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ABSTRACT OF THE DISSERTATION 

 

Investigation of Novel Laser Treatments for Glaucoma and Meibomian Gland Dysfunction  

by 

Shangbang Luo 

Doctor of Philosophy in Biomedical Engineering 

University of California, Irvine, 2023 

Professor Tibor Juhasz, Chair 

 

 

This thesis provides a comprehensive summary of my PhD studies, investigating the  

potential application of diverse laser technologies in treating two prevalent eye conditions:  

glaucoma and meibomian gland dysfunction (MGD). 

Glaucoma is the leading cause of irreversible blindness affecting approximately 80  

million individuals worldwide. We explored the use of femtosecond lasers for precise  

photodisruption of the trabecular meshwork, a vital surgical region within the human eye.  

The dissertation begins with an examination of the optimization of pulse energy levels in  

femtosecond laser trabeculoplasty (FLT), enhancing its effectiveness as a treatment for  

glaucoma. Additionally, the temperature variations observed during FLT surge ries and 

evaluation of potential collateral damage in human cadaver eyes have been investigated.  To 

enhance targeting precision in surgical interventions, we have developed a  micron-scale 

spectral domain optical coherence tomography system tailored for  iridocorneal angle 

imaging. The thesis highlights the use of short-time Fourier transform to compensate for 

dispersion, a crucial step in achieving superior axial resolution. Moreover, advanced imaging 



 

xii 
 

processing techniques and hardware implementations are presented to  demonstrate the 

comprehensive and detailed visualization of the surgical area within the  angle. 

In the second part of the dissertation, attention is shifted towards our research  

endeavors focused on addressing MGD. Firstly, methods leveraging numerical modeling and  

analytical derivations are discussed, shedding light on alternative mechanisms underlying  

the development of obstructive MGD. Additionally, an innovative treatment approach called  

selective photothermal ablation (SPA) is introduced, showcasing its potential in selectively  

targeting the meibomian glands while preserving the overlying conjunctival integrity. 
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Introduction 

 

Glaucoma, Ocular Outflow Pathways, and Iridocorneal Angle 

Glaucoma is the leading cause of irreversible blindness and is responsible for the 

second most common cause of visual loss in the world. Approximately 64.3 million people 

worldwide were affected in 2013, and this number is estimated to increase from 76.0 million 

in 2020 to 111.8 million in 2040 [2]. Glaucoma is a neuropathic disease characterized by 

optic nerve damage or optic disc cupping and is indicated by high intraocular pressure (IOP), 

which is caused by increased resistance to the normal outflow of aqueous humor (AH) from 

the eye [3].  

The AH, secreted by the ciliary body, drains into the posterior chamber, then travels 

through the pupil into the anterior chamber (AC). At the iridocorneal angle (ICA), where the 

iris and cornea meet, the AH exits the eye through two different outflow path ways: 

conventional and uveoscleral outflow pathways (Fig. 0.1). Only 10% of the AH flows to the 

ciliary body surface and iris root, toward the surrounding veins and tissues in the uveoscleral 

outflow pathway [4]. The majority of the remaining AH fluid passes through the trabecular 

meshwork (TM) into Schlemm's canal (SC) (Fig. 0.2). From there, the fluid drains into a series 

of collector channels (CCs) and is finally absorbed by the episcleral veins  [5]. 
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Figure 0.1: Schematic illustrating the ocular outflow pathways. Aqueous humor passes through (A) the 
conventional and (B) the uveoscleral outflow pathways [4]. 

 

The TM is a porous, sieve-like structure consisting of laminar beams located in the 

inner portion of the scleral sulcus, a groove that encircles the ICA. The TM comprises three 

distinct layers, from the innermost uveal layer to the corneoscleral layer, culminating in the 

outermost juxtacanalicular tissue (JCT) (Fig. 0.2). The SC is an adjoining, endothelium-lined, 

lymphatic-like circular channel situated in the outer part of the scleral sulcus [6]. Studies 

have found that the JCT and the inner wall of the SC are the major sources of proximal outflow 

resistance, leading to an increase in IOP and can cause harm to the optic nerve in the retina 

[5]. Typically, each human eye contains 20 to 30 CCs with an average diameter of 30 μm, 

although there are significant variations among them [7].  
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Figure 0.2: Schematic of the iridocorneal angle [8]. (A) Depicts the trabecular meshwork, Schlemm's canal, and 
collector channels at the iridocorneal angle, while (B) offers a closer view of these structures. (C) Demonstrates  
the three layers of the trabecular meshwork, progressing from the innermost uveal  layer (depicted in blue) to 
the corneoscleral layer (depicted in red), with the outermost layer being the juxtacanalicular tissue (depicted 
in green).  

 

Motivation for Glaucoma Treatment 

The only modifiable risk factor for glaucoma treatment is to reduce intraocular 

pressure or IOP, either by decreasing the production of aqueous humor (AH) or increasing 

its outflow using medications, laser therapy, conventional surgery, or minimally invasive 

glaucoma surgery (MIGS). However, these approaches all have limitations, including issues 

with patient compliance, reduced or short-term efficacy, and invasiveness. This report 

explores a completely non-invasive, non-incisional surgery termed femtosecond laser 

trabeculotomy (FLT) for the treatment of glaucoma. 
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Different Glaucoma Surgeries 

Current Managements for Glaucoma Treatment: 

Topical drugs are usually the first choice in managing glaucoma, aiming to reduce IOP 

by increasing outflow facility and/or decreasing the production of AH from the ciliary body 

[9]. There are five categories of IOP-lowering drugs for glaucoma treatment: prostaglandin 

analogues, β-blockers, diuretics, cholinergic agonists, and α-agonists. Among these, 

prostaglandin analogues are the most widely used drugs. Although many anti-glaucoma 

medications are available, currently, there is no drug that specifically targets impaired 

trabecular outflow, which is the most common pathogenic cause of elevated IOP [9]. Other 

major challenges in pharmacological treatment include patient compliance issues [10, 11], 

reduced efficacy over time [9], uncontrolled IOP [9, 12] and adverse effects such as corneal 

diseases, conjunctival scarring, and reduced cardiac and pulmonary function  [13-15]. 

Argon laser trabeculoplasty (ALT), which was studied in the 1970s, was the first laser 

treatment modality for glaucoma [16, 17]. It employs a continuous-wave Argon laser with a 

50-μm beam diameter to deliver burns of 1,000 to 1,500 milliwatts to the TM in a 360 -degree 

pattern over 0.1 seconds [17]. This process causes tissue heating, scarring, and contraction. 

The photocoagulation damage to the TM results in the stretching of adjacent tissues, thereby 

improving the outflow rate of AH [17-20]. Complementary theories [21] suggest that 

mechanical changes in the trabecular ring [22], induced phagocytosis [18], increased cell 

division [23-26], and TM repopulation [23, 27] all contribute to structural changes in the TM, 

leading to improved outflow. However, various studies have reported that the heating and 

coagulation effects can lead to the formation of a cellular membrane that covers the TM, 

potentially obstructing outflow and leading to a frequent failure of glaucoma treatment [28-
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31]. Some reports have shown a 68% failure rate of ALT retreatment with uncontrolled IOP 

[31], and a success rate of 44% at 2 years after treatment [32]. Drawbacks also include IOP 

spikes [33, 34], inflammation [35], peripheral anterior synechiae [33, 36, 37], and decreased 

efficacy over time [38, 39]. Although ALT has demonstrated its efficacy in multicenter clinical 

studies [32, 40], its usage has decreased significantly due to the growing popularity of 

selective laser trabeculoplasty (SLT) [41, 42]. 

SLT is a noninvasive and repeatable glaucoma treatment invented by Latina et al. in 

1998 [41, 42]. It employs a frequency-doubled Q-switched 532-nm Neodymium:YAG laser to 

deliver pulses with an energy range of 0.6 to 1.2 mJ, a spot size of 400 μm, and a duration of 

3 ns over 180 degrees of the TM [42]. SLT's mechanism is based on the selective 

photothermolysis theory [43], wherein the laser selectively targets pigmented trabecular 

cells, and the pulse duration is shorter than the thermal relaxation time to minimize adjacent 

tissue damage [41, 42, 44]. Biologically, SLT leads to the release of cytokines that bind to and 

regulate the permeability of Schlemm's canal's endothelial cells [45, 46], an increased 

recruitment of monocytes that develop into phagocytes, clearing the obstructed meshwork 

at the laser burn sites [47], and induction of matrix metalloproteinases responsible for 

remodeling the extracellular matrix, thereby increasing outflow conductivity [48]. Using 

short-duration, low-energy pulses compared to ALT, SLT is believed to avoid coagulative 

necrosis in the TM [44], making SLT treatments safe and repeatable [42, 44, 49-53]. 

However, Cvenkal et al. reported comparable disruptive damages after ALT and SLT, with 

the latter causing slightly smaller damaged trabecular tissues and better preservation of 

endothelial cells and long-spacing collagens [54]. The long-term success rates were similar 

for ALT and SLT, both requiring further medical or surgical intervention [55]. Additionally, 
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the efficacy of SLT diminishes over time [56, 57]. Reported adverse events include transient 

elevated IOP, iritis, hyphemia, macular edema, corneal complications, and peripheral 

anterior synechiae [58]. 

As the last line of treatment, conventional filtration surgeries, such as trabeculectomy 

and glaucoma drainage implants, are used for moderate to advanced glaucoma patients. 

Trabeculectomy is a surgical operation that creates a channel in the TM and SC are as 

underneath the scleral tissue and sutures back the scleral flap. AH flows via this new route 

and drains into a filtering bleb underneath the conjunctiva. For drainage implants, such as 

the Baerveldt shunt (Abbott Medical Optics, Inc., Santa Ana, California), is used to divert AH 

fluid from the anterior chamber (AC) to an external reservoir. Given the invasive nature of 

filtration surgery, careful consideration should be given to the decision between surgical 

benefits and risks. Filtration surgeries are highly invasive, complicated, and have a failure 

rate around 50% at 5 years and are associated with a host of complications such as hypotony 

(24%), flat AC (24%), hyphema (25%), and bleb leak (18%) [59-63]. 

To bridge the gap between medical/laser treatments and more invasive surgeries like 

trabeculectomy or drainage implants, a new management option, typically aimed at patients 

with mild to moderate glaucoma, has emerged in recent years. This approach is known as 

minimally invasive glaucoma surgery (MIGS). While there is a variety of MIGS devices 

available, they can generally be categorized into three main groups based on their target 

routes: subconjunctival, Schlemm's canal, and suprachoroidal space [64] (Fig. 0.3). However, 

they all share a common drawback, which requires opening the eye to either insert surgical 

instrumentation or an implant. 
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Figure 0.3: Schematic of the potential aqueous outflow routes following the implantation of minimally 
invasive glaucoma surgery devices [64]. 

 
MIGS devices that target the Schlemm's canal route include the Hydrus microstent 

(Ivantis Inc., Irvine, CA, USA), iStent or iStent Inject (Glaukos Inc., Laguna Hills, CA, USA), 

trabectome (MST, Redmond, WA), and excimer laser trabeculotomy (ELT). The iStent or 

iStent Inject is a tiny drainage device used to bypass outflow pathways through the TM, 

allowing AH to flow from the AC into the SC. A Hydrus microstent is typically inserted into 

the TM and scaffolds 90° of the SC through a preloaded stainless-steel cannula via a clear 

cornea incision. Trabectome is generally considered a MIGS procedure that employs a 

customized electrocautery device through a 1.6 mm corneal incision to remove a strip of TM 

along with the SC. While it boasts a high success rate, MIGS implants require an invasive 

corneal incision and are therefore primarily indicated for use in conjunction with cataract 

surgery. ELT uses a 308 nm Xenon Chloride excimer laser to ablate the TM through a 
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corneoscleral incision via a thin quartz probe. By moving the probe, a series of drainage holes 

are created to facilitate aqueous outflow into the SC, resulting in a significant decrease in 

IOP. Although the ELT procedure operates in the ultraviolet range and minimizes thermal 

damage to surrounding tissues, the corneal incision remains invasive. 

In summary, while a range of strategies for glaucoma treatment is available, all these 

procedures have shortcomings, including limited longevity (SLT, ALT), a high complication 

rate (filtration surgery), invasiveness (filtration surgery, MIGS), indication primarily in 

conjunction with cataract surgery (MIGS), a lack of precise IOP control (SLT, ALT), and 

associated high medication costs alongside these procedures. 

 

Femtosecond Laser Trabeculotomy (FLT): 

The first portion of this thesis (Chapters 1 to 4) focuses on the optimization of pulse 

energy for FLT, the collateral damage associated with FLT, and the improvement of OCT 

imaging of the iridocorneal angle for FLT.   

FLT is a novel innovative approach non-invasively establishes a conduit between the 

anterior chamber (AC) and Schlemm’s canal (SC), thus providing an unobstructed aqueous 

humor outflow channel. The use of femtosecond lasers to perform trabeculotomy enables 

dynamic delivery of tightly focused laser pulses through the cornea, across the anterior 

chamber, photodrsrupting the trabecular meshwork into SC [65-68].  

The use of a femtosecond laser for glaucoma treatment has several advantages. 

Firstly, a tightly focused femtosecond laser enables photodisruption to occur only at a well-

defined focal spot, resulting in localized and confined tissue removal [69]. Secondly, the pulse 

duration and plasma expansion time associated with femtosecond lasers is shorter than the 
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local thermal diffusion time, leading to limited thermal damage [70]. Lastly, experimental 

studies on human ocular tissues have demonstrated that femtosecond lasers produce 

reduced shock wave and cavitation bubble effects compared to lasers with longer pulse 

durations, resulting in further localized tissue damage [69]. These favorable properties, 

coupled with the ability to non-invasively deliver the laser pulse and the precise scanning 

and delivery control enabled by modern computer systems, make femtosecond lasers an 

ideal technique for trabecular bypass surgery. Furthermore, the safety and efficacy of 

femtosecond laser have been demonstrated over the last twenty years for various 

procedures, including flap creation in corneal refractive surgery, capsulotomy, lens 

fragmentation, and corneal incisions during cataract surgery [71-74].  

The underlying mechanism of using femtosecond lasers to create channels in the 

trabecular meshwork tissues can be described by the phenomenon called laser-induced 

optical breakdown (LIOB) [65]. During the LIOB process, the extremely focused and narrow 

laser pulse generates a high-intensity local electric field that strips valence electrons from 

atoms, creating a mixture of electrons and ions, or plasmas, in tissues. These plasmas then 

expand and stretch the adjacent tissues with supersonic velocity. As the temperature 

decreases, the plasma expansion slows down, and the supersonic displacement wavefront 

continues to propagate throughout the tissues as a shock wave. This shock wave ultimately  

transforms into a normal acoustic wave, dissipating in the surrounding tissues. Since the 

expansion duration of the plasma is much shorter than the local thermal relaxation time, 

thermal damage is localized, thus avoiding collateral damage to the surrounding tissues. As 

the plasma cools down during the entire process, cavitation bubbles are formed and diffuse 

throughout the tissues (Fig. 0.4).  
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Figure 0.4: Principle of laser-induced optical breakdown [70]. (a) A focused laser pulse travels through the 
tissue with intensity calibrated to trigger optical breakdown only at the beam's focal point. (b) Optical 
breakdown generates a high-density plasma that rapidly expands outward at supersonic speeds, forming a 
shock wave at its leading edge. (c) The rapidly cooling plasma condenses, creating an expanding cavitation gas  
bubble. (d) The cavitation bubble reaches its maximum size, subsequently collapses and rebounds. Eventually, 
a small, stationary bubble remains for a brief duration. Rs represents the radial distance at which the velocity 
of the shock wave propagation slows to typical acoustic wave speeds, while "Rc" denotes the maximum radius  
of the cavitation bubble. 

 

 

Selective Photothermal Ablation (SPA) for Meibomian Gland Dysfunction 

(MGD) 

The second part of this thesis, comprising Chapters 5 and 6, centers on the 

exploration of novel alternative mechanisms underlying obstructive MGD and introduces a 

new treatment method, called selective photothermal ablation (SPA), for MGD treatment.  

Meibomian gland dysfunction (MGD) is a chronic and diffuse condition affecting the 

meibomian glands, typically identified by obstructions in the terminal ducts and alterations 

in the quality or quantity of glandular secretions [75]. Obstructive MGD can lead to signs and 

symptoms of dry eye disease (DED); a common disorder characterized by burning of the eye 

and blurry vision related to tear film abnormalities, increased tear evaporation, and ocular 

surface inflammation [76]. It is estimated that more than 16 million US adults have DED, with 

an annual cost of $55.4 billion [77, 78].  
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Traditional management techniques for MGD-related dry eye include warm 

compresses, eyelid hygiene, meibomian gland expression, and pharmacotherapy [79-96]. 

While drug-based treatments for MGD can be effective, they require patient compliance 

and pose potential side effects. Additionally, hot compresses, eyelid washes, and meibum 

expression, although easy to perform, either require patient compliance or lack long-term 

efficacy. This collective evidence suggests the need for alternative methods to treat this 

disease. 

Recent efforts have focused on the study of applying novel laser-based therapies 

for dry eye caused by MGD. For example, intense pulsed light (IPL) therapy uses a 

broadband light source covering wavelengths from 500 to 1200 nm, which is delivered to 

the periocular surface, causing thermal effects on the irradiated tissue and inducing blood 

vessel ablation and meibum melting [97-121]. Low-level light therapy (LLLT), also referred 

to as photobiomodulation, uses red or near-infrared light irradiation from lasers or light-

emitting diodes on both closed lids and the periorbital area, with the use of eye shields 

either in-office or at home [122-125]. It has been shown to be effective in treating dry eye 

syndromes [122-124]. Additionally, a combined IPL/LLLT therapy has been introduced, 

where IPL is first performed on the lower periorbital area, followed by LLLT over both the 

closed lids and periorbital area [126-134]. While all these approaches have been found 

to be effective and safe, the long-term treatment efficacy remains unknown and 

controversial, and there is a lack of standardization. Therefore, more standardized, large 

sample, randomized, multi-centered clinical trials are needed. Additionally, one potential 

concern in designing a broadband laser source is that it can induce comparable 

photothermal effects on the surrounding tissue as well, leading to undesirable outcomes. 
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This indiscriminate tissue damage problem is attributed to its wide spectral range 

and can be solved by using a relatively narrow bandwidth laser tuned to a local absorption 

peak, which separates the heating effect between the target and the surrounding tissue 

to the largest extent. Such a laser can result in preferential or selective damage to the 

target with minimal insult to adjacent tissues. 

In this study, a novel narrow bandwidth surgical 1726 nm laser was introduced for 

the feasibility study of selective photothermal ablation (SPA) for the treatment of dry eye 

due to MGD. Ex-vivo mice eyelids were used for the SPA treatment, and different imaging 

modalities, such as H&E and fluorescent imaging, were used to verify the proposed 

method. Our results indicate that SPA can be a promising treatment for MGD, but future 

in-vivo studies are needed. 
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Chapter 1: Pulse Energy Optimization on FLT 

 

Introduction  

The first part of my dissertation (Chapters 1 to 4) aims to explore the use of 

femtosecond lasers for the treatment of glaucoma. The initial key question is what 

constitutes a suitable pulse energy for femtosecond laser trabeculotomy (FLT) – a 

completely non-invasive, non-incisional glaucoma surgery developed in our group. In this 

chapter, we will establish a methodology for conducting laser tissue cutting experiments 

using human cadaver eyes. The optimization of pulse energy for FLT is determined by the 

quality of the outflow channels created, as assessed by OCT imaging. 

 

Materials and Methods 

FLT Delivery System: 

The FLT system consists of several components, including a femtosecond laser, a 

gonioscopic camera, a low power HeNe aiming laser, and a series of optics, as depicted in Fig . 

1.1. For our experiments, we utilized a commercial amplified diode pumped Ytterbium-

based femtosecond laser (Origami-10XP Femtosecond Laser, NKT Photonics, Denmark). 

This laser emits pulses with a duration of 400 fs, a wavelength of 1.03 μm, and a pulse 

repetition frequency of 10 kHz.  
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Figure 1.1: The components of the FLT surgical system. A commercial femtosecond laser was guided by a dual  
aiming beam, where the convergence of the dual beams to a single point on the trabecular meshwork indicates  
the focal point of the femtosecond laser. The gonio camera light passes through a dichroic mirror and then 
transmits through a custom-built gonio lens, a custom-built patient interface, and the transparent cornea. It 
eventually focuses onto the trabecular meshwork at the iridocorneal angle of a human eye. In the close-up 
image, the FLT laser is seen scanning across the entire trabecular meshwork, starting from inside SC and 
extending into the AC. The scan pattern is designed with a width of 500 μm and a height of 200 μm. However,  
it should be noted that the 500 μm cutting width along the circumferential direction of the corneoscleral rim 
(perpendicular to the paper direction) is not depicted in the image. FLT: femtosecond laser trabeculotomy; AC: 
anterior chamber; TM: trabecular meshwork; SC: Schlemm’s canal.  

The laser light passes through a beam expander (a|BeamExpander, Asphericon, 

Germany) to dilate the beam radius and fill the aperture of the objective. The beam scanning 

in the TM area is controlled by a pair of galvo-scanners, which determine the horizontal (X-

axis) and vertical (Y-axis) directions. An objective lens focuses the laser beam through a 

custom gonioscopic lens into iridocorneal angle (spot size < 10µm). Additionally, a video 

camera is integrated into the system to facilitate real-time guidance by providing direct 

visualization of the iridocorneal angle structures. The femtosecond surgical beam is guided 

by a coaxial 5 mW, 632.8 nm HeNe dual aiming laser (Thorlabs, Inc., Newton, NJ, USA). The 
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convergence of the dual beams onto the TM serves as an indication of the focal plane of the 

femtosecond laser. 

Figure 1.2 provides a schematic diagram illustrating the creation of the femtosecond 

channel and its dimensional relationship to the structures in the iridocorneal angle. The 

photodisruption occurs within a confined region corresponding to the beam focus size. This  

process is repeated as the femtosecond laser focus is scanned in a continuous rectangular 

volume through the TM tissues, resulting in the creation of a patent femtosecond channel 

connecting the anterior chamber (AC) to SC. The dimensions of the channel are determined 

by the channel width W in the horizontal direction (X-axis), and the channel height H in the 

vertical direction (X-axis). 

 
Figure 1.2: A schematic diagram illustrates a femtosecond-created channel penetrating through the TM, 
establishing a connection between the AC and SC. The geometry of the channel is determined by its width (W), 
height (H), and depth (D), while the laser spot, line, and layer separations are represented by ∆w, ∆h, and ∆d, 
respectively. The red spots indicate the focal spots of the femtosecond laser arranged in a raster pattern,  
effectively photodisrupting the TM tissues. SC: Schlemm’s canal; TM: trabecular meshwork; AC: anterior 
chamber. 
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Human Cadaver Eye Sample Preparation: 

Six human cadaver eyes not suitable for transplant were obtained from the San Diego 

Eye Bank within 24 hours postmortem. Careful dissection was performed to preserve the 

TM while removing other ocular components, including the posterior segment, vitreous, 

lens, iris, ciliary body, choroid, and uveal tissues (Fig. 1.3A). Subsequently, the prepared eyes 

were stored in Optisol GS corneal transplant medium (Chiron Intraoptics, Irvine, CA) and 

refrigerated at 4°C (Fig. 1.3B). The experimental procedures adhered to the principles 

outlined in the Declaration of Helsinki. 

     To assess morphology and viability, the cadaver eyes were examined under an optical 

microscope before being mounted on a custom sample holder. The eyes were then perfused 

with Dulbecco's modified Eagle's medium (DMEM) containing 5 µg/mL amphotericin B and 

100 µg/mL streptomycin (MilliporeSigma, MO) in a sterile tissue culture incubator (Sheldon 

Manufacturing, Inc., Cornelius, OR) at 37°C, 5% CO2, and 95% humidity for 30 minutes (Fig. 

1.3C). The corneal epithelium was removed due to irregularities in the surface quality. It 

should be noted that the perfusion system was strictly monitored to ensure the absence of 

bubbles or leakage, as this could impede the subsequent surgical procedure. 
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Figure 1.3: Sample preparation for the FLT surgery. (A) Human donor eyes were obtained from the San Diego 
Eye Bank within 24 hours postmortem. (B) An anterior segment with an intact trabecular meshwork was 
dissected and (C) carefully mounted on a custom ocular perfusion device in an incubator. (D) The eye was 
docked to the FLT surgical system via a custom-built patient interface between them. FLT: femtosecond laser 
trabeculotomy. 
 

Femtosecond Laser Channel Creations in Human Cadaver Eyes: 

The eye was subsequently positioned on a movable mechanical stage/sample holder 

equipped with five degrees of freedom, including x, y, z translations, rotation, and tilting, 

within the FLT laser surgery system (Fig. 1.3D). To optimize optical performance and 

provide a protective barrier, a custom-built patient interface was utilized between the laser 

system and the human cadaver eye, minimizing aberrations and reflective losses. Moreover, 

a drop of index matching gel GenTeal Gel (Novartis, Basel, Switzerland) was applied between 

the patient interface and the gonioscopic lens to reduce optical reflections at the interfaces. 
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To ensure clear visualization of the TM and surrounding tissues at the iridocorneal angle, a 

drop of 20% dextran was directly applied to the eye to mitigate corneal edema. 

Prior to initiating the surgical procedure, meticulous adjustment of the gonioscopic 

camera and sample holder was performed to visualize the TM at the iridocorneal angle. Once 

the TM was visualized, the dual aiming beams were adjusted to overlap onto the TM surface, 

thus aiming the treatment laser. In this study, pulse energies of 10, 15, and 20 μJ were 

employed, and channels with dimensions of W×H=500×200 μm² were generated. Upon 

opening the laser shutter, the femtosecond laser beam initiated photodisruption through the 

TM, starting from inside SC and moving out towards the anterior chamber  (AC), following a 

preprogrammed raster pattern controlled by the computer. The formation of an outflow 

channel took several seconds, depending on the laser scanning parameters and drainage 

geometry. Each eye received 5 channels at a particular energy. 

Upon completion of the surgical procedure, the surgical position was marked to 

facilitate subsequent OCT imaging. Following the treatments, the eyes were fixed in 4% PFA 

(Mallinckrodit Baker, Inc., Phillipsburg, NJ) in phosphate-buffered saline (PBS) and dissected 

for post-surgery OCT imaging experiments. 

 

OCT Imaging: 

In this study, we used a spectral domain OCT to evaluate the created channels. The 

imaging system operates at an A-line rate of 50 kHz and a central wavelength of 890 nm, 

offering a theoretical axial resolution of 2.4 μm [135]. The tissue sample was immersed in 
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the PBS solution and carefully adjusted so that the OCT beam was scanned approximately 

perpendicular to the width of the surgical site.  

 

Quantifying and Visualizing the Created Channels by OCT: 

To assess the efficacy and precision of channel creation using the femtosecond beam, 

we conducted an evaluation of the OCT image stacks corresponding to the FLT channel  (Fig. 

1.4D). The evaluation was performed by analyzing the image slices individually (Fig. 1.4). We 

defined a continuous cutting width (Wc) of at least 200 μm within the desired 500 μm 

channel width as a complete drainage channel connecting to the SC, indicating a full 

thickness cut. Any width below this threshold indicated either partial thickness cuts or the 

absence of observable outflow channels (refer to Fig. 1.5).  
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Figure 1.4: Representative OCT B-scan images at different slow-scanning locations and the 3D reconstructed 
image stack. As the sliding plane moves along the y-direction, the B-scan images show (A) an intact TM tissue, 
(B) a full-thickness cut creating an FLT channel connecting to SC, and (C) a partial-thickness cut in the TM 
tissue. The cutting width (Wc), analyzed from individual B-scans along the y-axis, serves as an evaluation metric  
detailed in Fig. 1.5. TM: trabecular meshwork; FLT: femtosecond laser trabeculotomy. 
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Figure 1.5: Illustration of how to evaluate the FLT outflow channels. The 0 μm  cutting width was considered 
(A) when the trabecular meshwork is completely intact or (B) when it is partially cut through at any location 
along the circumferential direction (Y-axis). A partial thickness cut was also defined as a maximum continuous  
cutting width (Wc) below 200 μm (C), whereas a full thickness cut was characterized by a continuous cutting 
width of at least 200 μm (D). Note that the presence of marks '△' on the remaining trabecular meshwork in (B) 
and (C) indicates an incomplete cut through the trabecular meshwork. As a result, these areas were unable to 
connect to the SC and were not included in the calculation of the cutting width. FLT: femtosecond laser 
trabeculotomy; TM: trabecular meshwork; SC: Schlemm's canal.  

      

Furthermore, the acquired image stacks were cropped to a volume size of V xyz =1x1x1 

mm3, with the FLT outflow channel positioned at the center of the selected volumetric image. 

In the context of OCT imaging, z represents the depth direction, x corresponds to the fast 

scan direction, and y indicates the slow scan direction between B-scans. Subsequently, the 

image stacks were imported into FluoRender 2.25.2 software (Scientific Computing and 

Imaging Institute, Salt Lake City, UT, USA) for 3-D rendering. To enhance the visual 

representation, the 'Hot Effect' was applied along the depth in the software settings, 

facilitating the three-dimensional visualization. 
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Statistics: 

Unpaired t-tests using GraphPad Prism 10 (GraphPad Software, Boston, MA, USA) 

was conducted to examine potential significant differences in the cutting widths associated 

with different FLT pulse energies (10 μJ vs. 15 μJ, 10 μJ vs. 20 μJ, and 15 μJ vs. 20 μJ).  

 

Results 

Representative Outflow Channels Under a Light Microscope: 

Images of outflow channels taken through an operating microscope are shown in Fig. 

1.6; channels are indicated by double arrows. These channels were created by irradiating 

the brownish TM with 15 μJ pulse energy using FLT surgery in a human donor eye. The 

corneoscleral shell was imaged at an angle, with the endothelium facing upward, allowing 

for direct capture of the TM by the optical microscope. While these images nicely 

demonstrate the location of the outflow channels, a more detailed assessment is required to 

determine whether the channels were fully cut by the FLT surgery. This evaluation can be 

achieved through a closer and deeper examination using a 3D OCT imaging modality, as 

reported below. 
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Figure 1.6: Three representative 500x200 μm2 outflow channels (double arrows) were cut with 15 μJ through 
the brownish trabecular meshwork and observed under an optical microscope. FLT: femtosecond laser 
trabeculotomy; TM: trabecular meshwork. 

 

OCT Evaluation of Femtosecond Laser Channel Creations at Varying Pulse 

Energies: 

Figure 1.7 shows sample OCT images of FLT outflow channels at different pulse 

energies. In this specific case, the representative FLT channel created at 10 μJ pulse energy 
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was partially cut by the femtosecond laser, while the channels at 15 μJ and 20 μJ cut through 

the entire TM into SC. 

 

Figure 1.7: Sample OCT images of FLT outflow channels at varying pulse energies. A 10 μJ energy results in a 
partial-thickness outflow channel while both 15 μJ and 20 μJ energies result in full -thickness channels. FLT: 
femtosecond laser trabeculotomy; TM: trabecular meshwork; SC: Schlemm's canal. 

The mean ± standard deviation cutting widths of the outflow channels through the 

TM were 74 ± 157, 403 ± 89, and 368 ± 99 μm for the 10 μJ, 15 μJ, and 20 μJ energy groups, 

respectively. These results are summarized in Fig. 8. Significantly different cutting widths 

were observed between the 10 μJ and 15 μJ groups (P < 0.0001), as well as between the 10 

μJ and 20 μJ groups (P < 0.0001). However, there was no significant difference between the 

15 μJ and 20 μJ groups (P = 0.416). 
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Figure 1.8: Statistics of the cutting width in the trabecular meshwork by different pulse energies. A significant 
difference in cutting width was observed either between 10 μJ and 15 μJ or between 10 μJ and 20 μJ (**** 
P<0.0001). However, there was no significant difference in the cutting width of the trabecular meshwork 
between 15 μJ and 20 μJ (ns: P>0.05). A pulse energy of 15 μJ is determined to be optimal for femtosecond laser 
trabeculotomy (FLT). 

   

Table 1.1: OCT Evaluation of FLT Channels Created at Different Pulse Energies 

 

Comprehensive data regarding all FLT channel creations are presented in Table 1.1. 

The results indicate that pulse energies of 15 μJ and 20 μJ achieved a 100% success rate in 
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creating full FLT channels with a continuous cutting width of at least 200 µm, as confirmed 

by OCT imaging. In contrast, the use of 10 μJ pulse energy resulted in the absence of channels 

in 6 cases, partial thickness channels in 2 cases, and complete FLT channels in 2 cases. 

 

Three-Dimensional OCT Representation of the Femtosecond Laser Outflow 

Channels and Iridocorneal Angle Structures: 

For a comprehensive understanding of the complete profile of the FLT channel at the 

iridocorneal angle, a three-dimensional visualization of a 1x1 mm2 segment of the 

corneoscleral rim is provided in Fig. 1.9. In this representation, the SC appeared as a patent 

tube (Fig. 1.9A and B), accompanied by the overlaying TM tissue. Importantly, the OCT 

reconstruction clearly reveals a wedge-shaped channel created by the femtosecond laser. 

The TM is fully penetrated with sharp edges, resulting in direct exposure of SC to the aqueous 

humor in the anterior chamber (AC). 
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Figure 1.9: A representative 3D image stack of the iridocorneal angle, oriented at different perspectives ,  
demonstrates a wedge-shaped FLT outflow channel cut through the trabecular meshwork (TM) and extending 
into Schlemm's canal (SC). This channel was created using a pulse energy of 20 μJ, effectively establishing a 
direct connection between SC and the aqueous fluid in the anterior chamber (AC). The relationship between 
the angle structures and the FLT surgical laser is illustrated in (D). FLT: femtosecond laser trabeculotomy; IR: 
iris root. 
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Discussion 

In this study, we employed OCT to assess the impact of pulse energy on the creation 

of outflow channels during FLT surgery in human cadaver eyes. Our aim was to determine 

the optimized energy level for the surgical procedure. Overall, the present study 

demonstrated that pulse energy significantly influenced the creation of outflow channels 

during FLT surgery in human cadaver eyes,10 resulting in variations such as full thickness, 

partial thickness, or absence of observable channels, as observed through the spectral 

domain OCT imaging (see Table 1.1, Fig. 1.7). By evaluating the OCT images, we have 

determined that a pulse energy of 15 μJ reliably achieves the creation of outflow channels by 

photodisrupting the TM tissues in human cadaver eyes. Conversely, lower energy levels, such 

as 10 μJ, do not guarantee the attainment of full thickness cutting through the TM tissues. 

Typically, using the least amount of energy to accomplish a surgery is considered optimal. 

Any amount of energy over the minimum necessary, though it may not be damaging, is 

unneeded. These findings have potential implications for guiding the choice of pulse energy 

in the clinical setting.   

Previous groups had explored using femtosecond laser to non-invasively bypass 

aqueous outflow resistance with limited success. Researchers have employed 800 nm 

femtosecond laser pulses focused directly through air onto the exposed TM within a 4 -mm 

excised strip of the porcine corneoscleral rim [136]. Histological analysis revealed successful 

photodisruption of the TM, including the juxtacanalicular tissue, using moderate pulse 

energies of 7 to 14 μJ and short exposure times ranging from 0.5 to 2 seconds. Though this 

study successfully removed TM with a femtosecond laser, it was not done in a clinically 

relevant manner through the intact cornea. The same group also investigated the feasibility 
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of photodisrupting the TM using femtosecond laser pulses focused through a goniolens with 

significantly higher energies of 60-480 μJ [137]. However, histological results indicated that 

they were unable to reach the innermost layer of the TM known as the juxtacanalicular tissue 

and the inner wall of SC, which are believed to contribute to the greatest resistance to 

aqueous outflow [5, 6]. This failure may be attributed to the lack of necessary optimization 

of the focal spot size of the femtosecond laser beam propagating through the gonioscopic 

contact lens, cornea, and anterior chamber, as well as the absence of proper visualization of 

the iridocorneal angle structures. 

It has been reported that researchers used two-photon or histological imaging to 

evaluate the femtosecond laser created channels [136-138]. However, both imaging 

techniques necessitate tissue sectioning and face challenges in determining the continuous 

and overall cutting profile of the entire FLT channel. OCT demonstrated its capability of 

three-dimensional imaging of the entire femtosecond-created channels in human cadaver 

eye tissues [66]. Moreover, our previous experience utilizing a custom-built spectral domain 

OCT to provide detailed visualization of the iridocorneal angle structures  [1, 139], supports 

the suitability of OCT for this investigation. As previously discussed in this study, OCT has 

been employed as an effective tool to evaluate the impact of pulse energy on the generation 

of outflow channels during FLT surgery in human cadaver eyes. Furthermore, OCT has 

successfully aided in determining the optimal energy level for the FLT procedure. A three -

dimensional OCT reconstruction clearly depicted the location of the outflow channel within 

the TM, thus establishing a direct connection between SC to aqueous fluid in the anterior 

chamber (see Fig. 1.9). This poses a possibility that OCT can be translated for evaluations of 
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the clinical laser surgery for the treatment of glaucoma. Further investigation of OCT imaging 

follow-ups is needed to assess the long-term outcomes after surgery [140]. 

It is important to discuss the acceptance criteria defined in this study for a “full 

channel”, which was defined as a channel with a continuous cutting width of at least 200 μm 

fully penetrating the TM into SC. Since the channel width defined in the experiment is 500 

μm, one would reasonably expect that the success criteria would be closer to 500 μm. The 

criteria of 200 μm or greater is borne from prior laboratory experience in passing 

femtosecond pulse obliquely through the cadaver cornea, across the anter ior chamber, and 

to the TM [141, 142]. Though we employed strict acceptance criteria and handling 

procedures regarding the donor cadaver tissue, there still exists uncontrollable variability in 

the quality of the corneas, specifically the viability of the endothelium and surface quality of 

the cornea. Endothelial function directly affects corneal clarity and edema. Additionally, 

cadaver corneoscleral rims are subject to wrinkling on the posterior corneal surface. The 

consequence of these defects is variability in the quality of the trabeculoto my in the tissue. 

Taking into consideration the variability of these tissues, one would not expect full width 

cuts all the time, as shown by the data in Table 1.1. For example, in living tissue, the corneas 

could be expected to be clearer than cadaver corneas and therefore may achieve more 

complete cuts in lower energies. 
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Chapter 2: Thermal Collateral Damage During FLT: an 

Ex-vivo Study 

 

Introduction  

Another question that arises regarding femtosecond laser trabeculotomy (FLT) is: Is 

it safe, and what are the temperature variations and potential collateral damage during 

FLT? This chapter aims to answer these questions. 

 

Materials and Methods 

Human eye globes were received from the San Diego Eye Bank within 24 hours of 

death. Eyes were dissected before being mounted to an artificial anterior chamber which 

was then docked to the FLT surgical device. The artificial anterior chamber (Fig. 2.1) is 

described in more detail in past preclinical studies [66, 142]. Eyes were bisected along the 

equator before removing the choroid, vitreous, lens, iris and aqueous humor leaving a 

corneoscleral hemisphere/shell. The artificial anterior chamber and corneoscleral shell 

were perfused with low glucose Dulbecco’s modified eagle’s medium (DMEM). The DMEM 

was supplemented with 5 µg/mL amphotericin-b (antifungal) as well as 100 U/mL penicillin 

(concentration of penicillin reported in arbitrary units per milliliter [U/mL]) and 100 µg/mL 

streptomycin. The corneoscleral shells underwent FLT using following system parameters: 

pulse energy (21 µJ), height (200 µm), width (500 µm). 
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Figure 2.1: Artificial anterior chamber. 

Human cadaver tissues that had undergone FLT were imaged using light microscopy, 

and second harmonic generation (SHG) imaging. Seven 5 mm by 2.5 mm trabecular 

meshwork samples from 2 eyes were used in the temperature measurement study. Two eyes 

were used for the structural thermal damage imaging analysis, one channel per eye per 

modality. 

 

Light Microscopy/Histology: 

Tissue samples were fixed in 4% paraformaldehyde. Sample thin slices (1 µm) for 

light microscopy were sectioned from the tissue. Slices were stained with H&E and imaged 

with standard light microscopy. Regions containing the femtosecond trabeculotomy as well 
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as untreated tissues adjacent to the trabeculostomy were evaluated. Light microscopy was 

performed by the University of California, Irvine Department of Ophthalmology.  

 

Second Harmonic Generation Imaging (SHG) and Autofluorescence:  

SHG is an imaging method particularly useful for studying thermal denaturization of 

collagen[143, 144] since there is a direct loss of SHG signal associated with thermal damage 

to collagen. The outer wall of Schlemm’s canal is adjacent to the sclera, which is primarily 

composed of collagen, making this tissue region suitable for SHG imaging. Furthermore, the 

trabecular meshwork generates a strong auto fluorescent signal due to the pigmented 

endothelial cells lining the trabecular meshwork. Tissue was fixed in paraformaldehyde and 

sectioned into 250 µm thick radial slices. A multiphoton microscope (Leica STELLARIS 8 

FALCON, Wetzlar, Germany) was used to perform SHG imaging. The wavelength of the 

femtosecond excitation laser was set to 820 nm while the collection band for SHG and 

autofluorescence were set to 390-420 nm and 450-550 nm, respectively. Images were taken 

both with the region of the trabeculostomy and in untreated adjacent tissues at 20x 

magnification. SHG imaging was performed by the University of California, Irvine 

Department of Ophthalmology. 

 

Thermal Measurements: 

A section of tissue containing trabecular meshwork measuring approximately 5 mm 

x 2.5 mm was dissected from a cadaver eye. The tissue sample was fixed to a custom sample 

holding fixture such that an FLT procedure could be performed on the sample using the FLT 
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system. A thermocouple was positioned adjacent to the treatment site on the tissue sample 

such that the tip of the probe was abutting the laser treatment site. A schematic of the 

experimental setup is provided in Fig. 2.2. A standard treatment was initiated while 

measuring the temperature of the tissue immediately adjacent to the laser treatment site. 

Laser treatment parameters are indicated in Fig. 2.2.  The temperature was sampled at 100 

Hz for 5 seconds prior to the initiation of the treatment and over the total duration of the 

procedure. 

 
Figure 2.2: Heating measurement and sample positioning.  

 

 

 

 



 

35 
 

Results 

Temperature Measure: 

The maximum recorded temperature was 3.1°C (5.6 °F) [see ‘sample a’ plot in Fig. 

2.3] above baseline. The average maximum temperature across all 7 measurements was 2.2 

± 0.6 °C (4.0 ± 1.1 °F) above baseline.  It is also noted that the temperature change decays to 

less than 1°C after about 5 seconds after the procedure.  Fig. 2.3 shows the temperature rise 

plots for all samples.  

 
Figure 2.3: Temperature rise plots. 

 

Light Microscopy/Histology: 

H&E histology at 400x magnification showed continuous eosin-stained collagen 

fibers (asterisks) along the outer wall of the Schlemm’s canal and into the FLT region; 

hematoxylin-stained nuclei (arrows) were also visible along the outer wall of Schlemm’s 

canal in the FLT channel (Fig. 2.4). Trabecular beams were identified in the TM distal to the 
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treatment area. Intact collagen fibers and the presence of Schlemm’s canal endothelial cells 

in the immediate vicinity of the FLT channel indicate there is no thermal damage.  

 
Figure 2.4: H&E stain histology. A) 100x magnification of untreated TM. B) 400x magnification of untreated 
TM. C) 100x magnification of FLT channel and surrounding tissue. D) 400x magnification of FLT channel. ‘*’ 
demarcate intact collagen fibers distal to FLT. Arrows point to Schlemm’s canal endothelial cells in the vicinity 
of FLT. 

 

SHG and Autofluorescence: 

Figure 2.5 depicts a two-photon autofluorescence (Red)/SHG (Green) image, 

illustrating both the intact trabecular meshwork (TM) region adjacent to the FLT channel (A) 

and the region containing the FLT channel itself (B). Panel A, captured with a ×20 objective, 

showcases the pristine TM, Schlemm's canal, collector channel, and Schwalbe's line, with an 

untouched and continuous outer wall. Panel B, also captured with a ×20 objective, reveals 
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the FLT drainage channel passing through the TM and into Schlemm's canal, with Schwalbe's 

line and the outer wall of Schlemm’s canal remaining undisturbed. The asterisks denote an 

uninterrupted tissue layer on the surface of the outer wall, which starts within Schlemm's 

canal and extends outward without disruption into the region of the FLT drainage channel. 

The continuous collagen fibers from beneath Schlemm's canal to the FLT channel region 

indicate no thermal collateral damage to the tissue. 
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Figure 2.5: (A) An image combining autofluorescence (Red) and SHG (Green) captured using a 20x objective,  
displaying the intact trabecular meshwork (TM), Schlemm's canal, collector channel (CC), and Schwalbe's line 
(SL). (B) A 20x objective image merging autofluorescence and SHG, revealing the FLT drainage channel,  
Schlemm's canal (SC), remaining TM, and Schwalbe's line (SL). The asterisks delineate an undisturbed tissue 
layer connecting the FLT channel region to the inner region of SC. The abnormal curvature of the posterior side 
(endothelium and TM facing up) in both (A) and (B) results from tissue swelling. 
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Discussion 

The onset of thermal denaturization of collagen has been measured to be on average 

58°C, while the main transition to a denatured state occurs at 65°C [145]. Another study 

assessing collagen denaturization/damage as a function of collagen crimp contrast found 

80% reduction in contrast signal after 1900 seconds at 55°C and the same amount of damage 

after just 16 seconds at 70°C. Decay was minimal under 50°C [146]. In the present study a 

maximum temperature rise of 3.1°C was measured during FLT while the average 

temperature during FLT was about 2 degrees above baseline. In the in-vivo case this would 

mean approximately 3 degrees above body temperature resulting in a maximum 

temperature of about 40°C. This is well below the reported temperatures required for 

protein denaturization and the resulting thermal collateral damage. Additionally, the 

presence of an intact collagen fiber on the outer wall of SC, adjacent to the FLT channel, in 

Figure 2.5B (SHG) indicates no tissue heating. It is well established that the ability of collagen 

to generate a second harmonic signal is drastically diminished after thermal insult  [147]. 

Any significant heating would result in the inability to resolve individual fibrils which appear 

as clusters of dots in figure 2.5B near or below the ’star’. 
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Figure 2.6: A comparison of histology from cadaver experiments using various SC based procedures [148, 149]. 
SC: Schlemm’s canal; SS: scleral spur. 
 

In general, the results of this study have demonstrated that FLT spares the outer wall 

of SC and adjacent tissues. It is also interesting to compare against other SC based procedures 

and the integrity of the outer wall following the procedures. Figure 2.6 is a histological 

summary of microvitreoretinal (MVR), dual blade goniotomy, and the Trabectome  [148, 

149]. Panel A shows a goniotomy with an MVR blade in cadaver tissue. The incision is 

imprecise and extends at least 100 microns beyond the outer wall into the sclera. Panels B 

and C show sample tissue after goniotomy with a dual blade device. It is clear the incision 

extends a few dozen microns beyond the outer wall and that much of the outer wall is 

damaged. Panel D shows the trabecular meshwork following a procedure with the 

Trabectome. The outer wall is tattered and there is evidence of thermal denaturization of 

collagen in the proximal or anterior trabecular meshwork. 
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Chapter 3: Dispersion Compensation for OCT 

 

Introduction  

We have previously demonstrated the feasibility of using femtosecond lasers for the 

treatment of glaucoma by optimizing pulse energies and evaluating potential damages 

related to FLT surgery using human cadaver eyes. The next key question is whether OCT 

imaging can benefit FLT treatment. Fully answering this question is challenging because 

clinical verification is needed through further steps involving OCT image-guided FLT surgery 

and assessing the intraocular pressure effects on patients. In Chapters 3 and  4, our goals are 

to develop a high-resolution OCT system and to image the iridocorneal angle structure 

details closely associated with glaucoma development. In this chapter, our aim is to improve 

the imaging axial resolution through dispersion compensatio n, which is an indispensable 

step in OCT development. To achieve this, we introduced a novel short-time Fourier 

Transform (STFT) and an iterative method for processing a single A-line spectrum mirror 

data to extract the system's dispersion. 

 

Theory 

Dispersion in SD-OCT: 

The interference fringes, after background subtraction, are given by Eq. 3.1 [150], 

where k is the angular wavenumber, I(k) is the spectral interferogram, 𝜌 is the responsivity 

of the detector, S(k) is the power spectrum of the light source, 𝑅𝑅 and 𝑅𝑆𝑛 are reflectivities 
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in reference and sample arms, 2∆𝑧𝑛 ∙ 𝑛𝑔  is the optical path difference at sample depth zn 

between the two arms which is scaled by the group refractive index of the material 𝑛𝑔  at 

depth zn, ΔΦ(k) is the wavenumber-dependent dispersion correction term. 

𝐼(𝑘) =
𝜌

2
𝑅𝑒 {𝑆(𝑘) ∑ √𝑅𝑅 𝑅𝑆𝑛𝑒𝑖[2

𝑤

𝑐
∆𝑧𝑛∙𝑛𝑔+∆Φ(𝑘)]𝑁

𝑛=1 }    (3.1)     

The phase function ∆Φ(𝑘)  can be expanded as a Taylor series around the central 

wavenumber 𝑘0: 

∆Φ(𝑘) = ∆Φ(𝑘0) +
𝜕∆Φ(𝑘)
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𝑛!

⋅
𝜕𝑛 ∆Φ(𝑘)

𝜕𝑘𝑛
|

𝑘0

⋅ (𝑘 − 𝑘0)𝑛    (3.2) 

Since 𝑎1 is a positional shift term, typically it is sufficient to compensate the second 

and third-order dispersion compensations with the phase correction term rewritten in Eq. 

3.3 [151], where 𝑎2 and 𝑎3 are the second and third-order dispersion compensation 

coefficients, 𝑘0  is the central angular wavenumber. Once ∆Φ(𝑘)  is obtained, the Fourier 

transform of the dispersive fringe multiplied with 𝑒−𝑖∆Φ(k)  produces a depth profile with 

improved axial resolution. 

ΔΦ(𝑘) = −𝑎2 ⋅ (𝑘 − 𝑘0)2 − 𝑎3 ⋅ (𝑘 − 𝑘0)3    (3.3) 

 

Time-frequency Analysis (TFA): 

Time-frequency analyses (TFAs) are a group of techniques that represent both the 

time and frequency domains simultaneously, which is particularly useful for detecting non-

stationary signals [152]. The most common form is the STFT.  Briefly, STFT performs a size-
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fixed, localized segmental windowed Fourier transform, repeatedly sliding through a signal 

over time, after which it takes the summation of the series of windowed Fourier transforms. 

In practice, STFT of a resampled spectral interferogram produces a two-dimensional graphic 

representation of the energy distribution in the wavenumber and depth directions . While it 

is simple, window size selection and overlap of windows are of extreme importance when 

STFT is applied to the spectral interferogram because there is a trade-off between spatial 

and spectral resolutions in those two directions. A narrower spectral window size results in 

good spectral resolution but poor spatial resolution, while a longer spectral window size will 

improve the spatial resolution in z with poor spectral resolution. Since we aimed to favor a 

better spatial resolution to ensure the accuracy in peak position determination in z-space, 

we chose a large spectral window length with 1024-pixel points. Details of evaluation in 

window size and overlaps chosen will be discussed later. Figure 3.1 illustrates how STFT 

works and can be potentially used for targeting the dispersion mismatch using a mirror 

measurement. The dispersion is exhibited by the sub-bandwidth reconstructed PSFs’ shift 

and broadening, although the main cause of the latter comes from the reduced spectral 

bandwidth by windowing. 
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Figure 3.1: Illustration of how STFT works on a typical resampled spectral interferogram of a mirror 
positioned at the sample arm. For illustration, (A) a complete fringe was partially captured into 5 overlapping 
segments by a sliding window centered at k(i), where i=1, 2,…,5. (B) Each segmented fringe was then processed 
via conventional reconstructions into depth profiles, highlighted with different colors corresponding to the 
window color in (A). With unmatched dispersion in the system, the windowed bandwidth reconstructed PSFs  
are shifted and broadened accordingly. (C) The central depths of these sub-bandwidth reconstructed PSFs  
against different central k values of windows are plotted and linearly fitted, which show a direct display of the 
dispersion. (D) To correct the dispersion mismatch, a method is needed to align all of these shifted peaks to the 
correct depth position as well as to sharpen the PSFs, as will be described in detail below. 

 

Automatic Dispersion Compensation Algorithm Using TFA: 

To start the dispersion compensation term calculation, a resampled spectral 

interferogram, which has an equal-spacing distribution of the wavenumbers among P=2048 

pixels, is input into an iterative loop that optimizes a user-defined objective function 𝑉𝑎𝑟(𝑎2) 

as defined in Eq. 3.4. First, STFT was performed on the spectral interferogram under 

optimization, which resulted in a 2-D depth-wavenumber plot. The detailed MATLAB 
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document for STFT usage can be found at 

https://www.mathworks.com/help/signal/ref/stft.html. The ridge was then calculated by 

finding the maximum depth value at each wavenumber being evaluated. The total number of 

wavenumbers being evaluated (or the total number of local sliding windows) 𝐾𝑒𝑣𝑎𝑙  in an 

STFT process is determined by Eq. 3.5, where M is the length of the sliding window and L is 

the overlap length between any two consecutive sliding windows, and the ⌊ ⌋ symbols denote 

the floor function. According to Eq. 3.5, 𝐾𝑒𝑣𝑎𝑙  is proportional to the overlap length L but 

inversely proportional to the sliding window size M. Therefore, one can have more 

wavenumbers being evaluated by having much denser sliding windows or narrower 

windows, by consuming more computing time. On the other hand, narrow windows have 

broadened PSFs, which could lead to difficulty in ridge detections. The selection of window 

size and overlaps has an impact on the algorithm's output, and details will be discussed in 

Results - Selecting The Overlap Length And Window Size for STFT Processing.  The k-

dependent ridge variance, caused by dispersion, was then minimized at the dispersion 

compensation coefficients 𝑎2, where 𝑧𝑎2

𝑖  is the calculated depth at ith wavenumber, and 𝑧̅𝑎2
 

is the average of depths across 𝐾𝑒𝑣𝑎𝑙  equally spaced wavenumbers.  

𝑉𝑎𝑟(𝑎2) =
∑ (𝑧𝑎2

𝑖 −𝑧 𝑎2
)2𝐾𝑒𝑣𝑎𝑙 −1

𝑖

𝐾𝑒𝑣𝑎𝑙 −1
    (3.4) 

𝐾𝑒𝑣𝑎𝑙 = ⌊
𝑃−𝐿

𝑀−𝐿
⌋    (3.5) 

https://www.mathworks.com/help/signal/ref/stft.html
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Figure 3.2: Flowchart of our proposed SD-OCT dispersion compensation algorithm. The objective function 
Var(a2) denotes ridge variance, where a2  is a variable of second-order dispersion compensation coefficient 
under optimization. STFT: short-time Fourier transform; OPT: optimized. 
 

The automated system outputs the optimized dispersion compensation coefficients 

𝑎2
𝑂𝑃𝑇 and dispersion compensation term ∆Φ𝑂𝑃𝑇(𝑘), as illustrated in Fig. 3.2.  ∆Φ𝑂𝑃𝑇(𝑘) is a P-

pixel vector stored in local and is used for future dispersion compensation during routine 

OCT image reconstruction. Like the method described in Ref. [151], this procedure can be 

done for any higher-order dispersion compensations. However, since our system manifests 

unnoticeable third or higher-order dispersions, we calibrated the dispersion mismatch only 



 

47 
 

at the second order. Note that to obtain the desired dispersion compensation vector using 

this algorithm, only one A-line resampled spectral interferogram is needed. 

 

Materials and Methods 

OCT System: 

A schematic diagram of the custom-built SD-OCT imaging system is shown in Fig. 3.3. 

The broadband laser light source (SuperLum Ltd., Ireland) has a bandwidth of Δλ = 165 𝑛𝑚 

at 3 dB spectrum width centered at 850 nm.  The source light passing into a single -mode 

50:50 fiber coupler (TW850R5A2; Thorlabs, Newton, NJ) is equally separated into two parts, 

directed to the reference arm and sample arm, respectively. A pair of galvanometric scanning 

mirrors (Cambridge Technology Inc., Bedford, MA) was implemented which enables 

simultaneously horizontal (X-axis) and vertical (Y-axis) scanning of the iridocorneal angle of 

the eye. To match the optical path lengths in the two arms, a motor-controlled mirror was 

used in the reference arm. A dispersion compensator (LSM54DC1; Thorlabs, Newton, NJ) 

was used in the reference arm to compensate for the objective lens which has an effective 

focal length of 54 mm (LSM54-850; Thorlabs, Newton, NJ). The two lights interfere with each 

other at the coupler and are then detected by a spectrometer (Cobra-S 800, Wasatch 

Photonics, NC), which comprises a diffraction grating and a high-speed 12-bit 

complementary metal-oxide-semiconductor (CMOS) line-scan camera. 
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Figure 3.3: Schematic diagram of the SD-OCT system. An optical path length mismatch is corrected by using a 
movable mirror motor-controlled in the reference arm. The mirror or anterior segment of the cadaver eye 
placed on an eye holder is in the sample arm, as shown in the close-up for the cadaver eye setup. SLD: 
superluminescent diode; S: spectrometer; FC: fiber coupler; PC: polarization controller; C: collimator; DC: 
dispersion compensator; MCM: motor-controlled mirror; M: mirror; YGM: Y-axis galvanometer mirror; XGM: 
X-axis galvanometer mirror; OL: objective lens. 
 

The line-scan camera has P=2048 pixels and runs at a 20 kHz rate. Processed images 

contain 1024 × 1000 pixels per frame, and display images at a rate of 10 frames per second. 

The measured average axial resolution across 2-mm depths and theoretical lateral 

resolution are 2.7 𝜇𝑚  and 8.2 𝜇𝑚  in air, respectively. The OCT imaging system has a 

sensitivity of ~110 dB and is capable of imaging the eye to a depth of approximately 1.5 𝑚𝑚 

with ~4.0 𝑚𝑊 incident light power on the sample. 
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Sample Preparation: 

The human cadaver eyes for OCT imaging were obtained from San Diego  Eye Bank 

within 24-hour postmortem. The study was in compliance with the Declaration of Helsinki. 

Since we also use these eyes for experiments of femtosecond laser trabeculotomy where the 

laser is targeted on the TM region, unrelated structures are removed (living eyes do not 

encounter this issue because eyes are vibrant and clear) [65, 66]. Specifically, the eyes were 

carefully dissected to keep the TM intact, while removing other components, such as the 

posterior segment, iris, lens, ciliary body, and uveal tissues. The prepared eyes were then 

stored in the Optisol corneal storage medium (Bausch and Lomb, Rochester NY) and 

refrigerated at 4 ℃. Before imaging, the enucleated eye was mounted on a customized eye 

holder as illustrated in Fig. 3.3, perfused with Dulbecco's modified Eagle's medium (DMEM) 

containing 5 µg/mL amphotericin, and 100 µg/mL streptomycin (MilliporeSigma, MO), and 

placed in an incubator (Sheldon Manufacturing, Inc., Cornelius OR) at 37 ℃, 5% CO2, and 

90% humidity for 30 min. The eye was then placed on a movable mechanical stage with 5 

degrees of freedom, i.e., X, Y, Z translations, rotation, and tilting under the OCT imaging 

system. The OCT beam was focused on the limbus to image the iridocorneal angle. The cornea 

surface was kept moist to prevent dehydration during imaging. Note that cadaver tissue 

swelling will make the relationship between ex vivo and in vivo dimensions uncertain. 

 

Methods: 

To test the feasibility of the proposed dispersion compensation algorithm, a 19.6 mm, 

N-BAK1 glass manufactured block (LSM04DC; Thorlabs, Newton, NJ) was deliberately added 
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into the OCT beam, which introduces dispersion mismatch between the two arms. A mirror 

was placed at the focus on the sample arm while the delay line was adjusted in the reference 

arm such that the PSF was located at 200 𝜇𝑚 from zero-delay. Ten spectral interferograms 

were taken at this location and put into the algorithm independently to obtain the dispersion 

compensation vectors. We tested the effectiveness and robustness of the algorithm by 

shifting PSFs at different locations as well as applying the dispersion compensation term to 

human cadaver eye data. In addition, to verify of the algorithm works with more dispersion, 

we added two same glass blocks as did previously described, with the PSF located at 800 𝜇𝑚 

from zero-delay. 

In performing STFT, a 1024-pixel-sized Hann window with 99% overlapping was 

applied to the 2048-pixel sized spectral interferogram totaling 94 sliding spectral windows 

in this work. The Simplex search method (“fminsearch” function with default stopping 

criteria in MATLAB R2021b, MathWorks, Inc., Natick, Massachusetts) was used to minimize 

the ridge variance. Our dispersion compensation algorithm as detailed in Theory - Automatic 

Dispersion Compensation Algorithm Using TFA takes only around 0.5 seconds in a MacBook 

Air 13-inch, 2017 (1.8 GHz Dual-Core Intel Core i5, 8 GB 1600 MHz DDR3). 

 

Results 

Selecting The Overlap Length and Window Size for STFT Processing: 

Figure 3.4A and B show the effects of overlap ratio, which is defined by the ratio of 

overlap length to the window size, on the dispersion compensated axial resolution and the 

averaged compute time at an array of window sizes. Figure 3.4C demonstrates that a strong 



 

51 
 

linear relationship exists between the averaged compute time and the total number of 

windows. To evaluate the influence of window size on the dispersion compensated axial 

resolution and compute time, we first fix the overlap ratio to 0.9, and the results a re 

displayed in Fig. 3.4D. More details can be found in Appendix 3.1 Table S3.1.1. 

 
Figure 3.4: Parameter study using STFT. (A) Axial resolution and (B) averaged compute time ∆𝑡  in milliseconds 
to generate a dispersion compensation vector against a range of the overlap ratios, i.e., 0, 0.1, 0.2, 0.3, 0.4, 0.5, 
0.6, 0.7, 0.8, 0.9, and 0.99. Note that data are not available at some overlap ratios for window size M=1024 (in 
red). (C) A coefficient of determination of 0.99888 indicates that there is a strong correlation between the total  
number of windows Keval and ∆𝑡 . (D) Obtained axial resolution (y-axis left) and ∆𝑡  (y-axis right) versus a series 
of window sizes. 

 

In Fig. 3.5, we show a few examples to represent the impact of the window size on the 

spectral and spatial distribution, a pair of competing factors in an STFT. The k-axis is the 

wavenumbers being evaluated, which consist of a series of the central k values of each sliding 
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window. For different combinations of window size and overlaps, the total number of the 

sliding windows and the interval in k will change, resulting in a difference on the k-axis. For 

example, a large window has a larger starting k value on the k-axis than a smaller window 

does, and a larger overlap has a finer k increment on the k-axis. Even so, either a large or 

small window will cover the spectrum from one end but might miss some information from 

the other end of the spectrum. As expected, significant loss of spectrum will only occur if 

large window sizes are used with small overlaps. 

 
Figure 3. 5: Spectral and spatial distribution using STFT with various window sizes (A) M=1024, (B) M= 256,  
(C) M=64, and (D) M=16. Overlap ratios=0.9. Red is the detected ridge of the distribution. Failure of edge 
detection in D. 
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Dispersion Compensation Using Mirror Data: 

We plotted the energy maps before and after dispersion compensation in Fig. 3.6A 

and B for comparison. Using the proposed method discussed in Theory - Automatic 

Dispersion Compensation Algorithm Using TFA, we obtained the dispersion compensation 

term in Fig. 3.6C. It showed a quadratic curve with a larger amount in the lower and higher 

frequency bands relative to the central working frequency, because we consider only a2 

optimization in our study. Higher-order dispersion can also be performed if the dispersion 

is considerable. To avoid false ridge detections from the strong direct current component, 

spectral interferograms of the mirror at the focus of the sample arm were  collected while 

shifting the PSF at 200 𝜇𝑚. Fig. 3.6D shows the PSFs comparison before and after dispersion 

compensation. 
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Figure 3.6: Spectral and spatial distributions (A) before and (B) after dispersion compensations. The red lines 
centered on the energy distributions indicate the detected ridges. (C) is the extracted dispersion using the 
proposed method, and (D) shows PSFs before and after dispersion compensations.  
 

To test the robustness of the proposed method, we repeated 10 independent spectral 

interferograms on the algorithm as summarized in Table 3.1. The measured and theoretical 

a2 values of the glass dispersion block were derived in Appendix 3.2. 

Table 3.1. Statistics of the extracted a2 values from 10 mirror fringes with induced dispersion block(s) 

Num. disp. 
block 

Extracted a2 values  

(× 𝟏𝟎−𝟏𝟏𝒎𝟐) 

Mean  

(× 𝟏𝟎−𝟏𝟏𝒎𝟐) 

Standard 
deviation 

Coefficient 
of variation 

1 -4.098, -4.098, -4.098, -4.098, -4.098,  
-4.144, -4.133, -4.121, -4.133, -4.098 

-4.118 0.0187 -0.0046 

2 -8.568, -8.522, -8.522, -8.522, -8.522, 
-8.522, -8.475, -8.475, -8.475, -8.475 

-8.5078 0.0315 -0.0037 
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Figure 3.7: Sensitivity roll-off performance of the calibrated SD-OCT system by the proposed method, in which 
the reflectivity in dB is calculated by taking the 20·log of the amplitude of Fourier transform of the spectral  
interferograms. 

The dispersion compensation vector was found to be depth-independent and, once 

obtained, can compensate for any other depths’ measurements. Figure 3.7 summarizes the 

sensitivity roll-off performance of the imaging system over a range of 2 mm in air, 

corresponding to 1.5 mm in eye tissues. 

 

Comparison to Polynomial Fitting Method Using Hilbert Transform: 

The polynomial fitting method is done by performing a Fourier transform of the 

spectral interferogram, symmetrically gating the signal, inverse Fourier transformation, 
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Hilbert transformation to obtain the phase angle, unwrapping the phase, and finally fitting 

an n-order polynomial to smooth the curve [153]. Figure 3.8A and B show the corrected PSFs 

using the polynomial fitting method at a range of fitting orders and using our proposed 

method in two different amounts of dispersion introduced into the OCT system. When one 

dispersion glass block was introduced, the axial resolution using the polynomial fitting 

method can achieve as sharp as 2.4 𝜇𝑚. However, the resolution was raised to 3.0 𝜇𝑚 or 

larger when 2 dispersion glass blocks were added. Larger sidelobes were observed using the 

polynomial fitting method when more dispersion existed. The proposed method achieved 

approximately 2.6-2.7 𝜇𝑚 in both cases. The extracted dispersion curves between different 

methods are compared in one dispersion block (Fig. 3.8C) and two dispersion blocks (Fig. 

3.8D). Our quadratic, convex dispersion compensation can “linearize” the raw, concave 

unwrapped phases. The dispersion curves extracted by the polynomial fitting method are 

also convex, thus capable of correcting some dispersion. In addition, the extracted 

dispersions using the polynomial fitting method are contingent on the fitting orders, 

especially when a large amount of dispersion is induced. 



 

57 
 

 
Figure 3.8: PSF comparisons between the proposed method and the polynomial fitting method with various 
fitting orders in an SD-OCT by introducing (A) one dispersion glass block, and (B) two dispersion glass blocks. 
Note that the “proposed” PSF is superimposed on each of the “polyfit” PSFs. All of them should be located at the 
same depth, but they are intentionally shifted to avoid crowd. (C, D) Measured dispersion curves of both 
techniques (solid orange: polynomial fitting methods; dash orange: proposed method) with the raw 
unwrapped phase (blue, left y-axis) from the Hilbert transform are plotted for the two cases of dispersion,  
respectively.  
 

Imaging for Iridocorneal Angle in Human Cadaver Eyes: 

The current gold standard for angle imaging associated with glaucoma is gonioscopy  

[154], which can view the TM surface through the cornea but it’s extremely subjective and 

operator-dependent. For the potential glaucoma treatment application, we implemented the 

OCT imaging system specifically for the iridocorneal angle in human eyes. A 2mm×1.5mm 

area in human cadaver eyes was shown in Fig. 3.9. To remove the speckle noise, 10 
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sequential images at the same location were taken to obtain an averaged image. The 

dispersion compensated images were sharper and showed more clearly the anatomical 

details in the iridocorneal angle. For instance, SC, CCs, and adjacent vessels were clearly  

visualized on the dispersion compensated images while barely visible on uncorrected 

images. Note that the polynomial fitting method also represents quite similar results to our 

proposed method therefore not repeated here. 

 

Figure 3.9: Typical averaged (A, B) horizontal and (C, D) vertical scanning OCT images of the iridocorneal angle 
of human cadaver eyes with a field of view 2𝑚𝑚 × 1.5𝑚𝑚 , compared between (A, C) without and (B, D) with 
the proposed dispersion compensation algorithm. The beam probe was arranged approximately perpendicul ar 
to the limbus to ensure the best visibility of TM, SC, and surrounding microstructures. SC, CCs, and adjacent 
vessels were found on the dispersion compensated images while some of them were not visible or blurred on 
the uncorrected images. Scale bar is 200 𝜇𝑚 . AC: anterior chamber; TM: trabecular meshwork; SC: Schlemm’s 
canal; CC: collector channel. 
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Discussion 

Optical dispersion remains an unneglectable issue in the development of an OCT 

system, especially when using light sources with broad bandwidth, such as the 165 nm 

spectral bandwidth used in our study. In addition, the dispersion is difficult to detect in the 

spectral interferogram domain. To address these challenges, we developed a new TFA 

automated iterative framework that extracted the dispersion compensation by optimizing 

the energy distribution of a dispersive spectrum from a reflection of a mirror. The mirror 

data showed that dispersion induced discontinuity or disturbances and k-dependent 

fluctuation of ridges in the spatial-spectral domain. This variance was minimized via an 

iterative procedure together with STFT. An intuitive observation is that, if we align the 

central depths of PSFs to eliminate the k-dependence in the spatial-spectral domain, the 

FWHM of the resultant 1-D PSF can be greatly reduced after ridge variance minimization 

(Fig. 3.1, Fig. 3.6A and B). 

Selecting appropriate parameters (overlaps and window size) in an STFT affects the 

results of dispersion compensation on both achieved axial resolution and compute time. 

Although the overlap ratio has little effect on the axial resolution, it does matter when a large 

window is used. This is because, for example, if an M=1024 window was used, some overlap 

was needed to ensure a sufficient number of windows Keval was used. Otherwise, it will lead 

to the failure of dispersion extraction, such as in the cases o f overlap ratios ≤ 0.6 (Fig. 3.4A 

and B, Appendix 3.1 Table S3.3.1). Non-overlap can be considered if median or smaller sizes 

of windows (M=512, 256, 128, 64, 32) are used, considering less compute time is required 

(Fig. 3.4B, Appendix 3.1 Table S3.3.1). In addition, window size selection is closely related to 
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the axial resolution and compute time. The window size does not influence the axial 

resolution for most window sizes; but to some degree when the windows are too small 

(M=16 and 8), the axial resolution dramatically worsens (Fig. 3.4D). This is possibly due to 

the use of extremely narrow windows, which means higher spectral resolution in the k-axis, 

causing the spatial resolution to greatly degrade, leading to the failure of ridge detection (Fig. 

3.5D). A smaller window also has a problem with a longer compute time (Fig. 3.4B, Appendix 

3.1 Table S3.1.1). To summarize, when using an STFT for dispersion compensation in our 

algorithm, one could either select a larger window size (M=1024) with some overlaps (0.7 

or higher in our case), or select a median or median small size window (M=512, 256, 128, 

64, 32) with no or small overlaps. The shaded area in Fig. 3.4B incorporates a broad range of 

optional choices if 1 second of averaged compute time is considered to be acceptable.  

Previous studies have attempted to use STFT and/or iterative optimization methods 

for correcting the dispersion mismatch between the two arms  [155, 156]. By simply scanning 

a mirror at the sample arm in this work, we presented an alternative method to compensate 

for the dispersion in an SD-OCT. Unlike using cross-correlation to find the peak shifts [155], 

we used a simple maximum search method to detect the locations of ridges, followed by an 

iterative optimization procedure for ridge variation minimization. In addition, Ni et al.’s 

work [156] focused on the optimization of the sample centroid image’s information entropy, 

as a further refinement of the technique demonstrated by Wojtkowski et al. [151] and 

Yasuno et al. [157] towards optimizing an image’s contrast and entropy, respectively. A 

simple and widely used polynomial fitting method proposed by Cense et al. used Hilbert 

transform to extract the phase function ∆Φ. This method worked pretty well when small 

dispersion was introduced in our experiment (Fig. 3.8A). However, axial resolution degraded 
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as the dispersion mismatch grew (Fig. 3.8B). Our method showed consistent corrected PSFs 

in either situation (Fig. 3.8A and B, Table 3.1).   

In addition, our algorithm is simple, automatic, and robust for repeated 

measurements. The dispersion compensation terms obtained from the 10 spectral 

interferograms of a mirror positioned in the sample arm have only a -0.46% (-0.37%) 

coefficient of variation (Table 1.1). Another advantage of our algorithm is that it provides a 

broad range of parameter selection for an STFT, as discussed before. Lastly, it is convenient 

to use STFT to directly and dynamically visualize how the spectral non-linearity and 

dispersion mismatch represents at each step through the entire OCT processing (Fig. S3.3.1 

in Appendix 3.3). 

The resolution and imaging capability of the angle details were improved with the 

proposed method using the STFT iterative technique. The dispersion compensation 

algorithm enabled high-fidelity visualization of CCs adjacent to the SC, which was lost on the 

uncompensated images. The imaging capability of these micro-structures is comparable to 

Kagemann et al.’s work [158]. Furthermore, our horizontal and vertical imaging can assist to 

access angle details more efficiently, which is crucial before and during glaucoma surgeries. 

For instance, in Fig. 3.9B, the horizontal scanning allows ophthalmologists to have a different 

view of the continuous structures i.e., TM/SC/CCs connected with each other rather than 

only the cross-sectional images in the vertical scanning in Fig. 3.9D. This will be beneficial 

for the treatment planning of the surgical volumes in our ongoing laser studies in human 

cadaver eyes [65, 66] because laser drilling through TM that is close to the opened SC/CCs 

might have a positive effect on intraocular pressure reduction. Given the importance of 

better image visualization and characterization of the ocular outflow structures in the 
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iridocorneal angle for glaucoma surgery, future studies include further image quality 

improvement of the TM/SC/CC areas, as well as studies of OCT image-guided femtosecond 

laser trabeculotomy in cadaver eyes for the treatment of glaucoma [65, 66]. 
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Chapter 4: Iridocorneal Angle OCT Imaging 

 

Introduction  

In the last chapter, we improved the axial resolution of OCT imaging through 

dispersion compensation, utilizing an STFT and iterative method. Now, our focus is on fully 

imaging and characterizing the details of the iridocorneal angle by implementing 'cross line' 

scanning alongside a series of image processing techniques. 'Crossline' scanning enables 

simultaneous azimuthal and circumferential scanning of angle structures, including the 

trabecular meshwork, Schlemm's canal, and collector channels. These structures play crucial 

roles in regulating aqueous outflow in the eyes and are closely associated with glaucoma. 

Our image processing methods, including intensity projection, enface projection, 3D 

reconstruction and orthogonal viewing, segmentation and depth color-encoding, facilitate a 

more accessible way to view the angle details. 

 

Materials and Methods 

System Setup: 

The SD-OCT system was described in our previous publication [1]. Briefly, our 

imaging system is working at 850 nm center wavelength with 165 nm bandwidth, which is 

combined by three superluminescent diodes (SLDs) (Fig. 4.1A). A pair of galvanometric 

scanning mirrors (Cambridge Technology Inc., Bedford, MA) was implemented which 

enables simultaneous radial and circumferential scanning of the iridocorneal angle of the eye 
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(Fig. 4.1B-E). An objective lens that has an effective focal length of 54 mm (LSM54-850; 

Thorlabs, Newton, NJ) was used to focus the OCT beam onto the limbus region. Spectral 

interferograms are detected by a spectrometer (Cobra-S 800, Wasatch Photonics, NC), which 

are then Fourier transformed into B-scan images. 

 
Figure 4.1: SD-OCT imaging and experimental setup. To obtain a higher axial resolution,  (A) three SLDs were 
combined by two beam splitters, BS1 and BS2, to have a broader optical source spectrum. Assuming that the 
three SLDs each have 100 arbitrary units of spectral powers, after BS1 and BS2 with the respective 
transmission-to-reflection ratios of 50:50 and 70:30, the optical source output is generated by the combined 
spectrum which is consisted of 3 comparable spectra from each SLD. (B) The human cadaver eye is positioned 
on a translational stage (not shown) and is tilted at an off-eye axis angle for best imaging of the iridocorneal  
angle features. (C) The timing diagram of the crossline scanning for one period of radial and circumferential  
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scans. Strictly speaking, the ‘simultaneous’ radial and circumferential scans are in fact working alternately. The 
galvonometer voltage controlling the circumferential scan flattens at zero when it scans radially, vice versa. (D) 
shows the corresponding 2D trajectory of the OCT beam at different time points in (C). Note our crossline 
(radial and circumferential) scanning is part of the bowtie-shaped track, where the two hypotenuses’ paths are 
used to shift between the two scans. In the projection view along the eye axis, a continuous 2.5 mm translation 
of the eye in shown B (normal to the paper towards readers) resulted in (E) a 1.0 × 2.5 𝑚𝑚2  radial scan and a 

3.5-mm circumferential scan. The latter corresponds to a counter-clockwise, approximately 𝜃 = 2 ∙ tan−1(
𝑑

𝐷
) =

330  of the full circumference of the angle structures, where D is the diameter of the ring-shaped SC estimated 
from reported averaged measurements of the spur-to-spur distance [159]. SLD: superluminescent diode; BS: 
beam splitter; rad: radial; cir: circumferential; SC: Schlemm’s canal.  

The line-scan camera has 2048 pixels and runs at a 20 kHz rate. Processed images 

contain 798×500 pixels per frame. The measured average axial resolution across 2 -mm 

depths and theoretical lateral resolution are 2.7 𝜇𝑚 and 8.2 𝜇𝑚 in air, respectively. The 

physical lateral spacing is 2 𝜇𝑚. The OCT imaging system has a sensitivity of ∼110 dB and is 

capable of imaging the eye to a depth of approximately 1.5 mm with ∼4.0 mW incident light 

power on the sample. The power level remains below the maximum permissible exposure 

(MPE) limits for the retina, with the thermal MPE and photochemical MPE calculated to be 

5.0 mW and 47.7 mW, respectively, for a scan time of 250 s [160]. Note that the OCT emission 

described in this paper is fully contained within the iridocorneal angle of the eye.  No OCT 

light will be incident on the retina or the posterior segment of the eye. 

 

Sample Preparation: 

The human cadaver eyes for OCT imaging were obtained from San Diego Eye Bank 

within 24-h postmortem. The study was in compliance with the Declaration of Helsinki. The 

eyes were stored in the Optisol corneal storage medium (Bausch and Lomb, Rochester, NY) 

and refrigerated at 4 °C, which kept the cells alive for several days. One eyeball was used in 

this study, and it was at good status without the need for any perfusion requirements. Before 

imaging, the eye was placed in an incubator (Sheldon Manufacturing, Inc., Cornelius, OR) at 
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37 °C, 5% CO2, and 90% humidity for 30 min. The eye was then placed on a customized eye 

holder on a movable mechanical stage with 5 degrees of freedom, i.e., X, Y, Z translations, 

rotation, and tilting under the OCT imaging system. The OCT beam was focused on the limbu s 

to image the iridocorneal angle as illustrated in Fig. 4.1B. The cornea surface was kept moist 

to prevent dehydration during imaging. Note that the iris color is not known in this study, 

and the color shown in the figure is based on depth-encoding. 

 

Data Acquisition and Image Preprocessing: 

Mirror data were collected for systematic dispersion compensation as described 

previously using time-frequency analysis and iterative optimization [1]. Before scanning the 

cadaver eye, background data were obtained by blocking the sample arm. We then decided 

on the scan region by finely tuning the translation stage’ vernier micrometers in both radial 

and circumferential directions to localize the TM/SC/CC region on both radial and 

circumferential images. In our experimental setup, we deliberately positioned the DC 

component, which represents the lower frequencies of the image, at the bottom of the image 

frames [161]. This arrangement was intended to optimize the visualization of angle details 

by enhancing their intensity. Three-dimensional tissue data were acquired at 10 𝜇𝑚 

intervals along a 2.5-mm distance circumferentially, which corresponded to a stack of radial 

images. A collection of circumferential data was generated simultaneously during this 

process. 

These raw spectra data were read and processed in the MATLAB environment 

(MATLAB R2021b, MathWorks, Inc., Natick, MA) to generate B-can images. Specifically, the 
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tissue spectra were first subtracted from the background, then uniformized by dividing by 

the normalized background which is within the 0 to 1 range. A Hann window was applied 

before Fourier transformation was done to generate the images.  To avoid unresolved details 

approaching the Nyquist limit area, an up-sampling technique was used via 2 ×  zero-

padding in the image space. Inverse Fourier transform of the padded images thus resulted in 

2 × denser spectra, which were then k-linearized before dispersion compensation. Lastly, 

Fourier transform and logarithm operation was implemented to generate a gray -scale 

intensity B-scan image.   

We assumed the average tissue refractive index as 1.336 of air, cornea, sclera, and 

aqueous humor for air-to-tissue scaling along the depth direction. Each B-scan image was 

then converted to isometric pixels using the ‘imresize’ function in MATLAB so that 2 𝜇𝑚 per 

pixel was achieved. A 3 × 3 median filter was applied, and the image was scaled to [0,1] 

before segmentation was done. 

 

Segmentation: 

Segmentations of the anterior surface were performed slice-by-slice for the serial 

radial images by a graph-based algorithm and iterative method. Since the interval between 

B-scan images were only 10 𝜇𝑚  separate in y-axis, we assumed that the segmented 

boundaries in adjacent images were within a small range, for example 20 𝜇𝑚 . Initial 

segmentation was obtained by hand on the first image, image was flattened along this 

boundary and the search region was determined to be above and below 20 𝜇𝑚  of the 

boundary. Gradient was calculated before applying the graph search algorithm to the current 
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B-scan image. The segmented result was then fitted with a 9th ordering polynomial curve as 

the current segmentation result. The current segmented result was also used to determine 

the search region for the next B-scan image, and this process was repeated in a loop, as 

illustrated in Fig. 4.2A-C. The proposed semi-automatic iterative method allows for fast 

segmentation, which requires only initial manual segmentation on the first B -scan and it is 

completely automatic for the remaining images. 

 
Figure 4.2: Segmentation framework. (A) Anterior surface image segmentation is initiated by manually  
segmenting the first image and iterating in a loop for the following B-scans in serial. The bottom block segi 
indicates the current image segmentation result and is used to determine the search region for the next B-
scan’s image segmentation. (B) An example shows a typical image i with its segmented boundary segi, and (C) 
image i+1 with previous segmented result segi overlayed, which is used as an estimate to determine the search 
region by shifting ±20 𝜇𝑚  of segi for segmenting image i+1.  For clarity segmentation result segi+1 was not 
shown on (C) because it was close to segi. 

 

Image depth encoding: 

 The color visualization was modeled in a Hue-Saturation-Value (HSV) color space. 

Specifically, the depth starting from the segmented layer was coded into the Hue channel, 

image intensity into the Value channel, and a constant, i.e., 1 into the Saturation channel. Note 
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S, V values were normalized to the range in [0,1]; the H value was tailored from 0 to 2/3 so 

that a rainbow effect was achieved (changing from red, yellow, green, to blue). The HSV was 

then converted to RGB space for visualization and final image generatio n. Note the rainbow 

effect representation is available in FluoRender software (Scientific Computing and Imaging 

Institute, Salt Lake City, UT, USA), but it is incapable of encoding the depth starting from 

specific locations such as the segmented layer in our case. 

 

Image 3D reconstruction: 

 Three-dimensional reconstruction was obtained by stacking the color images in 

ImageJ and loading them into FluoRender software for 3D visualization and slice -by-slice 

viewing. 

 

Results 

Segmentation and depth encoding: 

 Segmentation was performed on each B-scan image’s anterior surface of the eye 

before further processing. Figures 4.3A and B are typical OCT images before and after 

segmentation. The background region above the surface was masked out as shown in Figure 

4.3C. Figure 4.3D illustrates the rainbow effect of a depth color-coded image, in which 

starting from the segmented layer to the deeper tissue depths are displayed as a gradation 

of color from red, yellow, green, to blue. For example, the red color indicates that the tissue 

is shallow, and yellow indicates that the tissue is at a deeper location from the tissue’s 
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anterior surface. The TM/SC/CC region is mainly within the green layer, and the iris is in the 

blue layer. 

 

Figure 4.3: High-resolution iridocorneal angle OCT imaging, segmentation, and depth-encoding. (A) The 
example is a radial image, where the low-intensity prolate ellipse corresponds to the cross-section of a ring-
shaped SC, which locates right above the TM. (B) The anterior surface was segmented and delineated in blue 
using a custom semi-automated algorithm. (C) The region outside of the surface boundary is blackened as 
zeros. (D) A depth-encoded image shows the rainbow effect starting from the segmented boundary into deeper 
tissues. TM: trabecular meshwork; SC: Schlemm’s canal; AC: anterior chamber.  

 

Three-dimensional reconstruction and orthogonal viewing: 

 The imaging capability of the proposed SD-OCT system for the iridocorneal angle in 

the limbus region was tested in a human cadaver eye study, as shown in Figs . 4.4 and 4.5. 

Figure 4.4 represents a 3D reconstruction of a stack of radial images, with the anterior 

surfaces segmented. An unintentionally damaged tissue was also found on the surface (Fig . 

4.4), causing the shadow underneath along the depth direction (Fig. 4.5A). To reveal details 

in the TM/SC/CC region, orthogonal images can be obtained from the image volume by y-

slicing (Fig. 4.5A), x-slicing (Fig. 4.5B), and z-slicing (Fig. 4.5C). Importantly, careful tracing 

of the continuous slices allows for revealing the details of the TM/SC structural changes and 

morphology of nearby CCs stemming from the SC going circumferentially along with the SC.  
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Figure 4.4: A 1.0 × 2.5 𝑚𝑚2 area at the iridocorneal angle of a human cadaver eye was scanned, resulting in a 
1.0 × 2.5 × 1.6 𝑚𝑚3  three-dimensional OCT cube. Included also the x, y, and z directions are defined and the 
origin is the vertex of the image cube on the top left (not shown). The colormap is coded along the imaging 
depth direction from the segmented layer on the surface. Same eye used in Fig. 4.3. 
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Figure 4.5: Orthogonal viewing by x-, y-, and z-slicing. (A) An xz-plane image reveals the SC’s cross-sectional  
area change and branching of CC stemming from the SC, as compared to Fig. 2.3D. Note shadow effect is evident 
which is cast by the damaged tissue on the tissue surface. (B) An x-slicing results in an yz-plane image, where 
the SC is clearly visualized as a low-intensity band right above the TM. Note CC is running approximatel y  
parallel above the SC. (C) A z-slicing through the center of SC from the top view allows for visualization of the 
juxtacanalicular tissue and inner wall of SC, which are considered the main source of resistance of the human 
ocular outflow. Also straightforward is that the TM is located at a relatively deeper depth than the nearby sclera. 
TM: trabecular meshwork; SC: Schlemm’s canal; CC: collector channel; AC: anterior chamber. More details such 
as the cross-sectional area changes of SC, distribution and branching of CCs, the morphology of TM/SC/CC 
region, and nearby vessels can be seen in video1_radialStack, and video2_3DSlice. Same eye used in Fig. 4.3. 

 

Intensity projections: 

 A series of projections using ImageJ software (National Institutes of Health, Bethesda, 

Maryland, USA) were performed to obtain more supplementary information. Figure 4.6 A-F 

shows maximum intensity projection, minimum intensity projection, average intensity 

projection, median intensity projection, sum intensity projection, and standard deviation 
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intensity projection, respectively, along the y-axis. The shadowing regions and the TM have 

much lower values on the minimum intensity projection, and the anterior and posterior 

surfaces of the corneoscleral tissue, and the surrounding regions of the SC sh ow large 

variances on the standard deviation intensity projection.  

 
Figure 4.6: Intensity projections. (A) Maximum intensity projection, (B) minimum intensity projection, (C) 

average intensity projection, (D) median intensity projection, (E) sum intensity projection, and (F) standard 

deviation intensity projection along the y-axis of a 2.5-mm segment of radial scanning at the iridocorneal angle 

of a human cadaver eye, showing the TM/SC region and the damaged tissue on the surface. Same eye used in 

Fig. 4.3. 
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Enface imaging:  

After segmenting the anterior surface for the entire scan volume, images were 

flattened from the segmented boundaries so that the surface was in the first rows in the new 

image cube. Figure 4.7A shows one representative flattened image. By minimum enface 

projection along a depth range within the flattened imaging cube (Fig. 4.7B), an enface image 

was obtained, where the SC region was clearly visualized as a dark trough in Fig. 4.7C. 

 
Figure 4.7: Enface Imaging.  The image flattening technique is applied to each B-scan image along the anterior 

boundary for the entire scan volume, (A) shows only one representative flattened image of the whole flattened 

volume. (B) The thickness of the cropped flattened image cube is confined by the red lines (rows 286 and 320 

in the flattened volume). (C) An SC region is shown on the minimum enface projection, which is performed 

along the depth direction on the image cube in B. The patent lumen of the SC is due to the relatively low 

backscattering in the fluid within the canal. Note the dark shadow artifact is caused by the damaged tissue on 

the surface. TM: trabecular meshwork; SC: Schlemm’s canal. Same eye used in Fig. 4.3. 

 

Circumferential scanning:  

Besides previous radially scanned images, circumferential images of the TM/SC/CC 

were simultaneously obtained by our custom-design crossline scanning at the limbus region 
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(Fig. 4.9B-E). Figure 4.8A shows a circumferential image, and Fig. 4.8B is a concatenated 

circumferentially scanned image, providing a ‘panoramic’ view of TM/SC/CC region.  

 
Figure 4.8: Circumferential scanning. (A) A typical circumferential image with details of TM/SC/CC shown.  

Some SC/CC narrow or discontinue but can be appearing larger at nearby radial locations (perpendicular to 

the paper direction), and this can be verified by 3D reconstruction of previous radial stacks. (B) A ‘panoramic’  

view of TM/SC/CC regions, which is concatenated by non-overlapping, circumferential scans, demonstrating a 

3.5-mm (i.e., 2.5-mm translation plus 1-mm image width itself) circumferential coverage of the iridocorneal  
angle. Continuous circumferential representation gives ophthalmologists direct access to the pattern change of 

the TM/SC/CC details, which is potentially applicable in preoperative planning for glaucoma surgeries. More 

dense and overlapping scanned images can be found in video3_cir. TM: trabecular meshwork; SC: Schlemm’s  

canal; CC: collector channel. Same eye used in Fig. 4.3. 

 

Discussion 

The vast majority of the ocular angle OCT imaging systems developed so far were 

designed for the whole anterior chamber (AC). These systems have a good characterization 

of the AC but have limited capability in resolving ICA details. An OCT system particula rly for 

TM/SC/CC region is therefore imperative considering those important structures in the 

ocular outflow are associated with glaucoma development. In this study, we demonstrated 

the feasibility of an SD-OCT system custom-built for the ICA imaging. In addition, image 

processing algorithms were implemented to better visualize the angle details.  

We used human cadaver eyes for the current OCT imaging verification, which was 

consistent with our previous glaucoma treatment studies in human donor eyes by the FLT 
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surgical system [65, 66]. Although mice are more readily available, their eye sizes are much 

smaller and the angle structures are different from human eyes [162]. Primates have the SC 

but they are extremely costly and involve more complex experimental protocols. Human 

cadaver eyes provide researchers the best access to studying the ICA details. The donor eyes 

from San Diego Eye Bank were within 24 h of death, allowing for preservation of cellular 

structure. In this study, the tissue structures of the eyes were kept intact, as opposed to our 

previous FLT surgery experiments. For best imaging of the TM/SC/CC details, a tilted angle 

between the OCT beams and the eye axis is required. In a clinical setting this can be 

accomplished by directing patients to focus on an external target on the side so that the OCT 

beams can impinge on the limbus region perpendicularly. 

Since the depth encoding starts from the ocular surface, segmentation is needed 

before further operations. The graph search algorithm was previously reported and it was 

widely used in clinics [163]. Fully automated segmentation is possible, but it is not robust 

for OCT images under different experimental scenarios. For example, the cornea side on the 

top left of the image has relatively low intensity and tends to be segmented erroneously by 

directly applying the graph search algorithm. A simple semi-automated segmentation 

framework can ensure the segmentation works more robustly and accurately within a 

restricted search region. 

Depth color encoding allows for depth differentiation between TM/SC/CC and nearby 

structures. This would be beneficial to eye surgeons, for example, to distinguish the nearby 

structures, especially on the xy-plane images via z-slicing. Indeed, the JCT in a deeper depth 

(Fig. 4.5C, green) can be easily distinguished from the nearby sclera in a shallower depth 

(Fig. 4.5C, yellow). Note that the color gradient used in this work is only depth-encoded and 
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it has nothing to do with segmentation and color assignment for different eye structures. 

While for the structures we are interested in this study, the sclera typically has a shallower 

location from the ocular surface than the deep-seated TM/SC/CC structures. 

Three-dimensional reconstruction of radial image stacks and slice-by-slice 

orthogonal viewing allows for visualizing the TM/SC/CC region in more detail. Our previous 

study has used this imaging system to evaluate femtosecond laser trabeculotomy (FLT) 

channels in human cadaver anterior segments [65, 66]. However, the sample tissues were 

imaged directly on a corneoscleral anterior segment artificially mounted such that the TM 

was directly facing the axis of the OCT beam. In this study, OCT light was irradiating the 

limbus region of an intact human cadaver eye to study the imaging capability of our 

prototype OCT system [1]. In addition, our previous study indicated that the TM geometry 

was not available when doing the FLT surgery so the outer wall of the SC might be 

unintentionally disturbed sometimes. Therefore, this work was to test the feasibility of 

imaging and quantifying the TM/SC/CC region in 3D. We have successfully detected the 

TM/SC/CC structures and distribution, showing a promise for presurgical planning for the 

FLT surgery. By using this imaging system, future work will utilize the 3D OCT to image guide 

the FLT glaucoma surgery and to evaluate the FLT channel creations and treatment efficacy 

in more detail.   

Intensity projections and en face imaging are common techniques used in medical 

imaging which generate useful information.  These views of images might provide 

supplementary information in location estimates of the target regions in an FLT or other 

glaucoma surgeries.  
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In addition, the simultaneously implemented circumferential images allow for 

visualization sweeping over the TM/SC/CC region circumferentially to get a panoramic view. 

Although 3D reconstruction of the radial image stacks can usually provide more detailed 

structures spatially, these serial 2D circumferential images can provide TM and SC, and the 

relative distributions of the CCs from the SC in real-time (video3_cir). This might help 

ophthalmologists get a quick idea of what the TM/SC/CC region looks like before a dense 3D 

volume scan is taken.   

Several limitations should be addressed for cadaver eye or other animals’ ocular OCT 

iridocorneal imaging studies. Our current implementation of a volume scan was collected by 

radial image stacks by manually adjusting the translation for prototype verifica tion. Future 

work can be integrating a fast 3D scan protocol. Second, the circumferential scanning length 

is limited due to the curved ring-shaped structures of the TM/SC circulating the cornea. To 

test the 3D imaging capability, we showed a 2.5-mm scanning length circumferentially. The 

latest published techniques for 360° imaging of the SC employed the combination of multiple 

volumetric scanning [162, 164, 165], which might cause discontinuity between volume 

scans. A larger field of view could be a solution, but the resolution is limited, and the direction 

of OCT beams is not optimal for the angle imaging. A potential solution to obtain the 360° 

angle structures could be the 3D reconstruction of a large number of radial scans in the 

TM/SC/CC regions. This will include further hardware modification for the imaging system 

and interpolation algorithm implementation for the angular spacing between adjacent radial 

B-scans. Lastly, for potential future clinical translation, the eye movement issue during the 

complete 360° ICA acquisition might be solved by the faster scanning technique. 
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In summary, our prototype was demonstrated to be able to visualize the ICA details. 

Both circumferential and radial images can provide researchers with the spatial 

representation of the TM/SC/CCs. A variety of image post processing have been 

implemented for better visualization of the angle details. 
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Chapter 5: Modeling Meibum Secretion: Alternatives for 

Obstructive Meibomian Gland Dysfunction (MGD) 

 

Introduction  

The first part of my dissertation is related to the use of femtosecond lasers for the 

treatment of glaucoma and the development of OCT imaging for FLT surgery. The second 

part of the thesis, covered in the remaining chapters, shifts the focus to the potential 

applications of lasers for treating meibomian gland dysfunction. Before exploring potential 

techniques for addressing this condition, we aim to discover novel alternative mechanisms 

underlying obstructive meibomian gland dysfunction through finite element modeling.  

 

Materials and Methods 

Defining The Geometry of The Meibomian Gland Terminal Duct: 

Meibum outflow through the gland's orifice occurs via a passive secretory mechanism 

driven by mechanical forces exerted by the orbicularis muscles on the central duct of the 

meibomian gland that pushes meibum through the terminal excretory duct and orifice  of the 

gland [166]. The terminal duct was modeled in COMSOL, as a cylinder characterized by a 

radius R and a length L (Fig. 5.1). Based on a recent report by Cui et al. [167], who measured 

the diameter and length of the excretory duct using optical coherence tomography and 

histology, the average maximal inner diameter of the terminal duct measured approximately 

100 μm with a length between 890 and 1370 μm. We therefore selected a radius of R = 50 
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μm and a length of L = 1000 μm as the baseline conditions for modeling the impact of eyelid 

pressure, and meibum quality on the meibum flow rates, as detailed in Section “Pressure, 

Geometry, And Temperature Dependent Studies”. 

 
Figure 5.1: Meibomian gland's terminal duct modeling in COMSOL. Meibum secretion is modeled by assuming 
that the orbicularis muscle overlying the meibomian glands, but not the terminal excretory duct and orifice, 
exerts an eyelid pressure (Peyelid) on the meibomian gland duct that is translate to the inlet pressure (Pin) of the 
terminal excretory duct represented as a simplified cylindrical model of radius (R) and a length (L). The 
pressure at the gland orifice is assumed to be the atmospheric pressure (Pout). The pressure difference between 
the two drives the meibum through the terminal duct (depicted as the yellow region). Dimension not scaled.  

 

Defining The Pressures for Driving the Meibum Flow: 

To model meibum secretion, we presumed that the external force exerted by the 

orbicularis muscle on the eye (Peyelid) led to a compensatory and equal increase in the 

internal pressure of the central duct that could then be applied as the inlet pressure (P in) 

exerted on meibum at the entrance to terminal duct as shown in Fig. 5.1. Meibum secretion 

was then presumed to be driven by the pressure drop between the inlet pressure (P in) at the 
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start of the terminal duct and the outside or atmospheric pressure (Pout) at the orifice. The 

eyelid pressure (Peyelid) was assumed to be equal to the pressure exerted by the eyelid on the 

eye surface or the change in intraocular pressure (IOP) during an eyelid blink. Typical 

reported values are presented in Table 5.1. 

Table 5.1: Representative values of eyelid pressures utilized in this study.  

 

 

Deriving Viscosity Properties from Human Meibum Rheological Data: 

The rheological data of human meibum, specifically shear viscosity versus shear rate 

reported by Rosenfeld et al. [168], were extracted using the GRABIT software [169] in 

MATLAB 2021b (Mathworks, Inc., Natick, MA). To calibrate the x- and y-axes within the 

software interface, a power index, denoted as n, was entered to establish the logarithmic 

scale for data points corresponding to 10n values. The extracted data points were 

subsequently converted to a linear scale using the equation linear_data = 10log  data. These 

linearized data points were then fitted to a Bingham-Papanastasiou (BP) model, using the 

formulae:  

ηa = ηp +
τy

γ̇
(1 − e−mpγ̇ )   (5.1) 
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where τy  represents the minimum yield stress, ηp  denotes plastic viscosity, mp is a scale 

factor, and ηa is the apparent viscosity defined as the shear stress 𝛕 applied to a fluid divided 

by the shear rate γ̇ [170]. Further details regarding these parameters, along with a brief 

introduction of the BP model, can be found in Appendix 5.1.  

 

Setting Other Model Parameters: 

 The density of meibum changes little with temperature and is assumed to be 0.9  

g/cm3  [171]. The governing equations in COMSOL are the Navier-Stokes equations, 

considering no-slip boundary conditions. The element size chosen for the mesh was set to 

'Normal' in the COMSOL software, resulting in a mesh consisting of approximately 250,000 

elements. The flow is assumed to be laminar [172], and in this study, it is modeled as a single-

phase, incompressible fluid. 

 

Pressure, Geometry, And Temperature Dependent Studies: 

 The inlet pressure influences meibum flow, and therefore, a series of eyelid pressures 

as discussed in Section “Defining The Pressures For Driving The Meibum Flow” and presented 

in Table 5.1 were used to study the pressure-dependent meibum flow behaviors. To evaluate 

the impact of geometric factors on meibum expression, a range of radiuses (R = 12.5, 25, 

37.5, 50 μm) was investigated while keeping the length fixed at L = 1000 μm. While we did 

not model changes in excretory duct length, it should be noted that the meibum flow rate 

inversely correlates with length of the duct, as supported by the analytical derivation 



 

84 
 

presented in Appendix 5.2. Lastly, parametric sweep studies were conducted for viscosities 

at four different normal meibum melting temperatures (Table 5.2), with the model's 

geometry assumed to be fixed at R = 50 μm and L = 1000 μm.  

 

Quantifying The Meibum Secretion: 

 The volumetric flow rate, Q, was used as a measure of the volume of fluid passing 

through a specific area per unit of time. It was calculated using the equation: 

Q = Sc ∙ u̅    (5.2) 

where Sc represents the cross-sectional area of the meibum flow through the terminal duct 

and orifice ( Sc = πR2 ), and u̅  denotes the average velocity obtained from COMSOL 

simulations. Flow rates were computed and compared under different pressure conditions, 

geometries, and viscosities over the range of meibum melting temperatures.  

 

Results 

Meibum Viscosity Parameters for a Non-Newtonian Model: 

 The resulting fitted rheology data were presented in logarithmic scale as depicted in 

Fig. 5.2. In general, it was observed that the data at lower temperatures exhibited a superior 

fit to the BP model compared to the data at higher temperatures. The fitting parameters 

obtained from the analysis, namely ηp , τy , and mp , are presented in Table 5.2. With the 

increase in temperature from 25 to 40 °C, meibum undergoes melting, resulting in a 

significant decrease in both the minimum yield stress and plastic viscosity. Specifically, solid 
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meibum at 25 °C exhibits higher minimum yield stress of 95.53 N/m2, and a larger plastic 

viscosity of 74.95 Pa·s, while more fluid meibum at a melting temperature of 40 °C exhibits 

dramatically lower minimum yield stress of 2.06 N/m2 and plastic viscosity of 1.01 Pa·s. The 

material parameter mp could not be accurately fitted using the data at temperatures of 35 

and 40 °C. However, at 25 °C, the value of mp was relatively large, indicating a more rigid 

behavior compared to that at 30 °C. 

 

Figure 5.2: The viscosity of human meibum was extracted from existing literature and fitted as a function of 
shear rate at different temperatures. The coefficient of determination R2 (not duct radius) was used to evaluate 
the goodness of the fitting, with a value of 1 indicating an ideal fit between the model and the respective data.  
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Table 5.2: Extracted parameters for characterizing the Bingham-Papanastasiou non-Newtonian fluidic 
meibum. 

 

 

Pressure Dependency: 

 When the terminal duct radius was held at 50 µm, there was a strong correlation 

between meibum flow rate and eyelid pressure that increased with increasing temperature 

as shown in Fig. 5.3. The degree of linearity correlated with the meibum temperature and 

quality, with more fluid meibum (C and D) showing a slightly higher linear correlation 

compared to more viscous meibum (A and B). This difference was due to the fact that 

meibum at lower temperature with higher minimal yield stress and plastic viscosity show 

practically no meibum flow at the eyelid pressures below 2 kPa.  
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Figure 5.3: Impact of eyelid pressure on meibum flow rate from a meibomian gland orifice at different 
minimum yield stress or plastic viscosity of meibum obtained at different temperatures along the meibum 
melting curve, (A) 25 ℃, (B) 30 ℃, (C) 35 ℃, and (D) 40 ℃. A strong linear correlation exists between the 
meibum flow rate and the eyelid pressure except in case A. It should be noted that there is no meibum flow at 
low eyelid pressures (<2 kPa) for high minimum yield stress and plastic viscosity (A and B).  Modeling geometry  
is fixed: R = 50 μm, L = 1000 μm. 

 

 Previous reports of meibum delivery following eyelid blinking as reported by Chew, 

et al. [171] and Nagymihalyi et al. [173] using a meibometer to measure the casual level of 

lipid on the eyelid margin, suggest that an average blink delivers from 0.17 to 0.53 mg of 

meibum per gland to the eyelid margin. While these levels seem to vary widely between 

individuals, the estimated average meibum flow rate might vary from 0.55 to 1.7nL/s during 

a normal blink. Based on modeling and assuming a normal eyelid temperature of 35 °C, this 

level of meibum flow would be achieved by eyelid pressures varying from 1.1 to 2.1 kPa (Fig. 

5.5).    

A time-dependent velocity map video illustrating meibum flow in the terminal duct 

with a radius of 50 µm that would be induced during eyelid blinking was also generated as 

shown in the supplementary materials (Video S5.1). For the video, a typical blink duration  

of 1/3 seconds (∆T) and a blink interval (T) of 5 seconds [174], with inlet pressure changed 

as Pin = {
Pr

Pb
    

0 ≤ t < T − ∆T
T − ∆T ≤ t < T

, where eyelid resting pressure Pr (0.4 kPa) and eyelid blink 

pressure Pb (2.1 kPa) at a temperature of 35 °C.   

 

Viscosity Effects: 

 Viscosity data of meibum obtained at different melting temperatures (refer to Table 

5.2) were used to examine the influence on meibum expression within a BP model. As the 
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meibum transitioned from fluid to solid, there was an exponential decrease in meibum flow, 

caused by the increasing minimum yield stress and plastic viscosity (Fig. 5.4). To visualize 

both effects of viscosity and eyelid pressure, Fig. 5.5 presents a compilation of cross-sectional 

distributions of the velocities and flow rates of meibum secretion from a meibomian gland 

orifice at different viscosities and eyelid pressures.   
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Figure 5.4: Effects of changes in meibum viscosities on meibum flow rate from a meibomian gland orifice. Note 
that there is an exponential decrease in meibum flow rates with (A) higher minimum yield stress and (B) plastic 
viscosity. Different curves indicate modeling under different eyelid pressures. R = 50 μm, L = 1000 μm.  
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Figure 5.5: Cross-sectional distribution of the velocity maps (μm/s) and flow rates (nL/s) of meibum secretion 
from a meibomian gland orifice at different meibum viscosities and eyelid pressures, as summarized in the 
current study. The velocity is color mapped in a log scale between 1 and 1000 μm/s. No-slip boundary  
conditions result in zero velocities at the edges of the ducts. Corresponding flow rates are shown in the center 
of each map. The 7 typical eyelid pressures under current study are selected or approximated from Table 5.1, 
and their mmHg values are converted into kPa values. R = 50 μm and L = 1000 μm. 

 

Geometric Effects: 

 As shown in Fig. 5.6, there was a significant correlation between meibum flow rate 

and the fourth power of the duct's radius R4 at both low (A) and high (B) eyelid blink 

pressures. A similar relationship was observed in Eq. S14 of Appendix 5.2. 
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Figure 5.6: Influence of terminal duct size on meibum flow rate from a meibomian gland orifice. The fittings  
suggest that the meibum flow rate exhibits a linear correlation with the fourth power of the duct radius, both 
at low eyelid pressure (A), where Pb = 1.1 kPa, and at high eyelid pressure (B), where Pb = 12.3 kPa. This is 
consistent with Poiseuille's Law. At a temperature of 35 ℃ in scenario (A), with a radius of 50 µm and an eyelid 
pressure of 1.1 kPa, a comparable meibum flow rate of 0.6 nL/s is observed when compared to scenario (B), 
which involves a radius of 25 µm and an eyelid pressure of 12.3 kPa. Note that different colors indicate different 
temperatures. L = 1000 μm. 

 

Discussion 

In this paper we have developed a finite element model for measuring the flow of 

meibum from the terminal duct of the meibomian gland and analyzed the combined effects 

of eyelid pressure and duct radius on meibum delivery to the eyelid margin. For this ana lysis 
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we have modeled meibum as a non-Newtonian fluid based on rheological data of human 

meibum as reported by Rosenfeld et al. [168]. Minimum yield stress and plastic viscosity 

values were estimated based on data from meibum taken at different temperature values 

covering the melting range of meibum from 25 °C to 40 °C. Based on finite element modeling, 

meibum flow rates exponentially decreased with increasing minimum yield stress and 

plastic viscosity. Modeling also revealed that meibum flow rates at the same minimum yield 

stress and plastic viscosity was linearly related to eyelid pressure and the fourth power of 

the duct radius. Together, these findings suggest novel alternatives to the classical 

understanding of obstructive MGD and potentially new mechanisms for meibomian gland 

atrophy involving changes in meibum melting point, eyelid pressure and ductal radius as 

discussed below.   

 

Effects of Altered Meibum Melting Point: 

 As measured by Butovich et al. [175], meibum obtained from normal subjects has a 

wide melting range from 10 °C to 40 °C, with three transition points at 12 °C, 21 °C and 32 

°C. On the other hand, meibum from dry eye subjects have a slightly higher range with 

transition points of 22 °C and 33 °C as measured by Butovich et al. and up to 35 °C as 

measured by McCulley and Shine [176]. These changes in meibum melting point are also 

consistent with the decreased presence of wax esters that have been identified in patients 

with dry eye disease [177, 178], and the known lower melting point of wax esters [179, 180]. 

Furthermore, meibum from dry eye patients also contains variable amounts of proteins 

which may also affect the meibum melting temperature [175, 181, 182].   
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 As noted in our study, shifts in the melting temperature of meibum has exponential 

effects on both the minimum yield stress and plastic viscosity that increase more than three 

to four-fold with a temperature shift of only 5 °C (35 °C to 30 °C), resulting in a change from 

5 to 24 N/m2 and 3 to 10 Pa·s, respectively. These effects of temperature on meibum flow 

rate predict to large extent the findings of Nagymihalyi et al. [173], which identified a marked 

decrease in the deposition of meibum after 10 blinks following a 7 °C cooling of the surface 

of the eyelids. While rheology of meibum from MGD patients with altered meibum quality 

have not been measured, the measured shift in melting temperature of meibum noted for 

MGD patients would predict similar increase in the minimum yield stress and plastic 

viscosity and an exponential decrease in meibum flow that could be reduced by as much as 

90% depending on the eyelid pressure.    

 

Effects of Eyelid Pressure on Meibum Flow Rates: 

 A range of eyelid pressures on the eye have been reported using a wide range of 

techniques from measuring the intraocular pressure during blinking [183-185], to more 

static measurements using scleral or contact lenses with pressure sensors [186-189] as 

detailed in Table 5.1. For the most part, static eyelid pressures with eyelids either open or 

closed produce very low pressures on the eye that are generally below 10 mmHg (1.3 kPa), 

while eyelid blinking produces higher values. Reports measuring changes in intraocular 

pressure during eyelid blinking show much higher changes in IOP that can achieve levels 

from 40 mmHg to 90 mmHg during squeezing of the eyelids [183, 185]. As noted earlier 

however, translating changes in IOP to the pressure exerted on the eye by the eyelid is 
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difficult. Likewise, measurement of eyelid pressure during blinking using contact lens 

pressure sensors is complicated by the fact that the sensor needs to be inserted between the 

eyelid and the eye, thus changing the normal application of force. Furthermo re, the force 

applied to the eye by the eyelid is localized to the lid wiper or distal region of eyelid near to 

eyelid margin, which may not be adequately measured by some sensors [188]. Finally, the 

relationship between the pressure the eyelid exerts on the eye and the pressure exerted on 

the meibomian gland duct is not known. All these concerns make it difficult to extrapolate 

eyelid pressure data to pressure changes in the duct of the meibomian gland, other than to 

say that blink pressure is most likely higher than resting pressure with eyes open or closed.  

 Nevertheless, modeling demonstrates a linear increase in meibum flow rate with 

higher eyelid pressures. This observation is consistent with clinical findings and aligns with 

intuitive expectations. Interestingly, eyelid pressure on the eye has been shown to decrease 

with age, averaging 23.2 mmHg in individuals that are over twenty, decreasing to 13.6 mmHg 

for individuals over sixty, or a reduction of 2-3 mm Hg for every 10 years [190]. This decrease 

in eyelid pressure would translate into a 40% decrease in meibum flow rate for individuals 

over sixty and a 70% reduction for individuals over 90 years of age. While the volume of 

meibum delivered to the eyelid margin with each blink likely exceeds the volume necessary 

to replenish lipid onto the eyelid surface by some 40 fold [171], this age-related decrease in 

eyelid pressure combined with changes in melting temperature and other structural changes 

in the duct may help explain the significant relationship between age and MGD. Certainly, 

more in-depth modeling of this mechanism is needed in the future.   
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The Effect of Ductal Morphology on Meibum Flow Rates:  

 When other parameters are held constant, we observe a linear relationship between 

the flow rate and the fourth power of the duct radius. Both the pressure and geometric 

studies indicated that the flow of meibum followed Poiseuille's law [172], which is typically 

derived for a Newtonian fluid. However, we speculate that the non-Newtonian behaviors did 

not overwhelmingly dominate the entire flow pattern (please refer to Appendix 5.2 for 

further information). Interestingly, at temperatures of 35 °C, comparable meibum flow rates 

were found between (A) a radius of 50 μm and an eyelid pressure of 1.1 kPa, and (B) a radius 

of 25 μm and an eyelid pressure of 12.3 kPa (Fig. 5.6). 

While hyperkeratinization and plugging of the meibomian gland duct is cited as the 

most common cause of obstructive MGD, a recent detailed immunohistochemical study of 

the human meibomian gland by Reneker et al., found evidence of ductal epithelial 

hyperproliferation but not hyperkeratinization [191]. It is interesting to note that our 

modeling data also predicts significant effects of ductal epithelial thickening on meibum flow 

rates. While little is known regarding the thickness of the ductal epithelium that lines the 

excretory duct, histology images presented by Cui et al. report an outer ductal diameter of 

172 μm with an inner diameter of 100 μm, giving a ductal epithelial thickness of 

approximately 35 μm [167]. Since the excretory duct is embedded in a dense collagenous 

tarsal plate, it might be assumed that the outer diameter of the excretory duct is fixed, and 

any hyperproliferation leading to ductal epithelial thickening would lead to a reduction in 

the inner diameter of the duct. Based on our modeling, an increase in epithelial thickness 

from 35 to 40 μm, or a 5 μm increase, would lead to a 35% decrease in meibum flow rate in 
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a 100 μm diameter duct, and a 62%-86% decrease in flow rate in a 50 μm diameter duct 

depending on the eyelid force. 

Limitations 

A major limitation of this study is the lack of available data for meibum rheology from 

both normal and MGD subjects. For normal meibum, rheology data is only available for only 

4 discrete melting temperatures from 25 °C to 40 °C [168], while no data is available from 

meibum expressed from MGD patients. While we have assumed that changes in meibum 

melting temperature from MGD patients would translate into changes in meibum flow rates 

indicative of the increased minimum yield stress and plastic viscosity observed at lower 

temperature in normal meibum, this may not accurately predict the changes that occur. 

Additionally, it is crucial to gather more clinical rheology data encompassing the clinical 

range of altered meibum quality from viscous to toothpaste-like in future studies. 

 A second limitation of this study is that little is known regarding the actual 

mechanisms of meibum secretion, and the effect of forces that are exerted on the inside of 

the duct to push meibum out of the gland. While there are many reports concerning the  force 

the eyelid exerts on the eye, whether these forces are directly related to the compressive 

forces exerted on the gland are not known. Furthermore, how these forces translate into the 

pressure exerted on the excretory portion of the duct is not known and whether these forces 

can produce other effects on the gland remains to be studied. In this report we have only 

modeled the terminal, 1 mm distal end of the duct, and how this pressure affects the more 

central duct remains unclear. It is likely that as meibum flow is decreased, internal ductal 

pressure may have effects on the lateral wall of the common duct causing increased 

mechanical strain. While 'acinar disuse atrophy' is an often-cited mechanism for obstructive 
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MGD [192], a more plausible alternative is that reduced meibum flow regardless of cause 

leads to increased mechanical strain and stretching of the ductal and acinar cells that cause 

downstream effects on cell differentiation. To more clearly understand these potential 

effects, a more complex modeling of the entire meibomian gland is needed, which requires 

better understanding of the tissue compliance of the ductal epithelium and surrounding 

extracellular matrix. 
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Chapter 6: Selective Photothermal Ablation for MGD 

 

Introduction  

After proposing alternative mechanisms for obstructive meibomian gland 

dysfunction (MGD), we then introduced a technique called selective photothermal ablation 

(SPA) for its treatment. As the term 'selective' suggests, SPA can heat or ablate the desired 

meibum within the meibomian glands selectively or preferentially while preserving the 

overlying conjunctival epithelial tissues. In this chapter, we presented preliminary ex-vivo 

results in mice. 

 

Materials and Methods 

Selective Photothermal Ablation (SPA) Laser System: 

The surgical laser system (Cutera Inc.) operates at 1726 nm and offers tunable 

current (power) capacity, variable pulse duration, and laser duty cycles. Laser pulses are 

delivered through a custom-designed handpiece that passes through a glass slide before 

penetrating the carefully flattened tissue, which is sandwiched between that glass slide and 

a block immersed in iced water. This setup serves as a contact cooling system, essential for 

preventing hyperthermal tissue damage (Fig. 6.1).  

The average power of the laser at each ampere of current was measured in air using 

a power meter (Newport model 1918-C, Irvine, CA) for laser calibration. 
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Figure 6.1: Experimental setup. The tissue was carefully flattened and sandwiched between a glass slide and 
a block immersed in iced water, forming a simplified contact cooling system. The skin side of the eyelid was 
positioned downwards, while the conjunctiva side faced upwards, allowing the laser beam from the handpiece 
to pass through the glass slide before penetrating the meibomian glands, which are embedded beneath the 
conjunctiva. Red light was used to guide the 1726 nm surgical laser.  
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Mice Eyelids Preparation for SPA Treatment: 

Five male mice were sacrificed by cervical neck dislocation after Ketaimin anesthesia. 

The upper eyelid of each mouse was peeled off each time by surgical scissors under a 

dissecting microscope. The tissue sample is immediately immersed into a peri dish 

containing cell culture DMEM medium at 4°C. The experimental procedures adhered to the 

principles outlined in the Declaration of Helsinki. 

The eyelid tissue is oriented so that the conjunctiva of the eyelid faces upwards, 

exposed to the laser beam through a glass slide. The tissue was precooled for 1 minute before 

the treatment. A coaxial visible red light is used to guide the 1726 nm surgical laser toward 

the desired meibomian glands located beneath the conjunctiva, making them visible to the 

naked eye. Based on the theory of selective photothermolysis [43], the duration of the beam 

was set to 120 ms. The laser beam diameter is 500 µm. Each eyelid received one laser zap at 

the center of the tissue. A meibography image was taken before and after the SPA laser 

treatment. The tissue was fixed in 2% PFA right after the meibography imaging for 24 hours. 

 

Tissue Damage Assessment by Histology and Immunohistochemistry Imaging: 

The fixed samples were subsequently placed in an embedding medium (Tissue -Tek 

O.C.T. Compound, Sakura Finetek USA, Inc., Torrance, CA) and frozen in liquid nitrogen for 

subsequent cryosection. The tissue slices were stained using either H&E or 

immunohistochemistry (DAPI, Phalloidin and LipidTox) to obtain the histological results for 
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the laser damage evaluation. Images were taken either using a standard light microscope 

(OLYMPUS BX60) or a fluorescence microscope (Leica CTR 6500). 

Results 

Laser calibration:  

Figure 6.2 shows the average power of the laser measured in air as a function of 

current in amperes, demonstrating high linearity when the current exceeds 8 amperes.  

 
Figure 6.2: Laser Calibration. The SPA laser system can be finely tuned for current control. A power meter was 
used to measure the corresponding average power of the beam radiation at current intervals of 1 ampere,  
ranging from 0 to 40 amperes. 

 

Tissue Damage Assessment After SPA Treatment: 

Representative meibography images of eyelid tissue were captured before and after 

SPA treatment, as depicted in Fig. 6.3. During the SPA treatment, the meibomian glands in 

the treated area were selectively targeted and removed, while the overlying conjunctiva 

remained intact. The laser parameters used for SPA treatment included a 500 µm beam 

diameter, 14 amperes (corresponding to 5 Watts), and a 120 ms pulse duration.  
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Figure 6.3: Meibography images of eyelid tissue taken (A) before and (B) after SPA treatment, illustrating the 
selective removal of meibomian glands in the treated area while leaving the overlying conjunctiva tissue intact.  
Laser parameters for SPA treatment include a 500 µm beam diameter, 5 Watts, and a 120 ms pulse duration. 
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Figures 6.4 and 6.5 display meibomian gland shrinkage in the H&E image and meibum 

melting in the fluorescent image, respectively. Both images show no signs of damage to the 

overlying conjunctiva tissue. 

 

Figure 6.4: H&E histological image indicating the shrinkage of meibomian glands after SPA treatment. The 
same laser parameters and eyelid sample used as in Fig. 6.3. 
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Figure 5: Fluorescent image showing meibum melting after SPA treatment. Blue: DAPI stains the nuclei. Green: 
LipidTox stains the lipid. Red: Phalloidin stains the muscle. The same laser parameters and eyelid sample were 
used as in Figs. 6.3 & 6.4. 

 

Discussion 

In this study, we propose a novel SPA treatment for MGD-related dry eye syndromes, 

conducting an ex vivo feasibility study using a narrow laser centered at 1726 nm. Our results 

indicate that SPA can selectively target meibomian glands and melt meibum while  leaving 

the overlying tissues intact. SPA holds promise as a technique for MGD treatment.  

Current laser treatments with wide bandwidths can potentially cause thermal 

damage to surrounding tissues, as they may induce equivalent or comparable wavelength -

integral bulk effects of thermodynamics or photobiomodulation across a broader radiation 

spectrum. Therefore, designing a narrow bandwidth laser centered at the wavelength of the 

local absorption peak of the target is desirable to ensure preferential or selective absorption 
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by the target rather than adjacent tissues. Scopelliti et al [193] reports a narrow local 

absorption peak of sebum lipid, higher than that of water, at 1726 nm, making it a 

preferential absorption site for heat in sebum. The recent success of the 1726 nm laser for 

acne treatment suggests its potential use for DED due to MGD. Our SPA treatment, as 

demonstrated in this study, exhibits selective treatment in meibography images. The 

treatment selectivity of SPA is further confirmed in H&E and fluorescent imaging, revealing 

meibomian gland shrinkage and meibum melting beneath the untouched overlying 

conjunctiva tissue. 

Cooling is essential before, during, and after SPA treatment because, despite selective 

heating of the meibum, the laser can still generate significant thermal effects on other tissues. 

Cooling helps to mitigate hyperthermal effects and safety concerns in healthy tissues, 

bringing them within a safe and acceptable range. 
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Chapter 7: Conclusions and Future Work 

 

Conclusions 

 Pulse Energy Optimization for FLT: 

In conclusion, this study successfully demonstrated the capability of our FLT system, 

utilizing a pulse energy of 15 μJ, to effectively photodisrupt the TM tissues. This led to the 

creation of a full-thickness outflow channel, establishing a vital connection between the 

anterior chamber and SC. The confirmation of this outcome was achieved through 

comprehensive analysis of high-resolution OCT images. These findings emphasize the 

effectiveness of utilizing OCT as a valuable tool for evaluating the efficacy o f FLT surgery in 

the treatment of glaucoma. 

 

Thermal Collateral Damage During FLT – an Ex-vivo Study: 

This study shows that tissue heating during FLT is well beneath the threshold for 

thermal denaturization of collagen and proteins in general. Various imaging modalities 

(histology, SHG) prove there is no thermal collateral damage to the tissue surrounding the 

FLT channel.  

 

OCT Dispersion Compensation: 

In conclusion, we presented a new numerical dispersion compensation algorithm for 

an SD-OCT, for imaging the iridocorneal angle of human cadaver eyes. The dispersion 
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compensation term can be calculated with an automatic iterative procedure that minimizes 

the k-dependent ridge variance via optimization of energy redistribution of a mirror’s 

spectral interferogram in the spatial-spectral domain using STFT. Lastly, we demonstrate the 

feasibility of the proposed method for dispersion compensation in an SD-OCT by evaluating 

both the mirror and angle imaging of human cadaver eyes. 

 

Iridocorneal Angle OCT Imaging: 

In this study, we presented a custom-built, high-resolution SD-OCT system to scan the 

corneoscleral limbus and implemented different image processing for better visualization of 

the TM/SC/CC areas in human cadaver eyes. Simultaneously radial and circumferential 

scanning were implemented in the current system. A semiautomatic segmentation of the 

anterior corneal surface was carried out using a graph search algorithm and  iterative 

method. Based on this segmentation, we further encoded the depth with ‘rainbow effect’ 

colors, which can be readily perceived by human eyes. In addition, intensity projections, and 

en face imaging were performed as supplemental information to the individual B-scan image 

and 3D reconstruction. To our best knowledge, this is the first time that the aforementioned 

novel or improved image processing and a ‘crossline’ scan have been  implemented to achieve 

a better visualization and comprehensive understanding of the angle details. Future full  

integration of these imaging capabilities into an FLT system would potentially assist the 

accurate determination of the surgical targets and benefit other glaucoma treatments as 

well. 
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Modeling Meibum Secretion – Alternatives for Obstructive Meibomian Gland 

Dysfunction (MGD):  

In summary, this study has successfully developed and applied a finite element 

analysis to simulate the flow of non-Newtonian meibum within the terminal duct of the 

meibomian gland. Through systematic investigations, the impact of eyelid pressure, meibum 

minimum yield stress and plastic viscosity, and distal duct geometry on meibum flow rate 

has been thoroughly explored. The results reveal a significant exponential decrease in 

meibum flow with increasing minimum yield stress and plastic viscosity that develop over 

the range of normal meibum melting temperatures from 25 oC to 40 oC. This finding predicts 

that clinical changes in meibum quality noted in MGD patients can be explained by an 

increase in the meibum melting temperature causing the appearance of increased meibum 

viscosity, reduced meibum flow and the requirement for increased application of force to 

express altered meibum. Our analysis also found that there was a linear relationship 

between the fourth power of the distal duct radius and the meibum flow rate, indicating that 

small changes in the thickness of the ductal epithelium may produce significant changes in 

the flow rate of meibum. Finally, there was a linear relationship between eyelid pressure and 

meibum flow. Together, changes in these three factors can lead to marked restriction of 

meibum flow onto the eyelid margin, and, in part, provide an alternative cause for 

obstructive MGD.   
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Selective Photothermal Ablation for MGD: 

In summary, SPA represents a novel treatment for MGD-related dry eye using a 

narrowband 1726 nm laser. Further in-vivo investigations are necessary. 

 

Future Work 

 OCT Image Guided FLT:    

We identified the collector channels along Schlemm’s canal and the trabecular 

meshwork using a high-resolution spectral domain OCT imaging system. However, it 

remains unknown whether performing FLT surgery near the collector channels in the 

trabecular meshwork results in a greater reduction in intraocular pressure (IOP). 

Additionally, targeting and cutting through the full depth of the trabecular meshwork while 

preserving the endothelium of the outer wall of Schlemm’s canal can help avoid unnecessary 

tissue damage. OCT image guided FLT surgery, involving OCT imaging before and during the 

procedure, has the potential to enhance surgical accuracy and improve IOP reduction.     

                    

 In Vivo SPA for Obstructive MGD Treatment: 

Selective photothermal ablation (SPA) represents a promising approach for the 

treatment of MGD. Further investigation through in vivo studies is warranted to validate 

these findings. 
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SUPPLEMENTAL MATERIALS 
 

Appendix 3.1: Parameters Related to STFT Processing 

Table S3.1.1: aEffects of overlap ratio and window size on the dispersion compensated axial resolution 
and compute time. 

 M=1024 M=512 M=256 

Overlap 
ratio 

Keval Axial 
resolution 

(µm) 

Compute 
time  
(sec) 

Keval  Axial res-
olution 

(µm) 

Compute 
time  
(sec) 

Keval Axial res-
olution 

(µm) 

Compute 
time  
(sec) 

0.99 94 2.7 5.67 257 2.7 13.71 598 2.7 27.70 

0.9 10 2.7 1.69 30 2.7 2.34 69 2.7 3.90 

0.8 5 2.7 1.52 15 2.7 1.58 35 2.7 2.45 

0.7 4 2.7 1.46 10 2.7 1.67 24 2.7 2.07 

0.6 - N.A. - 8 2.7 1.40 18 2.7 2.10 

0.5 - N.A. - 7 2.7 1.63 15 2.7 1.82 

0.4 - N.A. - 5 2.7 1.48 12 2.7 1.62 

0.3 - N.A. - 5 2.7 1.39 10 2.7 1.59 

0.2 - N.A. - 4 2.7 1.56 9 2.7 1.46 

0.1 - N.A. - 4 2.7 1.41 8 2.7 1.36 

0 - N.A. - 4 2.7 1.55 8 2.7 1.52 

 M=128 M=64 M=32 

Overlap 
ratio 

Keval Axial res-
olution 

(µm) 

Compute 
time  
(sec) 

Keval  Axial 
resolution 

(µm) 

Compute 
time  
(sec) 

Keval Axial res-
olution 

(µm) 

Compute 
time  
(sec) 

0.99 961 2.7 41.97 1985 2.7 83.28 2017 2.7 83.35 

0.9 148 2.7 7.66 284 2.7 12.89 505 2.7 22.23 

0.8 74 2.7 3.41 153 2.8 7.38 289 2.7 13.89 

0.7 50 2.7 2.79 100 2.7 5.14 202 2.7 10.05 

0.6 37 2.7 2.43 77 2.7 3.41 156 2.7 8.13 

0.5 31 2.7 2.01 63 2.7 3.64 127 2.7 6.23 

0.4 25 2.7 1.93 51 2.7 2.98 101 2.7 5.19 

0.3 22 2.7 1.96 45 2.7 2.66 88 2.7 4.24 

0.2 19 2.7 1.92 39 2.7 2.60 78 2.7 3.57 
0.1 17 2.7 1.74 35 2.7 2.28 70 2.7 3.17 

0 16 2.7 1.60 32 2.7 2.24 64 2.7 3.25 

aThe axial resolution being evaluated uses the same mirror data that the PSF was located at 200 𝜇𝑚  from zero-
delay.  Compute time is defined as the total time that 10 independent resampled A-line spectral interferograms 
take through the algorithm.  Both the compute time and dispersion compensated axial resolutions are averaged 
by three repeated measurements.   
 

 

Appendix 3.2: Deriving The Measured and Theoretical a2 Values of The Glass 

Dispersion Block 

Assuming that each dispersion block includes the measured dispersion of 𝑎2,𝑚𝑒𝑎𝑠  in 

the unit of (× 10−11𝑚2 ) and the intrinsic dispersion of 𝑎2,𝑖𝑛𝑐 , though small, exists within the 

system before the introduction of any dispersion block. From Table 3.1 in main text, we have 

𝑎2,𝑚𝑒𝑎𝑠 + 𝑎2,𝑖𝑛𝑐 = −4.118    (S3.2.1) 
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2 ⋅ 𝑎2,𝑚𝑒𝑎𝑠 + 𝑎2,𝑖𝑛𝑐 = −8.5078    (S3.2.2) 

By solving the above equation set, we get 

𝑎2,𝑚𝑒𝑎𝑠 = −4.3898 × 10−11 𝑚2     (S3.2.3) 

𝑎2,𝑖𝑛𝑐 = 0.2718 × 10−11 𝑚2     (S3.2.4) 

The ‘+’ and ‘-’ signs indicate that the dispersion tends to reside on the side of the 

sample or reference arm, respectively. The above calculation assumes that the algorithm is 

capable of extracting the dispersion perfectly in both, one, or two dispersion blocks. The 

other extreme possibility is that there is no system intrinsic dispersion but just the 

algorithm’s limitations in small dispersion detection. The averaged ratio of the second -order 

dispersion coefficients of the two dispersion blocks to that of  one dispersion block is 

measured to be 
−8.5078

−4.118
=2.07 using the proposed method, comparable to the theoretical 

value of 2. A possibility could be both the minor system intrinsic dispersion and the 

algorithm’s imperfectability exist. A relatively low dispersion extraction capability of our 

algorithm in both one and two dispersion blocks indeed seems possible but it is excluded by 

the following discussions. 

We attempt to analytically derive the theoretical a2 value for the completeness of this 

paper. Since there is no theoretical formula for characterizing the wavelength -dependent 

refractive index, derivation of a perfect theoretical a2 value is not achievable. Even though, 

an empirical Sellmeier equation can be used to describe the relationship between the 

refractive index n and wavelength 𝜆  for a particular transparent medium, where the 

Sellmeier coefficients for the N-BAK1 glass are 𝐶1 = 1.12365662,𝐶2 = 0.309276848,𝐶3 =

0.881511957,𝐵1 = 0.00644742752 𝜇𝑚2, 𝐵2 = 0.0222284402 𝜇𝑚2, 𝐵3 = 107.297751 𝜇𝑚2 

(https://refractiveindex.info/). 
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𝑛2 − 1 =
𝐶1 ⋅ 𝜆2

𝜆2 − 𝐵1

+
𝐶2 ⋅ 𝜆2

𝜆2 − 𝐵2

+
𝐶3 ⋅ 𝜆2

𝜆2 − 𝐵3

    (S3.2.5) 

From Eq. 3.1, we have 

Φ = 𝑘 ⋅ 2𝑑 =
𝑤

𝑐
⋅ 2𝑑 ⋅ 𝑛𝑔 + ∆Φ   (S3.2.6) 

Below also defines the wavenumber k and the group refractive index 𝑛𝑔  in a 

dispersive medium: 

𝑘 =
𝑤𝑛

𝑐
    (S3.2.7) 

𝑛𝑔 = 𝑛 + 𝑤
𝜕𝑛

𝜕𝑤
    (S3.2.8) 

Therefore, the phase function or dispersion compensation term is calculated by:  

∆Φ = 𝑘 ⋅ 2𝑑 −
2𝑑𝑤

𝑐
⋅ (𝑛 + 𝑤

𝜕𝑛

𝜕𝑤
) = −

2𝑑𝑤2

𝑐

𝜕𝑛

𝜕𝑤
    (S3.2.9)    

where the speed of light in vacuum 𝑐 = 299792458 
𝑚

𝑠
 and the thickness of the glass 

dispersion block 𝑑 = 19.6 𝑚𝑚. Note that the wavenumber k is angular frequency dependent, 

or the angular frequency w is wavenumber dependent, the refractive index n is wavelength 

dependent, and the wavenumber and the wavelength are related by 𝑘 =
2𝜋

𝜆
. 

Comparing the second-order terms in Eq. 3.2 and Eq. 3.3 yields: 

𝑎2,𝑡ℎ𝑒𝑜𝑟𝑦 =  −
1

2
⋅

𝜕2 ∆Φ(𝑘)

𝜕𝑘2
|

𝑘0

(S3.2.10) 

Therefore, it is straightforward that 𝑎2,𝑡ℎ𝑒𝑜𝑟𝑦  is achievable by calculating the 
𝜕2∆Φ(𝑘)

𝜕𝑘2  

term in theory, considering the definition of the partial derivative as well as the chain rule, 

the product and/or quotient rule. The full expression of 
𝜕2∆Φ(𝑘)

𝜕𝑘2  can be eventually evaluated 

as a function of n and 𝜆, and these are directly accessible from the Sellmeier equation. 
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However, it is unpractical to manually derive 
𝜕2 ∆Φ(𝑘)

𝜕 𝑘2 , and even undoable to get its full 

expression in Mathematica online (Wolfram Mathematica, Wolfram Research, Inc., 

Champaign, Illinois) due to its high compute complexity. The Mathematica can indeed 

compute the value of 
𝜕2∆Φ(𝑘)

𝜕 𝑘2 |
𝑘0

 and related Mathematica code is provided in italics below, 

where 𝑘0 = 7581092.7 𝑚−1 (central k value after k-linearization during the OCT 

processing). 

    c1=1.12365662; 
    c2=0.309276848; 
    c3=0.881511957; 
    b1=0.00000000000000644742752; 
    b2=0.0000000000000222284402; 
    b3=0.000000000107297751; 
    c=299792458; 
    d=0.0196; 
    l[k_]:=2*Pi/k 
    n[k_]:=(1+c1*l[k]^2/(l[k]^2-b1)+c2*l[k]^2/(l[k]^2-b2)+c3*l[k]^2/(l[k]^2-b3))^(1/2) 
    w[k_]:=c*k/n[k] 
    Phi[k_]:=-2*d*(w[k])^2*n'[k]/(c*w'[k]) 
    D[Phi[k],[171]]/.k->7581092.7 
 

By hitting “shift+enter”, the above code directly gives us an output of −3.28396 ×

10−10 . Therefore, the theoretical a2 value of the dispersion block is 𝑎2,𝑡ℎ𝑒𝑜𝑟𝑦 = 1.64198 ×

10−10  𝑚2, which is approximately 4 times compared to our absolute measured 𝑎2 value. This 

discrepancy is not attributed to our algorithm’s limitation in extracting the dispersion. As we 

test, the 𝑎2,𝑡ℎ𝑒𝑜𝑟𝑦  value (or other values close to the 𝑎2 measured value) for the dispersion 

compensation broadens PSFs and blurs the OCT images compared to that when the 𝑎2 

measured value is applied. We speculate that the assumption using the empirical fitting 

Sellmeier equation and the compute precision of small numbers in the commercial software 

might be responsible for this discrepancy. 



 

124 
 

Appendix 3.3: STFT Analysis for an Entire OCT Processing Workflow 

 
Figure S3.3.1. STFT of a mirror’s spectral interferogram with (A) background subtraction, (B) normalization 
to reference spectrum, (C) resampling, (D) windowing, and (E) the proposed dispersion compensation. The 
color bar indicates the amplitude of the STFT.   
 

The spatial-spectral plot provides direct access to the two-dimensional 

representation of the step-by-step signal processing of a spectral interferogram of a single 

reflection of a mirror, which illustrates how the spectral non-linearity and mismatch 

between the two arms changes over the entire image processing. The energy distribution is 

gradually changing as shown in Fig. S3.3.1A-E. The energy distribution band is downward 

sloping and locally concentrated at some k numbers after background subtraction (Fig. 

S3.3.1A), downward sloping and more uniformly distributed after normalization (Fig. 

S3.3.1B). The chirping issue was largely solved by the resampling step, but it still remained 

observable ridge variances (Fig. S3.3.1C). Therefore, our algorithm is applied to the 

resampled spectral interferograms to further extract the underlying dispersion that causes 

these ridge variances along the k-axis. To avoid unnecessary spectral leakage effects, a Hann 
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window was used to suppress the fringe signals at two ends (Fig. S3.3.1D). Little ridge 

variance was observed after the proposed dispersion compensation (Fig. S3.3.1E). 

 

Appendix 5.1: A Brief Introduction to Bingham-Papanastasiou Model 

The Bingham plastic model is widely used to describe the behavior of viscoplastic 

fluids, wherein deformation only occurs once a minimum yield stress τy is exceeded [172, 

194]. 

τ = τy + ηpγ̇    (S5.1.1) 

 Or equivalently, 

ηa = {

∞,  |τ| ≤ τy

ηp +
τy

γ̇
,  |τ| > τy

    (S5.1.2) 

where ηa is the apparent viscosity defined as the shear stress 𝛕 applied to a fluid divided by 

the shear rate γ̇. Additionally, ηp  denotes the plastic viscosity, which corresponds to the 

viscosity of a fluid under infinite shear rate conditions. It specifically characterizes the 

portion of the overall viscosity of a non-Newtonian fluid that accounts for its internal friction. 

If the applied stress does not exceed the minimum yield stress, the apparent viscosity of the 

‘fluid’ tends towards infinity, indicating the absence of fluid movement and solid -like 

behavior. 

 To facilitate computations in both the yielded and unyielded regions, the 

Papanastasiou continuous regularization method is employed for the viscosity function. It is 

represented by the equation [170]: 
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ηa = ηp +
τy

γ̇
(1 − e−mpγ̇ )   (S5.1.3) 

where mp  is a material parameter that governs the exponential growth of stress, with a 

relatively high exponent mp , enabling rapid stress growth at relatively low shear rates [170]. 

 

Appendix 5.2: A Simplified Physical Model Using Free Body Diagram 

 

Fig. S5.2.1 Free-body diagram of the meibum within the terminal duct of the meibomian gland. Panel A depicts  
a 2D profile of the entire gland, while panel B provides a 3D illustration of the terminal duct only. The meibum 
flow occurs at a velocity u through the terminal duct, characterized by its radius R and length L. At equilibrium,  
the driving force Fd equals the frictional force Ff caused by the viscous meibum (A). For the detailed mechanical  
analysis of the meibum, a specific region of interest with a variable radius r is selected within the terminal duct 
of the gland (B). 
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To ensure comprehensive coverage in this paper, we also endeavored to derive 

expressions for meibum flow rate and the required eyelid pressure as functions of viscosity 

(refer to Fig. S5.2.1). This analysis enhances our understanding of the underlying 

mechanisms behind MGD, which are in line with the conclusions drawn from the simulation 

studies. Note that the following derivations were similar to the derivation of Poiseuille’s law, 

which can be found in [172], but we have taken a more comprehensive approach considering 

the non-Newtonian flow of meibum through the glandular system. 

A free body diagram is employed to analyze the meibum within the terminal duct, as 

depicted in Fig. S5.2.1A. To accomplish this, a specific region of interest (indicated by the 

dashed line) is selected, encompassing a length of L and a radius of r within the central 

portion of the terminal duct, as illustrated in Fig. S5.2.1B. The driving force responsible for 

squeezing out the meibum is determined by the product of the pressure reduction and the 

cross-sectional area of the selected region within the terminal duct: 

Fd = (Pin − Pout) ∙ Sc
′     (S5.2.1)  

 Here, Sc
′ = πr2, and it should be noted that r is a variable representing the integral 

path starting from the origin O (r = 0) to the boundary of the duct (r = R). Pin and Pout refer to 

the pressures at the start of the terminal duct and the surrounding atmosphere, respectively.  

 To account for the presence of the orifice in the meibomian gland, a correction factor 

is introduced, resulting in the following equation: 

Pin = α ∙ Peyelid     (S5.2.2) 
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where α represents the correction factor that reflects the pseudo 'enclosed' nature of the 

system. The range of α lies between 0 and 1, with α = 1 indicating perfect pressure 

transduction according to Pascal's law in an enclosed system. Values other than 1  indicate a 

reduction in pressure transduction from the central gland's wall to the terminal duct. It 

should be noted that there may be other factors contributing to pressure reduction. For 

instance, as the meibum enters a narrower constriction in the terminal duct, its velocity 

increases in accordance with the continuity of volumetric flow rate, resulting in a decrease 

in pressure due to Bernoulli's principle [172]. Additionally, the viscosity of meibum causes 

an additional pressure drop along the flow direction from the acini and central ducts to the 

terminal duct, which is directly proportional to the distance traveled. 

 On the other hand, the frictional force, denoted as Ff, is calculated by multiplying the 

shear stress τyx with the lateral surface area of the selected region within the terminal duct 

(Ss = 2πrL). 

Ff = τyx ∙ Ss    (S5.2.3) 

 The shear stress can be expressed as follows [172]: 

τyx = τy − ηp

du

dr
    (S5.2.4) 

 It should be noted that the negative sign in the term −ηp
du

dr
 is due to the fact that the 

velocity gradient 
𝑑𝑢

𝑑𝑟
 is negative.  

 For a steady state flow, the driving force is equal to the frictional force caused by the 

viscous meibum, which can be expressed as: 
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Fd = Ff     (S5.2.5) 

 By combining Eqs. S5.1.1-S5.1.3, S5.2.1-S5.2.5, we obtain the following differential 

equation: 

du =
τy

ηp

dr −
αPeyelid − Pout

2ηpL
rdr    (S5.2.6) 

 Integrating both sides of Eq. S5.2.6 yields: 

u =
τy

ηp

r −
αPeyelid − Pout

4ηpL
r2 + C    (S5.2.7) 

where C is a constant that needs to be determined. Considering the no -slip conditions at the 

boundaries: 

u|r=R =
τy

ηp

R −
αPeyelid − Pout

4ηpL
R2 + C = 0    (S5.2.8) 

 Therefore, C can be calculated as 
(αPeyelid −Pout )R2

4ηpL
−

τyR

ηp
. Finally, the complete 

analytical solution for the flow velocity as a function of r is given by: 

u =
αPeyelid − Pout

4ηpL
(R2 − r2) −

τy

ηp

(R − r)    (S5.2.9) 

 In Eq. S5.2.9, the flow velocity consists of two components: a parabolic term and a 

linear term. The parabolic term is reminiscent of the velocity profile observed in steady -

state, laminar, incompressible flows of Newtonian fluids, characterized by a parabolic shape. 

The linear term, on the other hand, is attributed to the non-Newtonian properties of the fluid, 

causing deviations from the typical parabolic profile. 
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 We further calculated the flow rate Q to examine how the proposed mechanisms 

would explain the cause of obstructive MGD. The average velocity can be determined by 

performing an integration across the cross-sectional area of the duct: 

u̅ =
1

πR2
∫ 2πru dr =

(α ∙ Peyelid − Pout)R2

8ηpL
−

τyR

3ηp

R

0

    (S5.2.10) 

 According to the flow rate definition by Eq. 5.2, 

Q =
π(α ∙ Peyelid − Pout)R4

8ηpL
−

τyR

3ηp

    (S5.2.11) 

 Notably, the first term on the right of Eq. S5.2.11 bears resemblance to Poiseuille's 

Law, which is typically applicable to steady-state, laminar, incompressible, Newtonian flows. 

However, our analysis of non-Newtonian meibum reveals that the second term also exerts a 

significant influence on both the flow behaviors. Based on Eq. S5.2.11, it is evident that the 

meibum flow rate positively correlates with the eyelid pressure, the fourth power of the duct 

radius, and inversely correlates with the minimum yield stress and plastic viscosity. These 

findings align with our modeling studies, which suggest that the force exerted by the eyelid, 

as well as hyperproliferation of the terminal excretory ductal epithelium and changes in the 

melting state of meibum from fluid to solid, can lead to dramatic decreases in meibum flow.  

 Finally, we derive the relationship between eyelid pressure and viscosity properties, 

as one would expect that increased viscosity would lead to a more challenging meibum 

expression. Rewriting Eq. S5.2.11, the pressure Peyelid required by the eyelid muscle to 

squeeze out meibum can be expressed as:  
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Peyelid =
8τyL

3αR
+

8ηpQL

απR4
+

Pout

α
= C1 ∙ τy +  C2 ∙ ηp +  C3    (S5.2.12) 

 Here, C1 =
8L

3αR
, C2 =

8QL

απR4, and C3 =
Pout

α
 are constants that depend on various factors 

such as gland morphology, non-Newtonian fluid properties, and the flow rate of meibum 

secretion. 

 

Video. S5.1 The meibum flow velocity observed during a typical blink period of 5 seconds demonstrates a 
significant increase in meibum expression during a blink that lasts approximately 1/3 of a second. The color 
bar is the same as in Fig. 5.5. 
 
 




