter presented a custom low-cost OCT image processing pipeline that 

facilitates image contrast analysis for future clinical studies. A detailed analysis and 

comparison of the retinal signal histograms was conducted in the images acquired on 

the low-cost OCT and a commercial system. Straightforward and easy-to-implement 

processing steps were then developed to subsequently remove image noise, recover, and 

enhance retinal signal to improve overall image contrast. A histogram matching step 

using a self-generated signal histogram from each low-cost OCT image can be 

performed to improve contrast, without the need for complex statistical modeling or use 

of a reference commercial OCT system. The algorithm can be implemented to the clinical 

image processing workflow to improve image quality. Some limitations in terms of 

future low-cost OCT studies will be the system specificity and manual postprocessing 



 

59 

requirements on which this pipeline relies. However, the simplicity of this processing 

pipeline is desirable for rapid improvements of image contrast and CNR computations. 

Future large-scale clinical studies using the low-cost OCT could benefit from further 

development of this algorithm, in combination of other deep learning-based image 

processing methods for contrast enhancement, segmentation, and disease diagnostics. 
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5. Light Scattering Measurements in an AD Mouse Model 

In this chapter, a benchtop co-registered 2D a/LCI and OCT system was used to 

perform retinal imaging and light scattering measurements in an AD mouse model. 

Previously, OCT imaging has allowed for morphological changes to be observed and 

correlated with AD development [79]. The addition of a/LCI provides light scattering 

measurements to extract unique measurable structural changes that are associated with 

the AD retinal model that is not achievable with OCT alone. Technical details on the 

multimodal benchtop system are covered, which include registration of OCT and a/LCI 

onto the same sample plane. A series of light scattering measurements and processing 

steps were taken, followed by a discussion of how they shed light on the retinal tissue 

structure and organization. The results of this experiment show the utility of 2D a/LCI 

and light scattering measurements for studying the AD pathology. 

5.1 Motivation 

While OCT can directly visualize morphological changes in the retina, the 

diagnostic power of AD biomarkers can be improved with additional light scattering 

measurements from a/LCI.  Although a/LCI is not an imaging modality, the combination 

with OCT allows image guidance as well as retinal layer segmentation. The co-

registration of these two modalities provides complementary information, specifically 

by first localizing regions of interest on the retina with OCT, followed by a/LCI light 

scattering measurements. Studies in the past have shown that the angular scattering 
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measurements from a/LCI can be used to quantify tissue spatial correlation that is 

sensitive to spatial features as small as 100 nm [77] and as large as 200 µm [78]. Such a 

characterization will provide important information of retinal tissue structure as it is 

perturbed by the AD pathology.  Before performing analysis on AD human patients 

there is motivation to first extract relevant parameters in an animal model. Further 

verification of these parameters can then be performed to translate them to human AD 

retinal imaging.   

5.2 Mouse Model 

Mouse care and growth were performed in accordance with the Institutional 

Animal Care and Use Committee of Duke University. Initially, B6C3-Tg (APPswe, 

PSEN1dE9), 85Dbo/Mmjax mice (also known as APP/PS1 [102]) were purchased from 

Jackson Labs (stock #004462). This model was a double-transgenic mouse model that 

expressed a chimeric mouse/human amyloid precursor protein, Mo/HuAPP695swe. It 

also expressed a mutant human presenilin 1 (PS1-dE9), which like the precursor protein 

is directed to the neurons in the central nervous system. For experimentation and 

control, wild type (WT) mice were littermates from heterozygous breeding, meaning 

they did not carry the APP and PS1 transgenes for amyloid. Upon examination of this 

AD double-transgenic mouse model using morphometric imaging, a defect was detected 

in their retinas. This was a gross defect made up of age-dependent formation of retinal 

folds shown in Figure 5.1 and was not attributed to the presence of AD-related 
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transgenes because it was nonunique, being observed in the WT controls also. The 

severity of the defect and its resulting retinal distortion did not permit a/LCI analysis. 

Furthermore, the underlying mutation of the defect was unable to be effectively bred 

out. 

 

Figure 5.1: Morphometric analysis of double-transgenic AD mouse retinas 

initially used for the study from (a) 14 months old APP/PS1 mice and (b) WT mice 

with matched genetic backgrounds. Images are obtained from 0.5 µm thick plastic-

embedded retinal cross sections. Scale bar: 200 µm. Figure taken from [36]. 

Therefore, the actual mouse model used for the multimodal coherent imaging 

study was an alterative triple transgenic (3xTg) AD mouse model (hereafter referred as 

AD mice). The exact model of these mice was the B6;129-Tg (APPSwe, tauP301L)1Lfa 

Psen1tm1Mpm/Mmjax version described previously by Oddo et al. [103] and Grimaldi 

et al [104]. This model was previously characterized to have normal retinal pathology up 

to 15-16 months of age (Jackson Labs, stock #034830) and that female mice of this line are 

more predisposed to forming amyloid deposits, at least in the brain. The triple 

transgenic mice were homozygous for three mutant alleles (Psen1 mutation, co-injected 

APPSwe and tauP301L transgenes), which translated to traits that are thought to be 
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defining characteristics for AD. For this study, only female AD mice were used, and the 

WT controls used were B6129SF2/J mice (Jackson Labs, stock #101045). The WT mice 

were F2 offspring from the F1 x F1 breeding between C57BL/6J females and 129S1/SvImJ 

males. Tests were conducted for the lack of RD1 and Rd8 mutations for all mice within 

this study. 

5.3 Imaging Methods 

5.3.1 Retinal Sample Preparation 

Retinal imaging was conducted using freshly excised, intact eyeballs removed 

from age-matched WT and the triple transgenic AD mice. The AD mice used in the 

study were all older than 15 months of age and generally well accepted for studying AD 

pathology. Carbon dioxide asphyxiation was used to euthanize the mice, which was 

followed by decapitation, and the eyes were then removed from the skull with intact 

optic nerve and placed in Ringer’s solution. Each eyeball was removed of connective 

tissue and the superior quadrant was marked to align subsequent retinal scanning 

directions. Specifically, the eyeball was positioned with its superior quadrant aligned 

with the positive vertical scanning axis within a custom-designed chamber [79]. The eye 

chamber was used to account for the curvature of the eye and grease was also used to 

maintain and stabilize the eyeball relative to the custom optical system objective during 

imaging. The chamber was then held on a translation stage to allow for X, Y and Z 

movements to allow for the correct FOV and pathlength matching required for proper 
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interferometric imaging. During imaging, both the eyeball and the custom objective 

were immersed in Ringer’s solution. Eyes that were waiting to be imaged were kept in 

ice to prolong its condition for optimum imaging contrast. 

5.3.2 Histological Techniques 

In addition to coherent imaging performed on the mouse retinas, histological 

techniques were performed afterwards. Specifically, morphological evaluation using 

semi-thin plastic embedded retinal cross-sections (0.5 µm thick) was obtained after a/LCI 

and OCT imaging. These sections were prepared with procedures described previously 

by Lobanova et al. [105, 106], where toluidine blue was used as staining for light 

microscopy.  

Immunohistochemistry was also performed, where agarose-embedded retinal 

cross-sections were prepared and collected in 24-well plates [107] and incubated 

overnight with biotinylated anti-β-amyloid, primary antibody (6E10; Covance # SIG-

39340). Afterwards, 2-hour incubation with with DyLight streptavidin 488 secondary 

antibody (Vector laboratories #SA-5488) in PBS containing 0.1% Triton X-100 was 

performed. The incubated sections were then washed three times in phosphate buffered 

saline (PBS) solution. The immunostained sections were visualized by mounting them 

with Fluoromount G (Electron Microscopy Sciences) under glass coverslips and imaged 

using a Nikon Eclipse 90i confocal microscope. The resulting immunostained and 

morphological images of the mouse retinal sections are shown in Figure 5.2 for both AD 
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and WT mice. Amyloid deposits were observed in the inner retina from the 

immunohistochemistry, located primarily in the outer plexiform layer (OPL) and nerve 

fiber layer (NFL). 

 

Figure 5.2: Morphometric and amyloid-beta immunostained retinal sections 

for the retinas of 15 months old (a) triple transgenic AD mice and (b) age-matched WT 

mice. Images on the left column are from 0.5 µm thick plastic embedded retinal cross-

sections. Scale bar: 200 µm. Images from the right column are confocal microscope 

images of retinal agarose sections stained with anti-amyloid antibody 6E10 and 

appear as green colors. Nuclei are stained with Hoechst and appear as blue. Scale bar: 

10 µm. Figure taken from [36]. 



 

66 

5.3.3 Co-registered multimodal coherent imaging system 

The combined system used in this experiment was described in a previous 

publication [79]and included both 2D a/LCI and OCT modalities. The schematic of this 

multimodal system is shown in Figure 5.3. Horizontally polarized laser light from a 

Titanium: Sapphire laser (Coherent Mira 900F, λ= 830 nm) was passed through a half-

wave plate and coupled into a spool of 50 m long polarization maintaining fiber 

(Corning). For low-coherence interferometry, the initial narrow band laser light was 

spectrally broadened through the fiber via self-phase modulation, improving the depth 

resolution needed for retinal imaging. The spectrally broadened light now has a 28 nm 

bandwidth and was split into the reference and sample arms of a Mach-Zehnder 

interferometer. The light in each arm of the interferometer had its polarization state 

optimized for power through geometric manipulation of the fiber using polarization-

controlling paddles. For a/LCI, the light beam in the sample arm was collimated using a 

series of lenses before being delivered to the retinal sample at an oblique illumination 

angle. This illumination angle was achieved and precisely controlled by the translation 

of the mirror and lens before beamsplitter 1. Retinal imaging was performed with a 

custom objective (Wasatch Photonics) placed between the original a/LCI objective and 

the crystalline lens of the mouse eyeball. The custom objective formed a 4f lens system 

with the lens of the mouse eye. It was placed in contact with the front surface of the 

eyeball during imaging. Use of the objective served the purpose of correcting for the 
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aberrations of the mouse eye, as well as accounting for the refraction from both the 

crystalline lens and the cornea of the eye under immersion conditions. Furthermore, the 

custom objective ensured that the a/LCI illumination beam was imaged through the 

crystalline lens to recreate a collimated, oblique bean onto the retina. Backscattered light 

from the retina after a/LCI illumination was propagated through a series of lenses to 

beamsplitter 2, where it was combined with the reference field to achieve interference. 

Pathlength matching was performed through the translation of a retro-reflector prism in 

the reference arm, which helped to account for the variance in optical pathlength among 

the population of eyes. Interference signal was then detected by an imaging 

spectrometer (Princeton Instruments, SP-2150). The a/LCI system used in this study was 

a 2D a/LCI system (section 2.3.1), which utilized a galvanometer placed in the scattered 

path. The galvanometer scans the angle-resolved scattered field over a range of solid 

angles, providing 2-dimensional angular scattering information.  
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Figure 5.3: Schematic of the combined a/LCI and OCT system for mouse 

retinal imaging. PM Fiber = polarization maintaining fiber, PC = polarization control 

paddles, RR = retro-reflector prism, BS = beamsplitter, P = original a/LCI sample 

plane, P’ = new sample plane onto the retina after insertion of the custom objective. 

Red lines illustrate the collimated a/LCI illumination beam, striking the retina at an 

oblique angle. Green lines show angle-resolved scattered light from the retina 

detected by the spectrometer. Blue lines show OCT scanner beam path for image 

guidance. Figure taken from [36]. 

Real time image guidance from OCT was achieved through the integration of the 

scanner of a commercial OCT system (Wasatch Photonics, Spark, λ = 830 nm, Δλ = 155 

nm, A-line rate = 40 kHz). Light from the OCT scanner was introduced to the system 

sample pathway using a flip mirror, such that sequential acquisitions of a/LCI and OCT 

can be performed. It was important to ensure that both the a/LCI beam and the OCT 

beam were co-registered at the same point onto the retina. Therefore, registration of the 

two beams was performed using a 1mm diameter pinhole placed at the a/LCI sample 

plane. The 400 µm collimated a/LCI beam was first centered on the pinhole, then OCT 
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was used to center the same pinhole in the OCT FOV, with pathlength set at the same 

plane in depth corresponding to the a/LCI sample plane, where scattering signal was 

maximized.  

5.3.4 Data Acquisition 

Retinal imaging started with OCT, which was used to first align the eyeball by 

visualizing the optic nerve head (ONH) at the center of the FOV in both horizontal and 

vertical scanning directions. The ONH served as a reference point for subsequent a/LCI 

scans where the a/LCI beam can be translated along the retina to sample various 

locations of interest. Since the OCT and the a/LCI beams are co-registered at the same 

sample plane in depth (Z), the eyeball and the custom objective can be translated in X 

and Y using translation stages to sample different points along the retina. We noticed 

that drying and deterioration of the freshly-excised eyeballs imposed a roughly 20 

minute time window within which high quality OCT images and a/LCI measurements 

needed to be acquired. Therefore, balancing comprehensive sampling of the retina with 

data quality resulted in 8 locations sampled on the retina for each eye used in the study. 

The sampling intervals on the mouse retina are shown in Figure 5.4a. Using the marker 

on the superior quadrant of the eye to align the +Y scanning axis of OCT, 8 locations 

were then sampled at 0.5 mm intervals along the horizontal and vertical axes. At each 

location, a single a/LCI angular scan and a horizontal and vertical OCT B-scan were 

performed for each retina. Total acquisition time for each 1D a/LCI measurement is 4 ms; 
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for 2D a/LCI the 2-dimensional field was acquired over 600 angular scans totaling 

approximately 2.4 seconds. Total data acquisition time for each mouse eyeball amounted 

to roughly 10-15 mins, which encompassed OCT imaging, sample translation for 8 

locations of interest, and corresponding a/LCI scans at each location. 

 

Figure 5.4: Data acquisition process. (a) Locations on each mouse retina where 

a/LCI and OCT scans were performed. ONH indicates the optic nerve head. At each 

location, a single a/LCI scan and a horizontal and vertical OCT B-scan were taken. (b) 

Example of 2D angular scattering acquired using 2D a/LCI at one location of interest 

on the retina. The small “red spot” in an artifact of specular reflection from the 

crystalline lens of the eye, which was manually segmented and excluded in analysis. 

(c) Direct comparison of OCT B-scan and a depth vs. angle a/LCI measurement for one 

location of interest on the retina. NFL = nerve fiber layer, OPL = outer plexiform layer, 

RPE = retinal pigmented epithelium. Scale bars: 100 µm. Figure taken from [36]. 
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A representative 2D a/LCI scan at one location of interest on the mouse retina is 

shown in Figure 5.4b, which is a 2-dimensional angular scattering field for a specific 

range in depth. Scattering along the X direction is represented by θx, which is the 

orientation used for traditional 1D a/LCI scattering measurements. The galvanometer 

scans the image of the scattering distribution along the Y direction, giving the second 

angular dimension represented by θy. The small “red spot” in Figure 5.4b is an artifact 

resulting from the specular reflection from the crystalline lens of the eye. This artifact 

was manually segmented and excluded for each a/LCI scan from subsequent light 

scattering analysis. As described in Chapter 2, each traditional 1D a/LCI scan contains 

scattering intensity as a function of wavelength and angle, which is then Fourier 

transformed along the spectral dimension to give depth-resolved angular scattering 

information. For 2D a/LCI, the same principle applies, with a 2D angular scattering field 

of the retina with a coherence-gated depth sensitivity of several microns. The depth 

resolution allowed for retinal layer-specific extraction of light scattering measurements, 

guided by the OCT images. Figure 5.4c illustrates the direct comparison of an OCT B-

scan with an a/LCI depth versus angle measurement at one location of interest. The 

NFL, OPL and the retinal pigmented epithelium (RPE) can be precisely identified in the 

a/LCI scan using the corresponding layers in the OCT B-scan. Specifically, the 

segmentation of the NFL, OPL, and RPE were performed manually using the definition 

of retinal layer boundaries as outlined by Srinivasan et al [108]. OCT retinal layer 
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segmentation allowed for thickness measurements which were used to identify the same 

three layers in the a/LCI scan by matching depths. For this study, emphasis was placed 

on the 3 layers of interest as they exhibited the greatest scattering intensity in the a/LCI 

measurements and allowed for highly specific segmentation to be performed using OCT 

image guidance. 

5.3.5 Data Processing 

Changes in optical property and morphology results in tissue heterogeneity, 

which are reflected in the light scattering measurements. The 2D angular scattering data 

acquired allowed for various analytical metrics to be computed for specific retinal layers 

as indication of retinal tissue heterogeneity. Two parallel processing steps were taken for 

the a/LCI scans at each location of interest on the mouse retina, which are summarized 

in Figure 5.5. In the first step, a Fourier transform of the 2D angular scattering 

distribution yielded the two-point spatial correlation function of the optical field [74]. 

The spatial correlation function reveals underlying structure by describing the retinal 

tissue organization and homogeneity at increasing length scales. Observation of the 2D 

angular scattering field showed no evident directional information, which allowed for 

an azimuthal integration across the angles to extract radial spatial correlation energy as 

a function of correlation energy up to a few hundred microns in length scales. This 

correlation energy plot is typically visualized in log-log scale and can be plotted for the 3 

specific layers of interest and compared between the AD and WT mouse retina groups. 
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The correlation energy value at each length scale quantifies the relative contribution of 

the structure of that lengths scale to the light scattering signal compared to the overall 

tissue structure. Previously, it was shown that the slope of the log-log plot of correlation 

energy is related to a power law exponent, α, that describes the monotonically 

decreasing spatial correlation at increasing length scales [109]. Specifically, this power 

law exponent was used in a previous formalism to analyze tissue fractal dimension. For 

this study, the slopes of the spatial correlation energy plots were extracted for lengths 

scales between 2 – 10 µm for both the AD and the WT mouse retinas, corresponding to 

cellular and sub-cellular structural features at specific retinal layers. The differences of 

the slope values at each layer between the two groups therefore indicate the levels at 

which loss of tissue homogeneity and texture occur. 

 

Figure 5.5: Two parallel steps taken for a/LCI light scattering analysis. Spatial 

correlation analysis was performed through a 2D Fourier transform of the 2D angular 
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scattering distribution, allowing azimuthal integration and extraction of short-range 

correlation slope values. Histogram analysis was performed by segmenting the 2D 

scattering distribution to extract statistical metrics. Equations for mean and variance 

of light scattering intensity use k to denote pixel count and N for the total number of 

pixels within the scattering distribution. Figure taken from [36]. 

Changes in tissue structure can also be characterized through statistical analysis 

of the 2D angular scattering distributions. Histograms of the scattering signal at each of 

the three retinal layers of interests can be extracted using a series of binary masks over 

the entire depth of the retina. The mean and variance of the pixel intensities of the 

angular scattering profiles were calculated for the NFL, OPL, and RPE, and compared 

between the AD and WT mouse retinal groups.  

5.3.6 Statistical Analysis 

The main statistical analysis method used in this study was the mixed repeated 

measures analysis of variance (ANOVA) to examine mean differences between the light 

scattering parameters between the AD and WT mouse retinas. This test was appropriate 

to compare means between the two groups because it accounted for the correlation 

within the repeated scans taken at the 8 locations of interest within each mouse eye. 

Conditions for using this test were met, with data normality verified using a Shapiro-

Wilk test (α= 0.003, Bonferroni correction applied for multiple comparisons). A Levene’s 

test was used to verify homogeneity of error variances between the AD and WT groups. 

Examination of the covariance matrix indicated a compound symmetric structure with a 

small correlation value within the 8 sampled locations on each mouse retina (ρ = -
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0.1429), which was expected due to the slight within-subjects dependence of the 

experiment. For this study, 8 a/LCI scans taken from 10 WT and 13 AD mouse retinas, 

along with 309 OCT B-scans were used for analysis. 59 OCT B-scans were excluded from 

statistical analysis due to either insufficient contrast or lack of proper segmentation. 

Statistical significance level for all subsequent tests used α= 0.05, and all statistical 

analysis was performed using JMP Pro (SAS, Cary, NC). 

5.4 Results 

5.4.1 OCT Retinal Layer Segmentation 

An initial statistical test was performed for the mouse retinal layer segmentation 

from the acquired OCT B-scans to compare layer thicknesses between the AD and age-

matched WT controls. For this comparison, retinal layer thicknesses were calculated for 

the three layers of interests, which were the NFL, OPL, and RPE. The NFL is of 

particular interest for studying AD, as outlined earlier for its morphological changes 

associated with the disease. The average layer thickness for NFL, as shown in Figure 

5.6a, was significantly less for AD mouse retinas compared to the WT controls (p = 

0.0014). This result is consistent for previous reports seen in the literature (Section 2.1). 

ANOVA revealed no significant differences in the layer thickness values when 

separating by specific retinal quadrants, indicating no significant quadrant-specific 

contributions in this metric. Representative segmented OCT B-scans for AD and WT 

mouse retinas are exhibited in Figure 5.6b and c. 
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Figure 5.6: OCT retinal layer thickness segmentation. (a) Average layer 

thicknesses for the three layers of interest for both AD and WT mouse retinas. Layer 

thickness measurements showed a statistically significant thinning of the NFL for AD 

mouse retinas. Representative segmented OCT image a (b) WT mouse retina and an 

(c) AD mouse retina. Scale bars: 100 µm. Figure taken from [36]. 

 5.4.2 Short-range Correlation Slopes 

Light scattering analysis guided by OCT retinal layer segmentation was reported 

through the short-range spatial correlation slope values for length scales between 2 – 10 

µm. The 1D spatial correlation energy as a function of correlation length was extracted 

for each of the 3 retinal layers of interest and the mean values are plotted for the AD and 

WT groups in Figure 5.7. Statistically significant differences in the mean values of the 

short-range correlation slopes were observed for all three retinal layers, where the AD 

mouse retinas generally exhibited higher values. Specifically, higher values were 

observed for the AD mice in the NFL, with p = 0.131, in the OPL, with p < 0.0001, and in 

the RPE, with p = 0.0004. The greater slopes values in the AD mouse retinas were a 
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direct indication of the rate of loss of the spatial correlation at the 2 – 10 µm length 

scales. Since the retina was treated as a continuous random medium that was perturbed 

by the AD pathology, this result indicated that there is now a reduced level of self-

similarity within the retinal tissue organization. The higher slope values seen for the AD 

mouse retinas across all layers of interest indicated a statistically significant faster rate of 

loss of spatial correlation compared to that of the WT retinas. There is therefore a greater 

heterogeneity in the retinal tissue contributing to the reduction in spatial coherence 

observed in the AD mouse retinal model. 
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Figure 5.7: Short-range correlation slopes between length scales of 2 – 10 µm 

for both AD and WT mouse retinas at the three layers of interest. Statistically higher 

mean slope values were observed for all layers in the AD mouse model, indicating a 

faster loss of spatial correlation. Bars represent mean ± standard error. Figure taken 

from [36]. 

5.4.3 Light Scattering Intensity Distribution Metrics 

In addition to the spatial correlation analysis, the depth-resolved 2D angular 

scattering information were analyzed using histogram analysis of the intensity 

distributions. Specifically, the mean and variance of the angular scattering intensity 

distributions were extracted at various depths of the retina for both the AD and WT 

mouse groups. These two statistical metrics were calculated using the binary mask and 
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equations shown in previously in Figure 5.5. Results of the histogram metrics indicated 

statistically significant differences in the scattering intensity distributions within the 

NFL layer between the AD and WT groups, but no significant differences within the 

OPL and RPE layers. Figure 5.8 summarizes the differences in the mean and variance of 

angular scattering intensity distributions for both AD and WT mouse retinas. A higher 

mean and variance were observed in the NFL for AD mouse retinas (p = 0.0086 for mean 

and p < 0.0001 for variance) as compared to the WT retinas. 

 

Figure 5.8: Normalized mean and variance of the 2D angular scattering 

intensity distributions in the NFL for both the AD and WT mouse retinas. A higher 

mean and variance were observed in the AD retinas, resulting from tissue 

heterogeneity. Figure taken from [36]. 

Some quadrant specific light scattering contributions were observed for the 

statistical metrics drawn from the angular scattering intensity distributions. Specifically, 
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the mean and variance values of the scattering intensity distributions were compared 

between the inferior and superior quadrants of the NFL between the AD and WT 

groups. The statistical test results indicated that the significant differences in mean 

scattering intensity was largely attributed to the superior quadrant of the retina, as no 

statistical difference was observed in the inferior quadrant. This result does support 

several previous studies that found morphological changes in AD retinas to be 

predominantly linked to the superior quadrant. No quadrant-specific statistical 

significance was observed for the variance metric, as both the superior and inferior 

quadrants contributed to the value differences. Figure 5.9 shows the quadrant-specific 

analysis results. 

 

Figure 5.9: Normalized mean and variance of the 2D angular scattering 

intensity distributions in the NFL for both the AD and WT mouse retinas separated 

by the superior and inferior quadrants. Statistical significance was predominantly 

attributed to the superior quadrant for the mean intensity metric whereas the variance 

metric exhibited no quadrant-specificity. Figure taken from [36]. 
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5.5 Discussion 

Previous studies have observed changes in the retina from AD human patients 

using OCT imaging by analyzing layer thinning (section 2.1). Retinal imaging with fast 

and high-resolution tools such as OCT indicated the potential for a noninvasive 

approach to identify quantitative changes that will facilitate diagnostics, further 

encouraging the advancement of optical retinal screening technologies for AD studies. 

The thinning of the NFL compared to age-matched healthy patients has been well 

documented using OCT in many AD-related studies [22-24]. Several studies noted a 

reduced NFL thickness in AD patients, especially at the superior quadrant [25], as well 

as a reduction in the total retina thickness [24]. OCT imaging in this study also 

supported the finding of thinning of the NFL for AD patients. Progress has also been 

made by analysis of retinal vasculature organization to draw comparisons between AD 

and healthy patients [110]. However, several studies [3, 35] have also pointed out the 

non-specificity of these reported morphological and visual defects, associating them 

with normal ageing or other diseases. This study therefore aimed to identify novel 

retinal tissue parameters that have been specifically altered by the presence of AD. The 

use of a/LCI guided by OCT imaging could potentially draw out useful biomarkers to 

improve diagnostic power of retinal screening of AD. 

Use of the co-registered multimodal system in this experiment allowed analysis 

of depth-dependent light scattering measurements, followed by evaluation of retinal 
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tissue structural information. The measurement scheme used in this study enabled 

consistent layer and quadrant specific a/LCI measurements, using the optic nerve as a 

reference, to facilitate coherent imaging measurements of the retina within a given 

animal population. Furthermore, a straightforward data processing pipeline provided 

unique AD light scattering parameters to complement previously established models. 

The short-range spatial correlation analysis indicated an inverse power law 

behavior that is indicative of tissue self-similarity and can be analyzed to determine 

fractal dimension (FD) values [74]. The slope values obtained for the 2 – 10 µm length 

scales can be directly related to FD by FD = 3 – α, where α is the slope value. The 

presence of the AD pathology introduces heterogeneity to the continuous structured 

medium that is the retina, resulting in a disruption of tissue structure, texture, and 

organization. The greater slope values exhibited by the AD mouse retinas as compared 

to the WT controls indicated a reduction in the tissue FD, as there is now a faster loss in 

spatial correlation at a short-range length scale, corresponding to structures such as 

cells, organelles, and potentially AD-related plaque depositions.  

The findings in this study also indicated an increase in the mean and variance of 

the scattering intensity distributions in the NFL for the AD mouse retinas. Other higher 

moments were also computed, such as skewness and kurtosis metrics, but no significant 

differences existed for the retinal layers. Increase in mean scattering intensity is 

indicative of an increase in the heterogeneity of the tissue’s refractive index from a 
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change in tissue structure. An example of such a phenomenon is a previous study [111] 

of OCT imaging of diseased retinas in diabetic retinopathy demonstrating strong back 

reflections with high signal variance from the pathology. Similarity can be drawn to the 

higher and more variable angular scattering seen here in AD mouse retinas, which is 

also supported by the tissue structural analysis from the power law exponent. Although 

speculative, variations in the angular scattering intensity may be linked with layer 

thinning. Specifically, the thinning of the NFL layer may mean that the axial point-

spread-function (PSF) used to isolate the NFL boundary in the a/LCI scan may push 

further into the layer, presenting as an increase in light scattering. Future studies are 

needed before a link can be made between layer thinning and an increase in light 

scattering; however, the analysis of angular scattering distributions is nevertheless a 

useful metric to characterize tissue structural changes. 

5.6 Conclusion 

In this chapter, a multimodal coherent imaging system was used to characterize 

optical changes in the retinas of a triple transgenic AD mouse model. The co-registration 

of OCT and a/LCI allowed for fast and straightforward extraction of unique measurable 

changes associated with the AD retinal model with the potential as future AD 

biomarkers. Image guidance and layer segmentation from OCT helped localize a/LCI 

light scattering measurements, from which parameters such as scattering intensity and 

short-range spatial correlation were drawn. Layer-specific differences between the AD 
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mouse retinas and the WT controls provided complementary information with 

previously known morphological changes associated with AD. Further development of 

data trends in this experiment may provide biomarkers to better identify AD pathology 

in future human studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

85 

6. Spatial Scanning and Anisotropy Analysis for 2D a/LCI 

In this chapter, a spatial scanning mechanism was implemented onto the 2D 

a/LCI benchtop system used in the AD mouse model study. The scanning system 

enables faster data acquisitions by directing the 2D a/LCI scans over a large area without 

repositioning the sample. Characterization of the spatial scanning mechanism was 

performed on several optical phantoms, some to simulate complex tissues such as the 

retina. Addition of the scanning mechanism also enabled verification of the sensitivity of 

2D a/LCI to anisotropic scattering, which is important for future light scattering studies 

on the retina.   

6.1 Motivation 

A limitation from applying 2D a/LCI to the AD mouse model study in the 

previous chapter was the time constraint given by the post-mortem changes in the eye, 

which limited the number of sampled locations on the retina. It was discovered that the 

retinal layer contrast from OCT imaging was significantly reduced after 15-20 minutes 

despite the eyeball being maintained in Ringer’s solution at proper temperatures 

following its removal. Deterioration of the eye limited OCT image guidance and affected 

the quality of the subsequent a/LCI scan. The previous study [36] required quick and 

careful translation of the custom objective and the eyeball as a unit with high precision 

to sample 8 locations of interest per retina. For future studies, particularly in human 



 

86 

retinas, more locations would need to be sampled to improve diagnostic power as well 

as to enable further quadrant-specific comparisons.  

Therefore, introduction of a spatial scanning mechanism for the benchtop 2D 

a/LCI system will overcome the need for manual translation of the eye and probe. 

Typical a/LCI sampling area of the illumination beam is limited by the collimated beam 

diameter, which is usually 400 – 500 µm. To sample a larger region of interest on the 

retina requires a reliable scanning mechanism suited for a/LCI. Such a mechanism needs 

to accommodate the specific beam-geometry requirements for a/LCI, which traditional 

beam-steering techniques cannot. A previously introduced scanning a/LCI instrument 

[112] based on a reflection-only three-optic rotator (ROTOR) prism and a two-axis 

scanning mirror was used and appended to the benchtop 2D a/LCI system. Combination 

of this spatial scanning system and the angular scanning from 2D a/LCI will provide 

faster detection of angular scattering over a large volume on the retina. 

Another aspect of retinal light scattering worth investigating is anisotropic 

scattering, which is now possible with the incorporation of the spatial scanning 

mechanism. Complex biological tissues such as the retina include scatterers with 

varying geometries and orientations [76, 113-115]. The rotation of the ROTOR prism 

permits precise control of the polarization of the illumination to interrogate different 

dimensions of a scattering object. Composite optical phantoms mimicking the retinal 



 

87 

structure are used in this experiment to evaluate 2D a/LCI system sensitivity to 

anisotropic scattering. 

6.2 Scanning Mechanism Design and Implementation 

6.2.1 Aperture Requirement Considerations 

a/LCI collects scattered light across a range of angles, meaning that the required 

aperture at the pupil plane of the objective is larger than conventional optical systems. 

Specifically, the range of backscattering angles collected in a/LCI is along a line which 

passes through different points at the pupil plane of the objective compared to the 

illumination beam. This aperture requirement is illustrated in Figure 6.1, which displays 

the relationship between the achievable angular change in a/LCI and the scan range for a 

given objective used for a/LCI [116]: 

                                                                          (5.1) 

where s is the scan range, d is the useable aperture, and  is the angular range collected. 

However, this broad aperture requirement at the pupil plane only occurs along one axis 

for collection; this means the pupil plane contains unused space along the orthogonal 

plane, along which scanning can be performed. Therefore, a/LCI beam scanning can be 

achieved by rotating both the collection and scanning axes of the system at the same 

time using an image rotator. The ROTOR prism introduced previously [112] serves this 

exact purpose and creates a radial scan pattern onto the sample plane. 
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Figure 6.1: Broad aperture requirement for a/LCI. For a given aperture at the 

pupil plane of the objective, d, the relationship between the scan range and the 

angular range can be drawn. Figure taken from [116]. 

6.2.2 Spatial Scanning Scheme 

The spatial scanning mechanism used for 2D a/LCI consisted of two 4f lens 

systems, a ROTOR prism, and a gimbal-mounted scan mirror (Figure 6.2a). These 

elements were appended after the original sample plane of the 2D a/LCI benchtop 

system described previously in Chapter 5. The ROTOR prism acts as an image rotator 

and consisted of two elliptical mirrors and a spherical mirror mounted in a custom 3D 

printed housing to ensure a compact formfactor (Figure 6.2b). The 3D printed housing 

allows for the prism to be attached to two 1-inch rotation mounts on both ends to enable 

rotation over a full circle. Use of the two 4f lens systems maintains magnification and 

illumination angle as it relays the a/LCI beam from the original sample plane, P, to a 
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new sample plane at P’. L4 now serves as the new a/LCI objective and a gimbal-

mounted scan mirror (Thorlabs, PF10-03-M01) was inserted before it to perform line 

scans at P’. The ROTOR prism rotates both the scanning axis and the collection axis at 

the same time at the pupil plane to create asterisk-shaped two-dimensional scans at the 

center of the sample plane P’, in association with iteratively rotating the scan mirror. 

This scanning process is illustrated in Figure 6.2c. It was found that the rotation of the 

ROTOR prism over a certain angle result in a rotation of the scanning and collection axes 

by twice that angle, similar to a Dove prism. To perform a diagonal line scan, for 

example, would require a ROTOR prism rotation of 22.5 °, which translates to a 45 ° scan 

onto the sample plane. The scan area, therefore, is roughly a circular area with a 

diameter defined by the linear scan range of the illumination beam. It is important to 

note that the polarization of the illumination beam aligns with the collection axis, which 

by design is always perpendicular to the scanning axis. 
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Figure 6.2: Spatial scanning mechanism for 2D a/LCI. (a) Zemax simulation of 

the scanning scheme, consisting of two 4f lens systems, the ROTOR prism, and a scan 

mirror added after the original a/LCI sample plane, P, to relay to a new sample plane 

at P’. (b) The ROTOR prism consisting of 3 mirrors mounted in a custom 3D printed 

housing. (c) Rotation of the ROTOR prism rotates the scanning and collection axes at 

the pupil plane at L4, to allow for line scans at P’ with the scan mirror. Figure taken 

from [80]. 

6.3 Optical Phantoms 

To validate the utility of the ROTOR prism-based spatial scanning mechanism, a 

series of optical phantoms were constructed. Specifically, two scatterer geometries were 

used as to enable characterization of the scanning system. The first type of phantom 

consisted of samples containing spherical polystyrene beads with diameters of 10, 12, or 

15 µm constructed using standard methods outlined by Keville et al [117]. To briefly 

summarize, polystyrene microspheres (Thermo Fisher Scientific) were first centrifuged 

into pellets and dried in a vacuum chamber to remove residual moisture. Afterwards, 
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the microspheres were embedded in PDMS (Sylgard 184, Dow Corning) and cured at 

60⁰C in a custom 3D-printed cubic mold. The embedded microspheres allowed 

construction of a 3 by 3 grid optical phantom consisting of 2.5 mm cubes. This grid 

phantom held 15 µm diameter microspheres in the center cube, 12 µm diameter 

microspheres in the corners and 10 µm diameter ones on the sides. Using this phantom 

structure, validation of 1D scanning, 2D scanning and scan range was performed. 

Another scatterer geometry employed in this study was anisotropic scatterers in 

the form of prolate spheroidal beads embedded in PDMS [118-120]. These spheroidal 

beads were constructed using a thin film of PDMS phantom material as discussed above, 

which contained spherical beads. By suspending the PDMS film by one end in an oven, 

a weight can be placed on the other end to induce a uniaxial stress onto the film. The 

stretched PDMS film was then heated at 200 ⁰C, which is above the glass transition 

temperature of the polystyrene microspheres. This phantom construction method is 

shown in Figure 6.3a. After approximately 45 minutes, the PDMS film can be cooled at 

room temperature with the weight still attached. The result of this process stretches the 

polystyrene spheres in the PDMS to spheroidal structures with aspect ratios greater than 

0.75.  
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Figure 6.3: Phantom with prolate spheroidal scatterer geometry. (a) 

Construction method where a uniaxial stress was placed onto the PDMS film and 

heated above the glass temperature of the polystyrene beads. (b) Representative phase 

images of a stretched 12 µm microsphere now with an aspect ratio of 0.78. The images 

show both the TE and TM configurations. Scale bars: 10 µm. Figure taken from [80]. 

Quantitative phase microscopy (QPM) images [121] were taken of the individual 

spheroidal beads within stretch phantoms, as shown in Figure 6.3b. The phase images 

exhibit the spheroidal beads in the two orientations previous defined, either in the 

transverse electric (TE) or transverse magnetic (TM) orientations. Both TE and TM 

configurations place the axis of symmetry along the major axis [119]. Good uniformity in 

the orientation of the stretched beads were observed upon scanning several focal planes 

with the QPM. For this study, 12 µm and 15 µm diameter microspheres were stretched 
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to spheroidal geometries as defined by their major, minor axes and aspect ratios. As a 

ground truth measurement, aspect ratios were computed using the quantitative phase 

images of the spheroidal scatterers, termed . The major and minor axes dimensions, M 

and m, can therefore be calculated using the expected aspect ratio by assuming equal 

volume of the beads before and after stretching: 

                                                                                                            (5.2) 

Where m = M and d is the diameter of the unstretched microsphere. Using equation 5.2, 

the 12 µm diameter microsphere stretched to an aspect ratio of 0.78 yielded an equal-

volume minor axis dimension of 11.0 µm and an equal-volume major axis dimension of 

14.2 µm. Similarly, the 15 µm diameter microsphere stretched to an aspect ratio of 0.86 

gave an equal-volume minor axis of 14.3 µm and a major axis dimension of 16.6 µm.  

 These spheroidal scatterers were then used to construct anisotropic scattering 

phantoms that exhibited high size uniformity (~2-4 % aspect ratio variation) and 

orientation distributions. A composite 2 x 2 phantom described later in more detail 

composed of both spherical and spheroidal beads at various orientations was also 

constructed for validation of the system sensitivity to spatial variations in anisotropy. 

6.4 Mie Fitting 

Mie fitting techniques were used to validate the performance of the implemented 

spatial scanning mechanism for 2D a/LCI. As described earlier in Section 2.3.3, scatterer 

sizes can be determined using a/LCI scans on the optical phantoms using ILSA based on 
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Mie theory. The measured angular scattering taken from the optical phantoms were 

compared to a library of Mie scattering spectra generated by a computational scattering 

software (Mie Plot, P. Laven). The Mie fitting parameters used were scatterer and PDMS 

refractive indices of 1.58 and 1.41, respectively.  The central wavelength of the light 

source was that of the Ti:Sapphire laser and set to 792 nm. The precomputed Mie library 

to which angular scattering spectra were compared consisted of spectra for scatterer 

diameters ranging from 5 – 18 µm in 0.1 µm increments. To sufficiently encompass 

naturally occurring distributions in both the scatter size and source bandwidth, a 1% 

distribution of the scatterer diameters was assumed for the Mie functions [88]. Chi-

squared error was used as the comparison metric between measured and computed Mie 

spectra, after standard a/LCI processing described by Brown et al. [87], which included 

spectra normalization, detrending, and low-pass filtering. Size determination of the 

scatterers was based on the minimized chi-squared error value. 

6.5 Results 

6.5.1 1D and 2D Spatial Scanning Validation 

Validation of the spatial scanning capabilities of the ROTOR prism-based 

mechanism was performed using measurements from the 3 by 3 grid scattering 

phantom described in section 6.3. A line scan was first performed on the center row of 

the grid phantom (Figure 6.4a) using the ROTOR prism and the two-axis scan mirror to 

translate across 15 interrogation points separated by 500 µm intervals. Due to the 400 
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µm diameter a/LCI illumination beam, the safe minimum linear increment for sampling 

during a scan was set to be 500 µm. This 1D spatial scan process is illustrated in Figure 

6.4a. Measured a/LCI angular scattering distributions at each sampled location were 

compared to the Mie library and the scatterer sizes were determined using the ILSA 

algorithm. The determined sizes of the scattering microspheres using the scanning 

system are shown in Figure 6.4b for all 15 sampled locations. The results showed that 

the 1D spatial scan was robust across the entire 7.5 mm linear range with each size 

determination yielding less than a wavelength of error (< 0.8 µm), with a mean absolute 

error of 0.1 µm across all 15 sampled points. Size determination accuracy was defined to 

be acceptable if the error is less than the wavelength of the light source, which in this 

case was 0.8 µm. This was an acceptable threshold since it is much smaller than the 

typical increase in nuclear diameter seen for precancerous cells (~2 – 4 µm) [84]. Figure 

6.4c shows representative angle-resolved scattering and corresponding Mie fitting for 10 

and 15 µm microspheres.  
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Figure 6.4: 1D line scan validation. (a) Line scan performed on the 3 x 3 

scattering phantom at 15 locations across a 7.5 mm range. (b) Size determination 

accuracy at each sampled location. (c) Representative angle-resolved scattering spectra 

and corresponding fits for 15 and 10 µm diameter spheres. Figure taken from [80]. 

Using the same 3 x 3 grid and rotation of the ROTOR prism, validation of 2D 

spatial scanning can be performed. Line scans were in 2.5 mm increments at the center of 

the cubes on the grid phantom through rotation of the ROTOR prism at 0⁰, 22.5⁰, and 45⁰, 

corresponding to horizontal (0⁰), diagonal (45⁰) and vertical (90⁰) scans at the sample 

plane. Resulting measured spectra were processed for scatterer size determination. The 

2D spatial scanning validation results are shown in Figure 6.5. Absolute and percentage 
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errors demonstrated that all scans yielded errors within a wavelength, and within 3% of 

the true microsphere diameter.  

 

Figure 6.5: Validation of 2D spatial scanning. Each cube within the 3 x 3 grid 

phantom were scanned at its center through rotation of the ROTOR prism. Resulting 

angle-resolved scattering spectra allowed accurate size determination, within a 

wavelength of error, with all percentage errors less than 3%. Figure taken from [80]. 

6.5.2 Sensitivity to Anisotropic Scattering 

An important property of this spatial scanning mechanism was that it allowed 

control of the illumination polarization through rotation of the ROTOR prism [112]. 

Illumination polarization control enabled interrogation of the different axes of the 

spheroidal scatterers. Specifically, rotation of the ROTOR prism to 0⁰ and 45⁰ rotated the 

illumination beam’s polarization to 0⁰ and 90⁰, corresponding to the sampling of the 

major and minor axes of the anisotropic scatterers. Validation of 2D a/LCI sensitivity to 
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anisotropic scattering utilized the angle-resolved scattering measurements collected 

from the two axes of the spheroidal beads, followed by Mie fitting. Although Mie theory 

is most applicable to spherical scatterers, it is still empirically useful to approximate the 

spheroidal dimension parallel to the polarization axis [119]. Representative 2D a/LCI 

scans along with the resulting Mie fits for each axis are shown in Figure 6.6 for a 

stretched 12 µm bead in the TE orientation. It can be seen that sampling the major axis 

resulted in greater angular oscillation frequencies, which were expected to correspond to 

a larger size along that dimension. Resulting Mie fitting and size determination of a 

single scan demonstrated good accuracy, with less than a wavelength of discrepancy 

between the measured and actual sizes. 

 

Figure 6.6: 2D angle-resolved scattering taken from a phantom consisting of 

stretched 12 µm anisotropic scatterers in a TE (vertical) orientation. x is angular 

scattering along the spectrometer slit and y is scattering along the scan direction of 

the galvanometer. Rotation of the ROTOR prism rotated illumination polarization to 

interrogate the major and minor axes of the spheroidal beads. Expected dimensions 

were 11.0 µm for the minor axis and 14.2 µm for the major axis, and measured sizes 

were 10.5 µm and 14.5 µm, respectively. Figure taken from [80]. 
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Once the major and minor axis dimensions were accurately measured for 

spheroidal scatterers, aspect ratios were computed and compared with the ground truth 

values measured using QPM. Using the phantoms with stretched 12 and 15 µm 

spheroidal beads held at both TE and TM orientations, 5 scans were performed with 

illumination polarization set to interrogate both axes. Resulting Mie fits gave good size 

estimates along each axis of the spheroidal beads. The mean minor and major axes 

measured for the 12 µm spheroids were 10.8 ± 0.6 μm and 14.5 ± 0.2 μm in TE 

orientation and 10.8 ± 0.6 μm and 14.4 ± 0.1 μm inTM orientation. Mean minor and 

major axis dimensions measured for the 15 µm spheroidal beads were 13.9 ± 0.2 μm and 

16.2 ± 0.5 μm in TE orientation and 14.1 ± 0.3 μm and 16.4 ± 0.3 μm for the TM 

orientation. Computations of the aspect ratios yielded 0.74 ± 0.04 in TE orientation and 

0.75 ± 0.04 in TM configuration for the 12 μm spheroids, and 0.86 ± 0.03 in TE 

configuration and 0.86 ± 0.03 in the TM configuration for the 15 μm spheroids in TM 

orientation. The results indicated high accuracy for the aspect ratios measured, as 

compared to the ground truth values of 0.78 and 0.86 for the 12µm and 15 µm spheroids, 

respectively. A summary of these results is shown in Figure 6.7. 
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Figure 6.7: Mie fitting results for anisotropic spheroidal beads (n=5 at each 

orientation of the scatterers). Bars on the right column indicate mean ±standard 

deviation. Boxplots on the left plot size determination results along each axis 

dimension for (a) stretched 12 µm spheroids with an expected aspect ratio of 0.78 and 

for (b) stretched 15 µm spheroids with an expected aspect ratio of 0.86. Figure taken 

from [80]. 

6.5.3 Sensitivity to Spatial Variations in Anisotropy 

Rotation of the ROTOR prism to manipulate a/LCI illumination beam 

polarization was further exploited to examine spatial variations in anisotropic scattering. 

A composite phantom with a 2 by 2 grid structure was constructed to contain spherical 

and spheroidal beads with various sizes and orientations. Figure 6.8a illustrates the 

architecture of the composite phantom as well as the spatial scanning procedure 

performed for validation. The beads within the phantom were oriented at +45⁰ and -45⁰, 
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and rotation of the prism at 22.5⁰and -22.5⁰ allowed diagonal line scans to be performed. 

Specifically, the scanning and collection axes were rotated to 45⁰ and -45⁰ to sample 

angular scattering along the various dimensions of the beads while also scanning across 

a spatial region. A diagonal scan across grids 2 and 4 detected a change in spherical 

scatterer size, while a similar scan across grids 1 and 3 represented a change in the 

spatial orientation of equally-sized spheroidal scatterers. The resulting measured angle-

resolved spectra demonstrated that the system was sensitivity to both changes in size 

and spatial orientation. Subsequent Mie fitting of the measured spectra allowed size 

determination of scatters within the scanned area. The results are shown in Figure 6.8b, 

where “actual size” now refers to the axis dimension sampled, such as the diameter of 

spherical beads, or the major and minor axes of spheroidal beads. Average errors of the 

size determination process were less than a wavelength with the largest single scan 

percentage error measured at 3.5%.  

 

Figure 6.8: Validation of system sensitivity to spatial variations in anisotropic 

scattering. (a) Architecture of the 2 x 2 composite grid phantom containing spherical 
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(grid 2: 15 μm; grid 4: 10 μm) and 15 μm spheroidal beads (grid 1: 16.6 μm major axis; 

grid 3: 14.3 μm minor axis). 3 scans were taken at each of the 4 grids with the ROTOR 

prism rotated to facilitate diagonal line scans. (b) Mie fitting results for size 

determination, showing sub-wavelength average errors. Figure taken from [80]. 

6.6 Discussion and Conclusion 

In this chapter, a spatial scanning system was designed and implemented for 2D 

a/LCI to enable multidimensional light scattering measurements. The spatial scanning 

mechanism incorporated a ROTOR prism and a gimbal-mounted scan mirror to perform 

line and area scanning, to acquire 2D scattering information from each point within a 3D 

volume. The aim was to improve the acquisition speed of the benchtop 2D a/LCI system 

used in the AD mouse model study by avoiding the need to reposition the sample 

between measurements. The scanning system was also evaluated to determine its utility 

for evaluating anisotropic scattering in tissues, where microstructures often change size, 

orientation and structure from pathology.  

Validation of scatterer size determination using the spatial scanning scheme was 

performed using various optical phantoms. The results demonstrated high size 

determination accuracy in both spherical and spheroidal scatterers. Accurate 

computation of the aspect ratios of spheroidal scatterers agreed with previous studies, 

supporting Mie theory as still a suitable model for estimating spheroidal scattering [118-

120]. The analysis summarized in Figure 6.7 revealed that Mie fitting of angular 

scattering spectra for spheroids appear to favor the TM orientation. Improved sizing 

accuracy was observed along the major axis dimension for TM orientation and this trend 
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was magnified as the spheroid’s aspect ratio increases. This is potentially attributed to 

the tendency of Mie theory for spherical scatterers, as beads with aspect ratios closer to 1 

are more spherical in shape, resulting in better fitting results. Further studies are needed 

to determine the underlying effects of modeling anisotropic scatterers using Mie theory, 

but this observation has also been made in previous studies.  

The detected angular range of the 2D a/LCI system was constrained by the 

addition of the distal scanning optics. Specifically, the gimbal-mounted scanning mirror 

causes a reduction in aperture when tilted to implement line scans. The benchtop 2D 

a/LCI system without the ROTOR-based scanning scheme, as seen from Chapter 5, 

provided a 21⁰ (-10.5⁰ to 10.5⁰ relative to backscattering) angular range along the plane of 

the spectrometer slit, and a 34⁰ angular range (-4⁰ to 30⁰) along the scanning plane of the 

galvanometer. Addition of the spatial scanning mechanism reduced the angular range 

along the galvanometer scan plane to approximately 20⁰ (-6⁰ to 14⁰), but maintained the 

21⁰ range along the spectrometer slit. The results of the experiments with the optical 

phantoms, however, indicated no obvious loss in size determination accuracy, despite 

the reduction of useful scattering information.  

Implementation of this spatial scanning mechanism to 2D a/LCI maintained 

system sensitivity to anisotropic scattering, which has important applications to 

biological samples such as the retina. The nerve fiber layer (NFL) of the retina, which is 

often relevant in AD studies, exhibits anisotropic structural features [122-125] that can 
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now be explored using this scanning system. Furthermore, the spatial scanning 

capability now enables faster acquisition of light scattering information at multiple 

layers of the retina and at more quadrant-specific locations.  

In conclusion, a scanning 2D a/LCI system was validated for its ability to acquire 

2D angle-resolved scattering rapidly and accurately over a large tissue area. Use of the 

ROTOR prism and scanning mirror facilitated line and area scanning without sample 

translation. Optical phantoms mimicking the structural features of the retina in terms of 

scatterer size and spatial orientation were used to validate the scanning system. The 

results indicated good system sensitivity to anisotropic scattering that is often present in 

the retina, supporting its utility for future retinal imaging in AD studies. 
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7. Development of Second-generation Low-cost Retinal 
OCT System Towards Screening AD Patients 

Several investigative steps have been taken in previous chapters with the goal of 

extracting relevant AD biomarkers through the development of cost-effective retinal 

imaging tools. Validation of a low-cost retinal imaging OCT system was performed to 

demonstrate comparable imaging performance to a higher-cost commercial system. The 

use of OCT was shown to be a useful image guidance tool for a/LCI to extract light 

scattering descriptors of tissue structure in an AD mouse model. The logical next step 

towards translating the findings to studying AD in human patients is the development 

of an improved low-cost OCT system for retinal imaging. 

7.1 Motivation 

The first iteration of the low-cost OCT system discussed in Chapter 3 

demonstrated the feasibility of using the tool within a large clinical retina imaging 

study. Several technical changes are needed following clinician feedback to improve 

system ease-of-use and imaging performance. The improved low-cost OCT platform will 

provide an inexpensive and portable instrument to routinely screen patients for AD at 

the point-of-care. Furthermore, it will be designed to facilitate multimodality 

measurements within the OCT scanner that will allow acquisition of additional light 

scattering metrics to complement OCT measurements. The technical changes 

implemented in this second-generation low-cost OCT platform are outlined in the 

following sections. Furthermore, a small clinical study will be conducted to characterize 
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the acquired OCT images from the low-cost system to demonstrate imaging 

performance improvements over the first iteration. The technical improvements, in 

association with the custom image processing pipeline described in Chapter 4, will 

further demonstrate the system’s potential for adoption within the clinical workflow. 

Lastly, use of the improved low-cost OCT scanner within the context of a clinical 

multimodal implementation similar to that described in Chapters 5 and 6 for AD human 

retinal imaging will be discussed.  

7.2 System Design and Technical Improvements 

System design of the second-generation low-cost OCT system is based on a 

Michelson low-coherence interferometer. Like the first iteration [32], a compact system 

formfactor is maintained using a fiber optic-based interferometer enabled by a 50:50 

fiber coupler. The low-cost OCT scanner contains the light source, reference arm, sample 

arm, fiber splitter and all the necessary controller boards within a 3D-printed enclosure. 

The scanner is tethered to the system base unit, which contains the custom-designed 

spectrometer, a mini-PC, control boards, and a 10-inch touchscreen to facilitate 

standalone clinical operation and imaging. A larger touchscreen is included in the 

improved system compared to that in the first iteration for improved ease-of-use and to 

enable display of multiple real-time images taken at various scan directions. Custom-

designed electronic control boards further reduced overall system cost, while facilitating 

integration of the various sub-systems. Their functions include current supply to the 
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SLD light source, scanning control, camera control, data and power distributions, and 

synchronization between the scanning element and the spectrometer detector. The OCT 

scanner is connected to the base unit through an optical patch cable and a single cable 

for both power and data. A detailed system schematic of the second-generation low-cost 

retinal OCT system is shown in Figure 7.1. Specific system components and technical 

improvements are discussed in the following sections. 

 

Figure 7.1: System schematic of the second-generation low-cost OCT for retinal 

imaging showing the scanner tethered to the base unit. The scanner contains the 

interferometry optics, scanning elements, and control boards. The base unit houses 

the spectrometer, mini-PC, and a 10-inch touchscreen for standalone operation. PDB = 

power distribution board, FC = 50:50 fiber coupler, LL = liquid lens, CM = cold mirror, 

MEMS = micro-electro-mechanical systems. 

7.2.1 Thermoelectrically Cooled Light Source 

The first iteration of the low-cost OCT system utilized an uncooled SLD as the 

light source. This was an engineering decision made for cost reduction but introduced 
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some issues in terms of the scanner output. Specifically, the open-loop cooling of the   

SLD driver introduced significant power fluctuations in the scanner output power 

during imaging. In the clinical study [32], the output power varied between 400 – 680 

µW when the system was in operation, which drastically reduced the collected retinal 

signal and therefore the image intensity after 20 minutes of imaging. To maintain 

scanner output power, the SLD driver board now incorporates a thermoelectric cooler 

(TEC) to continuously drive the forward current for the SLD at the proper levels. At 110 

mA, the scanner always outputs a power level between 660 – 680 µW during imaging, 

which allowed adequate retinal signal acquisition under the eye safety limit. The 

thermoelectrically cooled SLD has a center wavelength of 835 nm and measured full-

width at half-maximum bandwidth of 41nm.  

7.2.2 Spectrometer 

A mirror-grating-lens loop configuration was used for the custom spectrometer 

design, similar to the first iteration of the low-cost OCT [32].  Light from the sample and 

reference arms is interfered within the fiber coupler in the scanner and the combined 

light is fiber coupled into the spectrometer input. Light entering the spectrometer is 

collimated by a parabolic mirror and is diffracted by a transmission grating (T1500-875, 

LightSmyth) before it is focused onto the detector using a pair of f = 160 mm achromatic 

doublets (67334, Edmund Optics) and a plano-convex lens (LE1234-B, Thorlabs). Zemax 

was used during design to ensure that the final implementation covered 56 nm 
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bandwidth to fully encompass the SLD spectrum. The new custom spectrometer design 

simulated in Zemax OpticStudio is shown in Figure 7.2. A significant technical 

improvement added was a 40 kHz CMOS monochrome linescan sensor (Teledyne e2v) 

used as the spectrometer detector. The resulting 40 kHz A-line rate matched the typical 

rate in current commercial OCT systems used in eye clinics, and improved drastically 

over the 12.5 kHz rate from the first iteration of the low-cost OCT. A faster line scan rate 

alleviates the influence of interframe motion described in Chapter 3 and now facilitates 

the use of the custom image registration method outlined in Chapter 4. 

 

Figure 7.2: Zemax schematic of the new custom spectrometer. The detector 

used is a 40 kHz linescan camera to drastically improve A-line rate. 

7.2.3 Scanner Design and Pupil Camera 

An important clinical feedback from the previous study (Chapter 3) was the need 

for faster alignment of the OCT scanner to the pupil of the patient’s eye during imaging. 

Therefore, a pupil camera was incorporated within the scanner arm path of the 

interferometer through a cold mirror (Figure 7.3a). The pupil camera uses a 1/2.7’’ 
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CMOS sensor with a resolution of 1920 by 1080 pixels. The image of the pupil is focused 

using a f = 12mm, f/2.0 lens placed before the camera sensor, with its axial position 

optimized using an adjustable lens tube, such that a clear image is displayed when the 

eye is placed near the working distance of the OCT objective. Rapid alignment of the 

scanner with the center of the pupil can now be achieved before subsequent OCT scans 

are taken, improving the overall image acquisition time. 

Scanner arm optics were designed using Zemax OpticStudio to achieve a balance 

between the working distance, field of view (FOV) and lateral spot size. Fiber-coupled 

light entering the sample arm is collimated with a f = 16mm lens, which then passes 

through a series of lenses to illuminate the retina. The final design achieved a working 

distance of 16.3 mm and a lateral spot size of 17.7 µm across a 6.9 mm FOV in X and Y. 

Similar to the first iteration of the low-cost OCT scanner [32], a micro-electro-mechanical 

systems (MEMS) mirror was used with a liquid lens to achieve independent control of 

scanning and dynamic focusing. Lastly, a reference arm tube was also placed within the 

OCT scanner and includes a liquid lens between the focusing lens and the mirror to 

optimize reference power during imaging. A schematic of the various optical and 

electrical components within the 3D-printed OCT scanner enclosure is shown in Figure 

7.3b.  
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Figure 7.3:  Schematic of the low-cost OCT scanner. (a) Zemax simulation of 

the OCT sample arm optics, showing the placement of the pupil camera. (b) Various 

optical and electrical components housed within the 3D-printed scanner enclosure, 

which includes lenses, mirrors, fiber splitter and control boards. 

Scanning range and alignment of the MEMS mirror default position were 

optimized using a custom retina phantom. The phantom was 3D -printed with wire-like 

features spanning over the simulated scan range on the retina, roughly 6.9 mm in X and 

Y. A lens with f = 27 mm was placed within the phantom to focus the OCT beam on the 

wire grid. Its axial position can be adjusted relative to the features using a set of cage 

rods. The scan range and alignment were then optimized by performing a horizontal 

and vertical OCT scan on the phantom, such that all the features are centered and visible 

in each scan direction. The phantom was constructed such that it can be easily mounted 

onto the 1-inch lens tube that houses the OCT sample arm optics, with the focusing lens 
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positioned at the working distance of the system. The alignment phantom is shown in 

Figure 7.4 along with a corresponding optimized OCT scan. 

 

Figure 7.4: Scanning alignment phantom. (a) 3D printed phantom consisting of 

a focusing lens and wire-like features spanning over the OCT scan range. (b) 

Alignment phantom attached to the low-cost OCT scanner. (c) Example OCT B-scan of 

the phantom features after proper scan range alignment. 

7.2.4 System Characterization 

The complete second-generation low-cost OCT system for retinal imaging, after 

assembly, is shown in Figure 7.5. The OCT scanner enclosure was designed to be easily 

attached to a standard chin rest for additional stability during clinical imaging. Optical 

characterization of the system is shown in Table 7.1. 
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Figure 7.5: Complete low-cost OCT system for retinal imaging, with scanner 

attached onto a standard chin rest for clinical imaging. 

Table 7.1: Optical specifications for the second-generation low-cost OCT. 

Specification Value 

Center Wavelength (nm) 835 

FWHM Bandwidth (nm) 41 

Pixels per A-scan 512 

Scanner Output Power (µW) 660-680 

Imaging Depth (mm) 2.9 

Axial Resolution (µm) 8.5 

Lateral Resolution (µm) 17.7 

A-scan Rate (kHz) 40 

Sensitivity (dB) 100 

Working Distance (mm) 16.3 

Scan Range in X and Y (mm) 6.9 

Weight with Scanner (lbs.) 13.4 

 

7.3 Clinical Validation of Improved Low-cost OCT System 

7.3.1 Imaging Protocol 

To validate the imaging performance of the second-generation low-cost OCT 

system for, a small clinical study (Duke University Medical Center Institutional Review 

Board, Pro00087122) was conducted. The low-cost OCT system was used to image both 
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eyes from 12 healthy volunteers in a clinical setting. Per standard practice, written 

consent forms were first obtained from every study participant before imaging. During 

imaging, the low-cost OCT scanner was mounted on a standard chin rest. The subject 

sits facing the operator with their chin rested on the chin rest while in a comfortable 

position. Each subject was asked to fixate on the scanning OCT beam, which appeared 

as either a horizontal or vertical red line within their field of view. For the operator, the 

OCT scanner was initially manipulated in X and Y using feedback from the pupil 

camera view to align with the subject’s eye. Once the scanner was aligned, it was 

translated axially relative to the eye to acquire an OCT B-scan of the retina. For the 

study, a horizontal and vertical scan were acquired on each eye of every subject. Images 

from the eyes of two participants were excluded from subsequent analysis due to lack of 

image contrast as a result of breathing and motion artifacts. 

7.3.2 Image Quality Characterization 

Application of the first iteration of the low-cost OCT in the previous clinical 

study (Section 3.3) demonstrated a comparable but statistically significant difference in 

imaging performance to the Heidelberg Spectralis OCT using the CNR metric. 

Specifically, a 6.0% mean difference in CNR values were observed for the images 

acquired from healthy retinas using the low-cost OCT compared to those using the 

Heidelberg Spectralis OCT [32]. The various technical improvements demonstrated in 

the second-generation low-cost OCT system now enables improved imaging 
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performance as well as multi-frame registration of images to improve contrast. 

Therefore, to demonstrate the image contrast improvements over the previous low-cost 

OCT iteration, the CNR values from this clinical study were computed for the acquired 

images. Definition of the CNR metric was described previously in section 3.3.2 and is 

used in a similar manner for the images in this clinical study. 

Due to the 40 kHz A-line rate from the faster linescan camera within the 

spectrometer, multiple frames could be acquired and more easily registered and 

averaged using methods described in section 4.3.1. Registration and averaging were 

performed for each OCT scan taken from the study, which generated 2 to 25-frame 

averaged images from which CNR values were computed. Using the custom image 

processing pipeline described in section 4.4.2 and Figure 4.6, each frame-averaged image 

was processed to improve retinal signal and to reduce background noise. A few 

representative processed images acquired from a single scan on the second-generation 

low-cost OCT system from 2 different subjects are shown in Figure 7.6. Clear resolution 

of relevant retinal layers and features is demonstrated for 2-frame averaged images as 

shown in Figures 7.6a and 7.6b. Further registration and averaging significantly reduced 

noise variances by nearly 10-fold as seen in the 25-frame averaged images (Figures 7.6c 

and 7.6d). To compare against the images before the custom processing pipeline was 

applied, regions of the processed 25-frame averaged images are visualized against 

unprocessed ones shown in Figures 7.6e and 7.6f. 
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Figure 7.6: Representative processed OCT images from the retinas of two 

different study subjects. (a)-(b) 2-frame averaged images, (c)-(d) 25-frame averaged 

images. (e)-(f) Comparison of selected retinal regions of processed 25-frame averaged 

images to those in the unprocessed images. 

 The resulting computed CNR values of each frame-averaged image in this study 

were compared to those from the previous study. Since the first iteration of the low-cost 

OCT system suffered from a low A-line rate that did not permit multi-frame image 

registration, only CNR values for 2-frame averaged images were computed. Figure 7.7a 

shows the CNR values from the two clinical studies for 2-frame averaged images 

acquired from the Heidelberg Spectralis OCT (HE), the first iteration of the low-cost 

OCT system (LC1), and the second-generation low-cost OCT system (LC2). Prior to 

statistical testing, all the CNR value distributions from the three system were validated 

to satisfy normal distributions (Shapiro-Wilk, p > 0.05). However, homogeneity of 
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variances was violated (Levene’s test, p < 0.0001) as the standard deviation of the CNR 

values from LC2 was significantly lower than that from the other two systems. 

Therefore, the appropriate test to compare the mean CNR values between the systems 

was a Welch’s ANOVA followed by a Games-Howell post-hoc test. Statistical testing 

results are summarized in Figure 7.7b. A statistically significant difference is observed in 

the mean CNR values for images taken on the Heidelberg Spectralis OCT and the first 

iteration of the low-cost OCT (HE = 1.80 ± 0.33, LC1 = 1.69 ± 0.27, p = 0.0336), consistent 

with the results from the previous clinical study. However, no statistically significant 

difference is observed for the image CNR values between the Heidelberg Spectralis OCT 

and the second-generation low-cost OCT (HE = 1.80 ± 0.33, LC2 = 1.74 ± 0.07, p = 0.2090). 

A direct comparison between HE and LC2 systems can be performed with a simple two-

sample t-test assuming unequal variances to reveal no significant difference (p = 0.0915). 

Statistical analysis was performed at α= 0.05 using JMP Pro (SAS, Cary, NC). 
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Figure 7.7: Statistical comparison of the image CNR values from the current 

and previous clinical applications of the low-cost OCT. (a) CNR values from the 

images taken on the Heidelberg Spectralis OCT (HE), first iteration of low-cost OCT 

(LC1), and the second-generation low-cost OCT (LC2). Normality is verified but 

homogeneity of variance requirement is violated. (b) Post-hoc testing for multiple 

means comparisons for the CNR values taken on the three OCT systems. 

Lastly, mean CNR values were calculated from all the acquired images as a 

function of increasing number of frames averaged to demonstrate the improvement 

given by registration. The CNR values were calculated across a range of averaged 

frames and plotted in Figure 7.8. The mean CNR value for a 2-frame averaged image 

taken from all study subjects is 1.744 ± 0.067, which increased to 2.030 ± 0.102 for 25-

frame averaged images. A simple model can be used to fit the CNR curve as a function 

of the number of frames averaged (n): 

.                                                                         (7.1) 

 

where a,b, and c are the fitted coefficients. The resulting fitted curve can be used to 

generate 95% confidence intervals of the CNR values at each number of frames-averaged 

as shown in Figure 7.8. 
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Figure 7.8: Mean CNR values as a function of increasing number of frames 

averaged. Values of the coefficients are shown to include 95% confidence intervals 

shown in dashed lines. Error bars indicate standard deviation. 

7.4 Future Directions and Translation to AD Human Retinal 
Imaging 

To incorporate the low-cost OCT into the clinical workflow, additional technical 

aspects can be improved in the future. Clinical studies can benefit from other scanning 

patterns provided by the system software. For example, cross scans were used in this 

study to facilitate alignment to the eyes of some subjects for maximum retinal signal. 

Other scan patterns such as circular, raster, and volumetric, can be used for future 

imaging sessions to visualize additional regions of the retina, which is particularly 

important for imaging pathological retinas. Deep learning-based image processing 

methods can also be incorporated in future clinical applications to enable contrast 

enhancement, retinal layer segmentation, and evaluation of optical parameters in 

disease. Increased frame-averaging beyond 25 frames to 50-60 frames could further 

improve contrast to isolate relevant retinal structures and features.  
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An important feature of the low-cost OCT scanner is its flexibility in anticipation 

of adaption within a multimodal implementation to study AD as described previously 

in Chapter 5. Specifically, the low-cost OCT scanner was shown to be an image guidance 

tool for 2D a/LCI to extract light scattering parameters in the retinas of AD mice. The 

low-cost OCT system will serve as a cost-effective alternative to commercial OCT 

scanners and as a platform for integration with a clinical scanning 2D a/LCI system. To 

that end, development of a clinical a/LCI system for human retinal imaging is needed, 

after which the low-cost OCT scanner can be inserted into the illumination path as 

described in section 5.3.3. A potential schematic of such a multimodal clinical retinal 

imaging system is shown in Figure 7.9.  

 

Figure 7.9: Potential schematic of a clinical multimodal retinal imaging system 

for extracting AD biomarkers, combining low-cost OCT as image guidance for a 

clinical 2D a/LCI system.  
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The output beam from the OCT scanner can be registered similarly as described 

previously [36], but with the use of a dichroic mirror instead of a flip mirror for spectral 

multiplexing. This overcomes the need for sequential OCT and a/LCI acquisitions and 

allows for simultaneous measurements by separating the light source wavelengths from 

both modalities. Furthermore, the MEMS mirror in the low-cost OCT scanner can be 

programmed to work in tandem with the ROTOR prism scanning mechanism for 2D 

a/LCI as outlined in Chapter 6. Use of a scan lens before the eye will permit proper 

alignment of the a/LCI and OCT beams to scan over the retina. The result of this 

combination could therefore produce a low-cost retinal imaging system capable of 

screening patients for novel retinal biomarkers of AD.  
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8. Conclusions  

The work presented in this dissertation describes the development of cost-

effective coherent imaging tools for extracting retinal structural parameters to study 

Alzheimer’s disease (AD). Specifically, the combination of low-cost OCT and 2D a/LCI 

was used in a multimodal clinical system for extracting light scattering measurements in 

an animal model to show feasibility. With further development, this approach can be 

translated to detecting AD in human patients. The dissertation detailed the several 

investigative steps necessary for such a clinical system to be built, including the 

development and characterization of a low-cost OCT system, as well as the use of a/LCI 

for extracting AD-related retinal structural parameters using light scattering. Technical 

information such as system design was discussed, in addition to OCT image and a/LCI 

data processing techniques. 

Initial efforts focused on the clinical validation of a low-cost OCT system for 

retinal imaging as described in Chapter 3. System-level design was outlined for the 

scanner and spectrometer for overall cost reduction, resulting in a total cost of materials 

of $5037. The low-cost OCT system was used in a 60-patient clinical study and its 

imaging performance was compared to that of a higher cost commercial system. Images 

taken from the low-cost OCT system were characterized using a quantitative contrast 

metric and compared to those taken from the commercial system. The results indicated 

comparable but statistically significant differences for the imaging performance from the 
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low-cost OCT system, suggesting a potential clinical utility. Furthermore, a custom 

image processing pipeline was developed specifically for the low-cost OCT system as 

described in Chapter 4. The image processing pipeline enabled multi-frame registration 

and averaging, as well as contrast enhancements using a histogram matching procedure. 

The image processing steps can therefore be easily implemented for future low-cost OCT 

systems to improve image quality for clinical AD applications. 

While OCT has been shown to measure morphological changes in the retina 

associated with AD, the use of a/LCI further improved diagnostic power by providing 

complementary light scattering parameters. In Chapter 5, an AD mouse model was used 

to demonstrate the utility of a/LCI light scattering measurements in extracting unique 

retinal structural parameters correlated with AD. OCT was used as image guidance such 

that a/LCI measurements were taken at specific locations on the retina to enable 

subsequent layer-specific analysis. 2D a/LCI data processing enabled spatial correlation 

analysis that revealed retinal tissue texture and organization information. Comparisons 

were also drawn between AD and wild type mouse retinas in terms of light scattering 

distributions metrics, which could complement the morphological layer thinning 

observed in previous OCT studies. In Chapter 6, a spatial scanning mechanism was 

implemented for 2D a/LCI to facilitate rapid data acquisition in future AD retinal 

studies. Additionally, the spatial scanning mechanism maintained a/LCI sensitivity for 
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anisotropic scattering that is common in the complex retinal tissue, as validated using a 

series of optical phantoms.  

Finally, a second-generation low-cost OCT platform was developed in Chapter 7, 

taking into account various technical improvements to bolster imaging performance. 

This improved system combined with the developed image processing pipeline was 

validated with a clinical study, demonstrating significant contrast enhancement in the 

acquired OCT images. This low-cost OCT platform can therefore serve as a cost-effective 

image guidance tool for a future clinical a/LCI system to extract retinal parameters in 

AD human studies. 
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