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Preface

The eye, as one of the vital organs in the human body, plays an essential role in the
acquisition and analysis of a vast array of visual information. Clinically, the eye is
divided into two primary sections based on anatomical location: the anterior segment
and the posterior segment. The anterior segment primarily comprises structures such
as the cornea, iridocorneal angle, iris, and lens, while the posterior segment includes
the vitreous body, retina, and choroid. Consequently, the content of this book is
organized around the themes of the entire eye, the anterior segment, and the poste-
rior segment to enhance the reading experience for the audience.

With technological advancements, ophthalmic imaging techniques have achieved
micron-level imaging, providing increasingly objective and significant evidence for
the precise diagnosis and mechanistic exploration of some ocular diseases. Among the
various imaging technologies, the advent of Optical Coherence Tomography (OCT)
has considerably transformed the diagnostic and therapeutic processes for ophthal-
mologists. Early OCT imaging technology, such as time-domain OCT, encountered
limitations due to the scanning speed of the light source, which resulted in prolonged
capture times, sensitivity to eye movement, and various artifacts that were more
pronounced in influencing results.

With the introduction of high-speed swept-source OCT (SS-OCT), the imaging range
and scanning speed have dramatically improved, transforming the display of ocular
structures from two-dimensional to three-dimensional imaging while progressively
mitigating some of the artifacts that affected earlier results.

Similarly, SS-OCT enables panoramic imaging of the anterior segment, allowing

for corneal imaging and data extraction and imaging of the iris, lens, and Berger’s
Space. This advancement provides surgeons with better evidence to assess surgical
outcomes. The integration of OCT imaging with surgical microscopes further aids
surgeons in adjusting and optimizing surgical strategies based on real-time conditions
during surgical procedures, providing significant support for avoiding reoperations
and reducing surgical complications.

The exploration of diseases by physicians does not solely concentrate on structural
changes; functional alterations, such as changes in the microcirculation of the retina,
may prove more sensitive for diagnosing certain conditions. Therefore, the emergence
of Optical Coherence Tomography Angiography (OCTA), which utilizes differ-

ent algorithms for obtaining retinal and choroidal vascular imaging, has brought
about a paradigm shift in clinicians’ approaches to diagnosing and treating retinal
diseases. Unlike traditional Fluorescein Angiography (FA) and Indocyanine Green
Angiography (ICGA), OCTA presents the vascular architecture of the retina and
choroid in a non-invasive manner without the necessity for contrast agents. This
capability particularly excels in identifying neovascularization, enabling physicians to
observe the morphological characteristics of abnormal new blood vessels and develop



more personalized treatment plans. However, it is essential to recognize that the
current imaging range and depth of OCTA still possess certain limitations, which are
areas that require further breakthroughs in future technological advancements.

The application and development of innovative medical technology, such as por-
table at-home OCT devices and real-time blood oxygen saturation monitoring OCT
devices, necessitate continuous optimization and enhancement through collabora-
tion between physicians and engineers. Thus, the collaborative partnership between
medicine and engineering represents a vital direction for future development.
Concurrently, integrating methods such as deep learning will be critical for achieving
more detailed extraction and computation of feature data, aiming for more precise
quantitative analyses.

The publication of this book reflects the collective wisdom of numerous ophthal-
mologists worldwide. I want to express my sincere gratitude to all the chapter authors
for their contributions, as their knowledge-sharing has significantly enhanced

their understanding of the importance of OCT. Additionally, I extend my thanks to
Professors Zhengwei Zhang and Liang Zhou. Although their busy schedules did not
permit them to review each chapter individually, their assistance in reviewing por-
tions of the book has been invaluable.

Knowledge is continually evolving and updating. While each author has endeavored
to summarize and share the most recent cases and information from their institu-
tions, the content of this book may still fall short of perfection due to objective
conditions such as regional limitations. I hope readers will extend their understanding
and support in this regard.

Ultimately, this book aims to inspire and support ophthalmologists. I hope that in
future editions, more authors will participate, facilitating the sharing of updated
knowledge within the global ophthalmology community. Once again, I appreciate the
diligent efforts of all the authors. Thank you.

Xiaogang Wang
Shanxi Eye Hospital Affiliated to Shanxi Medical University,
Taiyuan, China

Zhengwei Zhang
Jiangnan University Medical Centre,
Wuxi, China

Liang Zhou

Second Xiangya Hospital,
Central South University,
Changsha, China
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Chapter1

Introductory Chapter: OCT
Enhances Precision Diagnosis and
Treatment of Ocular Diseases

Xiaogang Wang

1. Introduction

The eye is the core of the visual system, and any ocular disease can potentially
affect vision, thereby impacting quality of life. Common eye diseases include myopia,
hyperopia, cataracts, glaucoma, macular degeneration, and diabetic retinopathy.
Imaging technologies play a crucial role in ophthalmology. Traditional ophthalmic
examinations primarily relied on visual acuity testing and fundus examination.
However, with technological advancements, modern imaging techniques such as
Optical Coherence Tomography (OCT) and OCT Angiography (OCTA) have greatly
improved diagnostic accuracy and efficiency [1, 2].

OCT technology provides high-resolution cross-sectional images of ocular tis-
sues, allowing clinicians to gain an in-depth understanding of the microstructures of
the retina, optic nerve head, and associated pathologies. This noninvasive imaging
modality enables doctors to obtain detailed pathological information without com-
promising patient comfort [3]. OCTA further enhances the ability to observe vascular
structures and blood flow status, which is particularly important for diagnosing
diabetic retinopathy and macular disorders [2].

Through imaging technologies, clinicians can not only identify ocular diseases ear-
lier and more accurately but also monitor disease progression and treatment efficacy.
This provides crucial evidence for personalized treatment and management, help-
ing patients achieve better visual outcomes. In the future, as imaging technologies
continue to advance, ophthalmic diagnosis and treatment will become more precise,
bringing greater benefits to patients.

2. Overview of OCT
2.1 OCT and working principle

OCT, as an advanced imaging technology, is primarily used to obtain high-
resolution cross-sectional images of biological tissues. The principle of OCT is based
on low-coherence interferometry, which uses the phenomenon of light interference to
provide information about the microscopic structure within tissues [3].

An OCT device typically consists of a laser light source, an interferometer,
and a detector. First, the light source emits a broad-spectrum beam of light that
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illuminates the tissue being examined. Some of this light is reflected by the tissue,
while some penetrates and is reflected by deeper structures. The reflected light
combines with light from the reference arm, forming an interference pattern. By
analyzing the phase and intensity of this interference pattern, depth information of
the reflected signals can be obtained, allowing the reconstruction of cross-sectional
images of the tissue.

2.2 Noninvasive and high-resolution imaging advantages of OCT

The noninvasive nature of OCT makes it an essential tool in ophthalmology.
Unlike traditional biopsies or other invasive imaging techniques, OCT does not
require direct contact with the tissue, meaning patients feel comfortable and safe dur-
ing examination. This technique not only eliminates the risk of bleeding and infection
but also reduces patient anxiety, making it an ideal choice for regular screening and
monitoring disease progression.

The high-resolution imaging capability of OCT is another major advantage. By
capturing details of microstructures, OCT can identify diseases at an early stage. For
example, OCT can clearly display changes in retinal layers, timely detecting condi-
tions such as macular degeneration and diabetic retinopathy. This ability for early
diagnosis significantly improves the success rate of treatment.

3. History of OCT development

The development of OCT can be traced back to the 1990s, with the initial concept
proposed by Professor David Huang and his team in 1991 [3]. The original OCT
technology was primarily based on time-domain imaging principles, utilizing low-
coherence interferometry to obtain cross-sectional images of biological tissues. This
groundbreaking research marked the beginning of significant applications of optical
imaging technology in ophthalmology.

With continuous technological advancements, Time-Domain OCT (TD-OCT)
achieved its first clinical application in 1996. Although TD-OCT provided
relatively high-resolution, its imaging speed was comparatively slow, limiting
its widespread in clinics [4]. Entering the twenty-first century, the emergence
of Fourier-Domain OCT (FD-OCT) represented a major breakthrough in OCT
technology. FD-OCT significantly improved imaging speed and image quality by
simultaneously acquiring signals from multiple depths. This technology enabled
clinicians to obtain high-quality images in less time, thereby enhancing clinical
diagnosis efficiency [5].

Subsequently, Swept-Source OCT (SS-OCT) emerged as a novel imaging technol-
ogy, further enhancing OCT performance. SS-OCT utilizes tunable lasers to image
across a wider range of wavelengths, providing information from deeper tissue layers.
It has shown unique advantages, particularly in imaging the cornea, retina, and
anterior chamber [6].

Today, modern OCT technology has not only improved in resolution and speed
but also incorporated advanced technologies such as artificial intelligence, further
enhancing image analysis and pathology recognition capabilities [7]. Through con-
tinuous exploration and innovation, OCT will continue to play a crucial role in future
medical research.
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4. Examples of OCT applications in ophthalmology

OCT, as a noninvasive, high-resolution imaging technology, not only provides
detailed images of ocular anatomical structures but also effectively assists in early
disease diagnosis and treatment evaluation. The following are specific examples of
OCT applications in several common ophthalmic conditions.

1. Diabetic retinopathy (DR): OCT enables clinicians to observe detailed changes in
retinal thickness and microvascular damage (Figure 1). By evaluating structural
changes in the macular region, OCT can also assess the severity of diabetic macu-
lar edema. OCTA can reflect abnormalities in retinal microcirculation to varying
degrees, providing a basis for interventional treatment [8, 9].

2.Glaucoma: OCT can precisely measure the thickness of the retinal nerve fiber
layer (RNFL) and assess structural changes in the optic nerve head, such as the
degree of cupping. Additionally, OCTA can visualize the blood supply to the op-
tic nerve head, thereby further evaluating the risk of glaucoma (Figure 2) [10].

3.Cataract: Anterior segment OCT can provide detailed imaging of the lens, assist-
ing ophthalmologists in identifying the degree and location of lens opacification
(Figure 3). This is crucial for assessment and treatment planning. Furthermore,
postoperative OCT examinations can be used to monitor the occurrence of
postoperative complications such as inflammatory reactions, corneal edema, and
posterior capsule opacification [11].

Angia | GGT - Superficial Angio / OGT - Deep Angio | OCT - Outer Retina Angio { OCT - Choroid Capilary

Figure 1.

OCT examination vesults of the right eye in a patient with diabetic retinopathy (DR). Panel A: Abnormal
hyperreflective signals are visible in the vitreous cavity, along with intraretinal exudates and edema. Panel B:
Three-dimensional reconstruction of structural OCT reveals distinct hyperreflective signal clusters in the vitreous
cavity and morphological changes associated with retinal edema. Panel C: OCTA examination of a 6 mm x 6 mm
macular area demonstrates significant perfusion abnormalities acvoss all layers, from the superficial retina to the
choriocapillaris.
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Figure 2.

OCTA scan results of a 4.5 x 4.5 mm optic disk area in the left eye of a glaucoma patient. First row: OCTA
examination veveals only large vessel information remaining in the optic disk area. Due to long-term elevated
intraocular pressure, the micvovascular civculation is significantly compromised. Second row: Corresponding
en-face images at various levels demonstrate marked enlargement of the optic cup. Third row: OCT cross-sectional
images show deep excavation of the optic disk with significant expansion of the cup margins.

Figure 3.

Various OCT images velated to cataract surgery. Panel A: Preoperative cataract OCT image showing a

significant lens opacity. Panel B: Post-laser treatment for posterior capsular opacification (PCO), demonstrating
discontinuity of the posterior lens capsule. The curling of the capsule edges is visible at both ends of the opening
(ved arrows). Panel C: Postoperative OCT image showing wound gaping and Descemet’s membrane detachment at
the main incision site (ved arrow). Panel D: Postoperative OCT image revealing varying degrees of corneal edema
and anterior chamber inflammatory reaction (yellow circle).
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5. Future prospects

The widespread application of OCT technology in ophthalmology has made
significant progress, but its future development still holds great potential, primarily
in the integration with new imaging technologies, the application of artificial intel-
ligence, and its potential in personalized medicine and treatment monitoring.

5.1 Integration with new imaging technologies

In recent years, OCT Angiography (OCTA) has emerged as a novel imaging
technique that has been successfully integrated with OCT. OCTA enables noninvasive
observation of ocular vascular structure and function, providing crucial reference
information for diagnosing ophthalmic diseases such as diabetic retinopathy and
wet age-related macular degeneration [9, 12]. The combination of OCT with other
imaging technologies (e.g., fluorescein angiography and ultrasonography) will allow
clinicians to obtain more comprehensive information about ocular health. This
multimodal imaging strategy can not only improve early disease detection rates but
also support the development of personalized treatment plans.

5.2 Application of artificial intelligence in OCT image analysis

The rapid development of Al has brought revolutionary changes to OCT image
analysis. Through deep learning algorithms, Al can automatically identify and classify
lesions in OCT images, improving the speed and accuracy of image analysis [13]. In
the future, the application of Al is expected to reduce subjective bias in the diagnostic
process, providing more objective assessments. Furthermore, Al can help researchers
identify new biomarkers through the analysis of large-scale OCT datasets, promoting
the development of novel treatment methods.

5.3 Potential of OCT in personalized medicine and treatment monitoring

With the rise of personalized medicine, the prospects for OCT in treatment
monitoring and disease management are becoming increasingly broad. OCT can
provide real-time information on the ocular structure and function, offering a basis
for clinicians to formulate personalized treatment plans. Through regular OCT
examinations, doctors can dynamically monitor changes in a patient’s condition and
adjust treatment plans in a timely manner. Additionally, with the development of
telemedicine and mobile smart health technologies, OCT technology is expected to
integrate with these emerging technologies to achieve more convenient patient man-
agement. Patients may be able to conduct preliminary screenings at home, with OCT
images transmitted to doctors for analysis via cloud platforms, thereby improving the
accessibility of medical services [14].

6. Summary

This book will compile the various aspects mentioned above, selecting key ante-
rior segment and fundus diseases to delve into the application and analysis of OCT
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imaging technology in specific disease contexts. It emphasizes the importance of OCT
in early diagnosis, treatment monitoring, and evaluation. Additionally, the book will
focus on the application of artificial intelligence (AI) in the analysis of OCT images,
exploring how to enhance the speed and accuracy of image processing and analysis,
thereby aiding physicians in making more precise diagnoses. The introduction of Al
will transform the traditional methods of ophthalmic diagnosis, making them more
objective and intelligent.

We hope that readers will absorb the necessary knowledge from the chapters of
this book, enabling them to contribute to global eye health from a perspective of
wisdom and precision. By combining the latest advancements in OCT technology
with Al, we anticipate that this book will provide valuable references and insights for
ophthalmologists, researchers, and readers interested in ocular health, promoting
further development and innovation in the field of ophthalmology. The ultimate goal
is to improve the early detection rates and treatment outcomes of ocular diseases,
thereby enhancing overall patient health and quality of life.
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Xiaogang Wang
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Taiyuan, Shanxi Province, China
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Chapter?2

Home Based Optical Coherence
Tomography

Miguel Busquets, Muki Rapp and Nishant Mohan

Abstract

Home OCT allows for individualized management of patients with exudative
disease. Fluid dynamic heterogeneity demands the use of artificial intelligence
to track data. This is accomplished with the Unet encoder-decoder segmenta-
tion network. Clinical trials have shown that home OCT demonstrates excellent
adherence, self-imaging, automated fluid quantification with high sensitivity and
specificity, and disease management refinement. AI and human grader correla-
tion for the technology ranges between 91.6-100%. Decision-making data shows a
potential impact on disease management, with a possible doubling of the average
treatment interval (8-15.3 weeks), and recommended sooner treatment in 57% of
patients. Two thirds of patients treated sooner required treatment within one week.
Home OCT-derived analytics shows that patients treated within 7 days of disease
reactivation had lower fluid volume at treatment, resolution time and fluid AUC
(area under the curve).

Keywords: artificial intelligence, AMD, home OCT, anti-VEGF, treat and extend
management

1. Introduction

Optical coherence tomography (OCT) has found its first and most widespread
clinical application in ophthalmology. This technology is particularly crucial in the
treatment of retinal diseases such as age-related macular degeneration, diabetic
retinopathy, and retinal vein occlusion. The acute nature of these conditions, charac-
terized by rapid anatomical changes, demands immediate therapeutic interventions
to prevent vision loss. This urgency, coupled with the significant burden of near
monthly treatments, has driven the development of strategies for extending treat-
ment intervals and creating longer-acting therapies. OCT has been demonstrated
to be of such importance that data has supported its use at the exclusion of dilated
fundus examinations [1]. Additionally, these challenges have spurred the innovation
of home monitoring solutions based on OCT, aimed at providing high-frequency data
to better manage these acute retinal conditions.

1 IntechOpen
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2. Age-related macular degeneration

Age-related macular degeneration (AMD) is a progressive disease and the lead-
ing cause of blindness in adults aged 50 and older [2]. In its early and intermediate
stages, AMD is marked by the presence of retinal drusen and pigmentary changes
visible in fundus images, typically without severe vision loss. However, 10-15% of
patients progress to the advanced stage, known as neovascular AMD (nAMD) [3].
This advanced stage involves the growth of new blood vessels (neovascularization)
and fluid accumulation in the retinal space, leading to rapid and severe vision loss if
untreated.

The primary treatment for nAMD involves injecting anti-vascular endothelial
growth factor (VEGF) drugs -now sometimes coupled with anti-angiopoietin 2
moieties - into the eye’s vitreous cavity. These drugs inhibit blood vessel growth and
help resolve retinal fluid, as evidenced by OCT images. Most nAMD patients require
ongoing treatment for the rest of their lives. There are two common approaches to
scheduling these treatments.

The first, and most widely used, is the treat-and-extend (TAE) method [4]. In
this approach, an OCT scan is performed during each office visit, and the patient
receives an anti-VEGF injection. If fluid is detected on the OCT scan, the next
appointment is generally scheduled sooner than the previous interval, with a
minimum gap of four weeks. If no fluid is detected, the interval before the next
treatment is extended. The goal is to find the optimal interval to prevent disease
recurrence.

A second approach is the pro re nata (PRN), or as-needed, method. Patients visit
the clinic monthly and receive treatment only if fluid is present in the OCT scan. Both
methods have limitations: TAE can lead to excessive treatments as intervals are gradu-
ally extended, and it cannot account for fluid recurrence sooner than the set interval.
Conversely, PRN imposes a significant burden on patients and caregivers due to the
frequent monthly visits. The PRN approach resembles the “set-interval” treatment
models, although the former imposes the same burden on patients while incurring
significantly higher direct and indirect healthcare costs.

These limitations are largely due to the infrequent data collection compared to the
rapid progression of the disease. To address this, high-frequency OCT data acquisi-
tion and fluid characteristic analysis are needed to develop optimal management
strategies. For elderly patients with nAMD, this could be achieved by providing them
with home-based OCT devices, enabling more frequent monitoring, better disease
management, and cost control.

3. Home monitoring

Home monitoring is increasingly critical in disease management across various
fields, including endocrinology and cardiology [5, 6]. It enables interventions based
on physiological parameters rather than fixed appointment schedules. However,
transitioning monitoring from expert-guided clinics to patients’ homes presents
several challenges that must be overcome before such solutions become practical.
Home monitoring solutions generally fall into two categories: passive and active
monitoring.

Passive monitoring typically involves an implanted device that collects data and
automatically transmits it for analysis and review. In contrast, active monitoring
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requires patient engagement in the data acquisition or transfer process. Currently,
most remote ophthalmic monitoring systems are active. However, there are some
fundamental requirements to make these monitoring systems practical.

Patient adherence is essential in active monitoring programs. Compliance is a
significant challenge in healthcare, affecting medication adherence and routine
clinical check-ups. It’s even more crucial in remote monitoring for managing acute
and irreversible diseases. All home monitoring programs should include strategies to
ensure patient adherence. Various approaches have been tried, such as using patient
care coaches [7] and digital health apps for reminders [8]. One approach for manag-
ing the progression from intermediate to wet AMD involved a dedicated monitoring
center. This center, a digital healthcare provider, supports logistical needs like insur-
ance verification, device provision, patient training, and technical support. Crucially,
it aids in patient adherence and engagement. This method showed average patient
adherence rates of 5.2 tests per week, surpassing the minimum required level for an
ophthalmic home monitoring program. These rates were maintained over a 10-year
retrospective study (Figure 1) [9].

Another critical aspect of home-based monitoring is data transfer and stor-
age. Many remote monitoring techniques store data on localized devices, requiring
manual transfer to the health system. However, advancements in broadband internet
connectivity and cloud storage now allow automatic data transfer to cloud systems,
making it accessible to physicians [10]. It’s important to note that patients’ personal
health information requires robust data security beyond what consumer systems
offer. Therefore, while connected networks are highly beneficial for remote monitor-
ing, appropriate cybersecurity safeguards must be implemented in line with health
authority regulations.

Home monitoring inherently generates significantly more data than in-
clinic monitoring and diagnostics. This creates a natural challenge of needing
automation to analyze and curate data for appropriate physician review. Recent
advancements in machine learning and deep learning algorithms have enabled
automated analysis, presenting condensed information to physicians for review
and decision-making.

Test Freq
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T
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Figure 1.
Testing frequency of patients with intermediate AMD supported by a monitoring center to help with adherence to
program as a function of time on the program.
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4.Home OCT

Home (OCT) refers to a home-based system that is capable of acquiring OCT
images. Its first use has been evaluated in retinal diseases, particularly AMD for the
reasons discussed above.

OCT images of the retina are acquired by directing the beam to the retina through
the pupil of the eye. The system uses the optics of the eye to project light on the
retina. The reflected light goes through low coherence interference to form the OCT
image as discussed in the earlier chapters. A typical OCT system used in the office
operates with the help of a trained technician. The technician positions the OCT
probe that emits the beam in appropriate position while the patient stays steady using
a head and chin rest. This allows the appropriate position of the eye and probe in all
3 dimensions. Several modern systems do use automation to bring the probes in the
correct position automatically, however a technician presence and intervention is
still often needed. The patient is guided to fixate on a specific target, this allows the
appropriate portion of the posterior segment of the eye to be in the field of view of
the OCT.

A home OCT system must be fully self-operated with no presence of trained
technician required. In addition, self-operation should be convenient for a patient
suffering from visual disorders. For instance, it is known that in real-world only
around 34% of nAMD patients have functional vision of 20/40 [11] at the time of
diagnosis, the requirement for driving in most states in the United States. The average
nAMD patient had a vision of 20/80. Self-operation requires few critical elements.
The device configuration should be straightforward to start scanning without special-
ized knowledge. The device shall contain descriptive instructions that the patient can
review at their convenience. The device shall bring the patient’s eye into appropriate
alignment to perform the scan. This includes bringing the pupil and the OCT beam
into appropriate transverse alignment for beam to pass through without obfuscation.
In addition, the axial position of the pupil and the beam scanning point should align
to ensure the maximum field of view can be reached. The system shall also provide
the ability for a patient with low vision to fixate during the process of the scanning to
ensure scan can be completed without severe motion artifacts.

Another critical requirement for making home OCT systems practical for indi-
vidual use is low manufacturing costs. The cost reduction from in-office to home-use
devices is primarily achieved through use of components that are widely used in
consumer goods. The high-volume production of such components allows them to be
available at lower costs. The growth in semiconductor technologies has also allowed
reduction in cost of several components in the OCT systems. The requirement of
a large number of home OCT devices for patients suffering with nAMD supports
economy of scales and further cost reductions.

The choice of modality of OCT used for the home version of such devices is an
important consideration. OCT systems are categorized by the mode of interferometric
method used to obtain axial localization during the image formation. The three most
common methods are time domain, spectral domain and swept source OCT that use
varying methods for axial localization. The systems are further classified based on
methods used for transverse localization. These include point scanning, line scanning
and full-field systems.

Home OCT systems are typically based on point-scanning spectral domain OCT
and full-field time domain OCT. The point-scanning spectral domain systems are
technologically equivalent to the most commonly used in-office OCT systems.
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These systems are proven to allow adequate imaging of the retinal tissue as needed for
observing disorders like AMD.

The full-field time-domain OCT systems are promising technology particularly
due to simplicity and low cost. Such systems allow use of area scan cameras and do
not require complex beam scanning mechanisms. The parallel nature of acquisition
also allows for easier access to phase information in the OCT signal, allowing pos-
sibility of obtaining further information than available with standard OCT systems.
However, such systems do suffer from transverse crosstalk between the pixels
resulting in degradation of interferometric signal and hence system sensitivity. So
far, full-field time-domain has not been used for clinical disease management on a
regular basis.

5. Artificial intelligence and estimation of key biomarkers

Retinal fluid is the key physiological biomarker in management of nAMD. The
presence of fluid as seen in OCT images is the key physiological biomarker in manage-
ment of nAMD. The presence of fluid as seen in OCT image is one of the primary
factors in determining the effectiveness and frequency of anti-VEGF therapies to
manage nAMD. The retinal fluid when present anterior to the photoreceptor layer is
called intraretinal fluid (Figure 2(a)). The fluid present between the photoreceptors
and the retinal epithelial pigment (RPE) layer is called subretinal fluid (Figure 2(b)).
The fluid present posterior to RPE is called sub-RPE fluid (Figure 2(c)).

The fluid is depicted in the retinal OCT images as hyporeflective space (HRS), as
fluid-filled area in general reflects or scatters less light than the retinal tissue area.
While the fluid is a physiological biomarker, HRS is an imaging biomarker. HRS is a
more accurate description of appearance on the image without inferring the underly-
ing physiology. In clinical terms it becomes important as presence of degenerative
cysts, outer retinal tubulation and a few other structures can cause a hyporeflective
appearance, however such spaces are not expected to change with anti-VEGF therapy.
The HRS when present anterior to the photoreceptors is called intraretinal hypore-
flective (IRO) space, and when present between the photoreceptors and the RPE is
called subretinal hyporeflective (SRO) space. The sum of intraretinal and subretinal
hyporeflective space is total retinal hyporeflective (TRO) space. The importance of
these biomarkers in the retina for disease management has led to the development of
multiple algorithms for automatic segmentation and quantification.

Multiple algorithms have been developed for segmentation of such biomarkers,
the most common approaches currently include use of machine learning and deep
learning-based methods. These methods require annotation or labeling of the images

(b)

Figure 2.
Examples of: (a) Intraretinal, (b) Subretinal, and (c) Sub-vetinal pigment epithelial (RPE) fluid.
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by the expert graders. The algorithm is then trained on these annotations [12]. The
algorithm first detects the retinal space through segmentation of inner limiting
membrane (ILM) and retinal epithelial pigment (RPE). The retinal space is then
segmented into pixels that are considered to represent HRS. The core segmentation
in NOA is based on deep learning U-net architecture Ref. [13]. The U-net architecture
in general consists of what are called contracting and expansive paths. The contract-
ing path consists of repeated convolutions layers, rectified linear units and pooling
operation with down sampling. The expansive path has a similar structure while using
up-sampling instead of down-sampling. At the final stage each component vector

is mapped to the desired features. Hyperparameters are then tuned to optimize the
segmentation scheme.

The segmented regions are further classified into subretinal or intraretinal spaces
by the algorithm. The TRO space volume is then estimated by summing up all pixels
classified as HRS and multiplying them by the volume of each pixel. The estimates
are expressed in volume units (VU). Physically 1 VU is equivalent to 1 nanoliter of
volume. In addition to the quantification, the NOA generates annotated B-scans, with
areas of HRS are shown color-coded according to the type (IRO or SRO), en-face
maps of fluid projections) and ranking of B-scans by order of largest to smallest
HRS areas. NOA is the first deep-learning based algorithm to receive clearance from
the United States Food and Drug Administration (FDA), for segmentation of OCT
images.

6. Home OCT data

Data acquisition at home allows for much higher resolution of the temporal
information compared to the information available through only in-office data collec-
tion. This requires an enhanced approach for review and interpretation of the home
OCT data. It should be noted that any feature and biomarker can be reviewed for
more temporal detail. These features can be image based and be described as hypo-
reflective areas in the image, or they can be interpreted and described as specific
physiologic parameters like retinal fluid.

7.Home OCT data elements

Individual home OCT scans are similar to those obtained through standard in-
office OCT devices used for retinal images. Multiple layers in retinal and subretinal
regions can be observed through varying contrast corresponding to variation in
amplitude of the scattered light. The full acquired volume can be reviewed by scroll-
ing through individual B-scans. The OCT imaging data acquired on different days
can be compared by simultaneous review of the scans. The regions of hyporeflective
spaces in the OCT B-scans automatically detected by the Al-based algorithms can be
annotated by an overlay color Figure 3(a).

The next data element is the spatial location of the retinal biomarkers. For
instance, the segmented intraretinal (IRO) and subretinal (SRO) spaces can be shown
as a projection map on a transverse grid corresponding to the central of fixation.
Figure 3(b) shows such projection maps. The transverse location of HRS area can be
of important clinical significance. The ability to acquire data at high frequency allows
us to create spatiotemporal maps for such biomarkers.
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Figure 3.

(. u)g Demonstrates examples of OCT B-scans at near foveal position for OCT scans acquired on different days using
home OCT with an overlay of hyporeflective spaces, (b) shows corresponding projections maps obtained after
automated HRS detection and projection on a transverse area, and (c) shows the corresponding TRO space volume
trajectory with the alerts marked by the bell icon, and the treatment dates marked by syringes icon.

Data acquisition at home allows very high temporal resolution. Hence the changes
in the biomarkers like HRS can be observed at an unprecedented level. Home OCT
data hence also has an important 1-d temporal element. Figure 3(c) shows 1-d tempo-
ral data from home OCT can be observed in the form of changing TRO space volume
levels over time.

8. Home OCT clinical studies

The utility of any home monitoring technology requires validation that data can be
acquired by the target disease population and that it can be done in their home setting
repetitively over an extended period. Multiple studies have been conducted to under-
stand the feasibility of home OCT in this regard. We will discuss several of them here.

Kim et al. [14] reported on prospective and cross-sectional study using two
versions of Notal Vision Home OCT (NVHO). The two versions had a different form
factor, however, used the same OCT electro-optical engine and provided the same
user experience. The goal of the study was to determine feasibility of self-imaging
using home OCT device in a clinic setting and comparing detection of retinal fluid on
home OCT device versus the commercial OCT device available at the study sites.

The enrollment criterion for the study included presence nAMD in at least one
eye and required patients to have visual acuity of at least 20/400. The enrolled patient
performed self-imaging on a home OCT device present in the clinic. The patients
also received regular in-office exam including measurement of best corrected visual
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acuity (BCVA) and commercial in-office OCT scanning using either the Cirrus-HD
OCT (Carl Zeiss Meditec, Dublin, CA, USA) or the Spectralis OCT (Heidelberg
Engineering, Heidelberg, Germany). The Cirrus OCT scans consisted of 128 B-scans
using a central wavelength of 840 nm, while the Spectralis system used 40 B-scans or
more operating at a central wavelength 870-nm.

The enrolled subject images on the home OCT device without any additional sup-
port from the staff. The subject watches a 2-minute video tutorial and is only guided
to place their forehead on the device to perform self-scans. The device performs an
automatic calibration at the first use to customize the optical path for a given patients
refraction and eye length.

A total of 560 eyes of 301 subjects were enrolled in the study to perform home
OCT based imaging. A total of 531 eyes that attempted self-imaging, at success rate
of 88% (469/531). The mean (SD) age of subjects was 78.8 (8.8) with 58% of par-
ticipants being female and the median VA of the participants was 20/40. The study
found that subjects were able to successfully image when the VA of the testing eye
was 20/320 or better, however subjects with a worse VA failed to scan in nearly 50%
of the cases.

In regard to the quality of the images 464 out of 469 eyes produced images grad-
able by a reading ophthalmologist. In comparison, 468 out of 469 (99.8%) of images
acquired by commercial OCT were gradable in a similar manner. The positive percent
agreement (PPA) and negative percent agreement (NPA) were calculated for compar-
ing the visualization of fluid in home and in-office OCT. A total 463 eyes of 264 sub-
jects that had gradable images from both the devices were included in the calculation.
The PPA and NPA for detecting presence of any fluid was 98% and 96% respectively.
The accuracy of visualization was not found to be dependent on VA levels.

Overall, this cross-sectional study showed a significant portion of patients can
scan on the NVHO device with only a self-tutorial and no additional help. The imag-
ing rates were significantly high for the patients with vision better than 20/320. There
was a high degree of correlation in detection of fluid between NVHO and commercial
in-office OCT.

While cross-sectional studies in office and laboratory settings provide validation
of self-imaging, the utility of home OCT cannot be realized without demonstrating
extended and adherent use at home by the patient population of interest.

Blinder et al. [15] reported a clinical study to demonstrate use of home OCT by
nAMD patients over a six-month period. It was a prospective observational study. The
participants had at least one with previously untreated nAMD, also known as treat-
ment naive, and visual acuity between 20/20 and 20/320.

The participants who consented to the study received Notal Vision Home OCT
(NVHO). The device and the user guide were shipped to the patient’s home. The
participants set up the device themselves or with the help of a caregiver, and watched
an interactive, on-device tutorial video, followed by practice and calibration scans.
The participants had the option of receiving telephone support from Notal Vision
Monitoring Center (NVMC). Participants were instructed to perform self-imaging of
both eyes daily for approximately 6 months. The standard of care data was collected
during in-office visits. The collected OCT scans were uploaded, and a reading center
reviewed the scans for presence or absence of fluid.

Fourteen participants completed the study. The participants had a median age of
74 years, and 57% were male. The median visual acuity at the time of enrollment was
20/63. Thirteen participants obtained scans eligible for fluid quantification upon the
first attempt and one did so after 6 attempts. Participants perform a mean of 6.3 scans
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per week and 27.5 scans per month. The mean scans per week were relatively constant
over time. It took patients a mean time of 47 seconds to acquire the OCT scans per eye.
The presence of fluid as detected on home OCT scans was compared with the pres-
ence of fluid on in-office OCT scans. For fluid levels >10 nL home OCT and in-office
OCT agreed 100% of the time.

The high rate of patient adherence, imaging success rates and agreement between
home OCT and in-office OCT demonstrated potential usefulness of home OCT.

8.1 Studies demonstrating impact of home OCT on clinical decision making

The above studies demonstrated feasibility of acquiring high temporal frequency
data by the patients at their home. Additional research has been conducted to under-
stand impact of this high frequency data on clinical management of the patients.

Holekamp et al. [16] conducted a prospective clinical trial to understand the
impact of home OCT on patient management. The treatment experienced nAMD
patients were switched to home OCT-based management. This process involved
providing patients with the home OCT monitoring service, where their daily artificial
intelligence-analyzed OCT data was available to the investigators. The investigators
set notifications thresholds based on time and disease activity to review the remote
data. The patients were invited for treatments only based on the home OCT data.
In-office diagnostics were performed to determine the need for the treatment.

The investigators found that the number of treatments were on an average sig-
nificantly reduced for the patients once managed with home OCT compared to their
earlier management. The mean retreatment interval before switching to home OCT
management for patients was 8.0 weeks/treatment, that increased to 15.3 weeks/
treatment after switching to home OCT based management. There was no statistically
significant change in visual acuity (VA) before and during home OCT based manage-
ment. This was largely attributed to reduced need of treating patients in a proactive
manner to prevent future disease reactivation.

Another study was conducted by Heier et al. [17] to understand the impact of
home OCT data on the physician decision making. They conducted a retrospective
data review study, that used home OCT data from the patients that were managed
by standard of care. Fifteen retina specialists (RS) in the United States participated.
The home OCT data over a segment of time including the preceding treatment
information was presented to the participating RS. They were asked to indicate if
they would treat the patient during the presented time and if so on what date. A
total of 150 such segments were presented. The patients were treated in each case on
the last day of the presented segment, this information was masked from the retina
specialist.

The RS decided not to treat patients in 42.7% of cases when they were treated in
actual care. In the remaining 57.3% of cases when the retina specialist did decide to
treat the patients, they recommended treating at least one week before the treatment
was given in the actual care. The study demonstrated a strong impact of home OCT
data on the physician decision making. It showed number of treatments and patient
visits can be significantly reduced that would reduce burden both on the patients and
the healthcare system. On the other it also showed numerous patients are potentially
undertreated and should receive their treatments sooner than being in actual care.

An additional consecutive series of studies evolved from the first ever at home
study of four participants that self-imaged for one month [18], followed by a study of
15 participants that monitored for three months [19].
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9. Home OCT future and challenges

Home OCT is a novel monitoring tool, with the first regulatory approval for
clinical use being received in May of 2024. It paves the way for several such diagnos-
tics that allow patients to be more closely involved in management of their disease
[20, 21]. We expect with the increased burden on healthcare providers the use of
automated tools for acquiring diagnostic information in remote settings including
home will continue to become more commonplace. This shall be beneficial for the
patients, providers and the healthcare system in general.

This promise comes with its own challenges to overcome. The remote monitoring
technologies will have keep increasing in reliability while lowering the cost on the
system to become mainstream. The distributed acquisition of diagnostic information
requires lower cost of hardware that is not always easily achievable. The remote acqui-
sition also brings serious challenges to data safety and privacy, the growing threat
of cyber-attacks are heightened when data is acquired remotely. It will be essential
for those providing such services to ensure patient data is appropriately protected to
maintain patient trust. Finally, all such new paradigms need to demonstrate increased
health outcomes over extended period of time. The novel paradigms, while exciting
still have to prove themselves as beneficial to patients in the long run.

10. Summary

The advancement in digital technologies has allowed capture of data outside the
traditional care settings. Artificial intelligence has in turn allowed for the processing
of innumerable data points in this context. This coupling enables data acquisition
on a much larger scale than what is possible in a diagnostic clinic setting and prom-
ises a much deeper understanding of disease dynamics which could in turn lead to
potentially better clinical decision-making, treatments, and outcomes for patients.
OCT is a primary diagnostic tool in ophthalmic setting. The ability to perform patient
self-operated OCT scans at home promises a more granular understanding of disease
dynamics, particularly for conditions with rapidly changing anatomical features.
Research efforts to date have demonstrated the feasibility of home OCT system use
with scans performed over an extended period of time by patients with neovascular
AMD. Future studies may support the feasibility of such use in other exudative
conditions, such as diabetic macular edema and retinal vein occlusions.
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Chapter 3

Machine Learning Architectures
and Their Applications in Optical
Coherence Tomography

Ankit Butola

Abstract

Optical coherence tomography (OCT) is a powerful imaging technique that utilizes
optical scattering to extract tomographic information of biological samples in their natural
state. Over the past two decades, OCT has advanced both experimentally and computa-
tionally to improve its performance in terms of resolution, penetration depth, acquisition
speed, and sensitivity. The interpretability of OCT particularly increased through its
integration with artificial intelligence (AI). While fast and label-free nature of OCT
becomes popular in optical imaging, Al assigned an artificial system to mimic human
intelligence, such as classification, visualizations, and segmentation. In particular, the
subfield of Al i.e., machine learning (ML) is a data-driven approach, which is explicitly
designed and optimized by fine-tuning the hyperparameters to reflect certain features
through learning rule. In this chapter, we aim to provide a critical overview of OCT and
machine learning model by presenting the scientific context, working principles, and
current biomedical applications. The chapter will also cover types of convolutional neural
networks (CNNs) that have been used in analyzing diverse OCT images.

Keywords: optical coherence tomography, optical microscopy, machine learning,
deep neural network, ophthalmology, classification, segmentation

1. Introduction

Optical coherence tomography (OCT) is a non-contact and non-invasive optical
technique to visualize the volumetric information of multilayered semitransparent
objects [1, 2]. OCT is based on the principle of low-coherence interferometry (LCI)
[1, 2]. There are different types of OCT techniques described in the literature that can
provide volumetric information of the object, such as Time-Domain OCT (TD-OCT),
Frequency Domain OCT (Spectral Domain OCT and Swept-Source OCT (SS-OCT)),
and Full-Field OCT (FF-OCT) [1, 3]. In general, two types of scans must be
performed in OCT to acquire the volumetric information of the specimen: the lateral-
scan, which is performed by galvo scan, addresses laterally adjacent sample positions
and the depth-scan to detect the depth information of the sample [4, 5]. In addition,
the axial resolution of OCT is determined by the coherence length (I,) of the light
source rather than the depth of field of the objective lens.

25 IntechOpen



Optical Coherence Tomography — Applications in Ophthalmology

OCT has found widespread use in ophthalmology, cardiology, dermatology,
among other fields due to its ability to provide detailed cross-sectional images of tissue
structures with micrometer resolution [5, 6]. The penetration depth of several milli-
meters in industrial sample and 1-2 mm in tissue makes it most suitable for the diverse
biological applications [7, 8]; 1-2 mm of depth of penetration of OCT is primarily
decided by the cellular and subcellular density. This penetration depth of 1-2 mm is
helpful in many applications, for example, surgeon to anticipate tissue morphology
beneath the surface and over large surface areas while conserving the tissue structure.
In addition, it emerged as a gold standard technique for early diagnosis of retinal
disease [3]. It provides cross-sectional images of the retina and optic nerve that enable
early stage diagnosis and used to monitor conditions, such as macular degeneration,
diabetic retinopathy, and glaucoma [9]. Over the last three decades, OCT has been
developed both experimentally and computationally to improve its resolution, acqui-
sition speed, depth of penetration, and therefore strengthen its applicability in various
biological and biomedical applications [10, 11].

In recent years, the integration of artificial intelligence (AI) with OCT revolution-
ized its applicability in biophotonics [12-14]. Al has made remarkable progress in
various domains that include image processing, natural language processing, autono-
mous systems, among others [15, 16]. The fast and label-free nature of OCT combined
with the data analysis capabilities of machine learning brings forth systems that can
mimic human intelligence, performing tasks, such as classification, virtual staining,
identification of hidden features, and segmentation of objects [17, 18]. Machine
learning involves the design and optimization of models through hyperparameter
tuning that allow to extract specific features via learning rules [16, 19].

The application of machine learning to OCT has led to significant improvements in
image interpretation, noise reduction, and feature extraction. Various machine learning
techniques, such as supervised learning, unsupervised learning, and reinforcement
learning, have been employed to enhance the performance of OCT systems [7]. For
example, supervised learning models like support vector machines (SVMs) and random
forests have been used to classify ocular diseases and breast cancer [20]. Unsupervised
learning methods, such as K-means clustering and Principal Component Analysis
(PCA), have been applied to segment images and identify patterns in large datasets [21].

Deep learning (DL), which is a subset of machine learning, has emerged as a
powerful tool in the analysis of OCT images. Convolutional neural networks (CNNs)
and recurrent neural networks (RNNs) are two prominent architectures that have
shown significant promise in this area. CNNs with their ability to automatically learn
hierarchical features from raw image data have been widely used for tasks, such as
image classification, segmentation, and resolution enhancement [22, 23]. For instance,
CNN s have been applied to identify pathological features in retinal OCT images,
achieving high accuracy and robustness. RNNs, which are well suited for sequential
data, have been utilized to analyze time-series OCT data, enabling dynamic tracking
of changes in tissue morphology.

For example, Al-driven OCT systems can provide real-time diagnostic support to
clinicians, aiding in the early detection and treatment of diseases. Furthermore, the
ability to process and analyze large-scale OCT datasets with Al can lead to the discov-
ery of novel biomarkers and therapeutic targets. The synergy between OCT and Al is
also fostering advancements in personalized medicine, where imaging data can be
used to tailor treatments to individual patients.

This chapter covers fundamental principles of OCT and machine learning models
utilized for interpreting OCT images. It explores the foundational aspects of supervised
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and unsupervised learning models, along with advanced deep learning architectures,
such as CNNs and RNNs. In addition, various applications of conventional and modern
machine learning architectures are shown for the classifications and segmentation of
OCT images. In addition to discussing the technical aspects of machine learning models,
this chapter also addresses the practical considerations for implementing Al in OCT
systems. The goal is to provide a comprehensive overview of the current state of Al in
OCT and a roadmap for future research and development.

2. Principle of optical coherence tomography

OCT is based on the principle of low-coherence interferometry (LCI) [1, 2]. The
experimental setup of LCI is shown in Figure 1. Light from a low-coherence (broad-
band) source is incident on the sample surface through the Michelson interferometer
[24]. The light is split into reference and sample beams using 50:50 beam splitter. At
each scan point, the back-scattered light intensity from multiple layers of the sample
combines with the back-reflected light from the reference mirror to generate a 1D
(one-dimensional) interference signal only when the optical path difference between
two arms is less than the coherence length of the light source [1, 25]. The encoded
depth information in the detected interference signal is reconstructed using Fourier
transform analysis.

IfE, = %waeﬁkzy and E; = % SN 75,625 represent the electric fields at the beam

splitter after reflecting from reference and nth layer of the sample arm, respectively,
the 1D interference signal at the detector can be written as

_ Reference Mirror
Axial I ——

F Y

scan
/ t E Multi-layered
! T sample object
1 AxAx
-+
f
Beam Splitter” B
Broadband 5050 B ! .
light source 5
Signal Processing
Detector Module
Depth Profile
1D mterference signal of sample
Figure 1.

Schematic diagram of low-coherence interferometry.
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where s(k, w) represents the electric field amplitude and y is the responsivity of the
detector (Amperes/Watts). ., and rs, show the electric field reflectivity of the reference
and nth layer of the sample arm, respectively. The above equation can be expanded as
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The above equation can be rewritten as
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Here, S(k) represents Gaussian spectral profile i.e. square of the electric field
amplitude encodes the spectral dependence of the light source. In addition, the degree
of coherence for a light source with Gaussian spectral profile is given by

2
y(7) = exp l— (;\/A%) ].exp (—j27vo7) (4)

where Av is the width of the temporal frequency spectrum and vy is the central
frequency of the light source. The key point in OCT imaging system is the dominance
of coherence function over axial point-spread function (at least for low numerical
aperture lens); hence, the axial resolution of OCT system is defined by the coherence
length of the light source [26].

An especial type of OCT is called SD-OCT, where the reflectivity of the sample can
be calculated by taking the inverse Fourier transform of Eq. (2), mathematically

IFT{I(k,w)] = IFT |5 [S(k) (R +Ra + R+ . Ry)]

N
+§ S(k) > \/ReefRon (eﬂk(zrrzm) + eiZk(Z"me))] (5)

L n=1
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L n#m=1
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Since cosine and delta functions are Fourier transform pair of each other, the above
equation can be simplified as:

I(z) = g [7(2) (R + R+ Ra + ...Ry)]
+% [ )® Z chRm Z + 2(ZVef ZS")))‘| (6)
+% Z) ® n?;:1 V R.mRm (5(2 + z(zm’l - ZS")))‘|

where [7(z) (Rf + R+ Ra2 + ...Ry)] is the “DC term,”

N
- [y(z) ® > \/RrefRon (5(2 £ 2(r — zm)))} represents the “auto-correlation term”
n=1

i.e. correlation between nth and mth layer of the sample. Additionally,

N
& [y(z) ® > \/RrefRen (5(2 £ 2(p — zm)))} shows the “cross-correlation term”
n=1

where desired sample field reflectivity i.e. \/Rs(2;) is correlated with the reference
field. Using the sifting property of the delta function i.e.

r(2) ®8(z —20) = 7(z — 20) 7)

Eq. (11) referred to as “A-scan” can be written as
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SD-OCT has a dramatic sensitivity and speed advantage because depth-scan is not
required. It also allows direct access to the spectrum, which enables numerical dis-
persion compensation and spectral shaping.

3. The necessity of machine learning for OCT image interpretation

Although OCT is a powerful label-free, non-invasive technique, the interpretation
of OCT images poses several challenges. First, chemical specificity of OCT images is
limited compared to the label-based imaging methods such as fluorescence micros-
copy. The primary bottleneck comes with mapping chemical composition with the
OCT image of the object. Second, high-dimensional data produced by OCT scans can
be overwhelming, making manual analysis time-consuming and prone to errors.
Finally, subtle features indicative of early-stage diseases can be easily overlooked by
the human eye. Therefore, traditional image analysis techniques often fall short of
effectively distinguishing between fine structures and artifacts or noise, limiting the
diagnostic utility of OCT.
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Machine learning offers powerful solutions to these challenges. Modern deep
learning models, such as convolutional neural networks (CNNs), are designed to
automatically learn and extract hierarchical features from raw image data [27]. These
models can be trained on large datasets of labeled OCT images to recognize patterns
and structures associated with specific biological or pathological states. By doing so,
machine learning algorithms can perform tasks, such as multilayer/object-specific
segmentation, disease detection, and classification.

For example, machine learning models can analyze OCT images to segment retinal
layers, detect fluid accumulation, and identify biomarkers for diseases like age-related
macular degeneration, drusen, and diabetic retinopathy. These algorithms can also
adapt to variations in image quality and patient-specific differences, providing robust
and generalized solutions. Therefore, machine learning can bridge the technical gap
by leveraging its ability to learn from data, automatically extract relevant features,
and provide accurate and consistent analysis, thereby enhancing the diagnostic and
research capabilities of OCT in biomedical applications.

4. Convolutional neural network

Convolutional neural networks (CNNs) consist of several types of layers, including
convolutional layers, max-pooling layers, rectified linear unit (ReLU) layers, and fully
connected layers followed by a soft-max layer for classification purposes [15].

Figure 2 illustrates the architecture of CNNs. The learning process begins by applying
a convolution operation to the input image using the filters in the first convolutional
layer.

In general, convolution is an operation between two functions, f and k, which
produces third function ‘s’ that represents the modification of the shape of one func-
tion by the other. Mathematically, this is expressed as:

s(t) = Jf(x)k(t —x) dx 9)

For a 2D (two-dimensional) image, f of size M x N and a 2d kernel k of size m x n,
the convolution operation is given by:

Convolutional layer Fully connected
Max-pooling _layer
layer Lo Softmax layer
.“I‘ L. Class 1
Input image - Ly Class 2
A5 B -~ i = . . Classification

result

Class L

%

-=="" Reduced
L - feature maps
Feature maps

Figure 2.

Schematic diagram of convolutional neurval network consisting of convolutional layer, max-pooling layer, fully
connected layer, and soft-max layer.
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where D is the depth of the input image (number of channels) and ¢ is the output
channel.

To control the spatial dimensions of the output, padding and stride are used.
Padding p involves usually adding zeros around the input image and stride s controls
the step size of the convolution.

For a given input f of size M x N and a kernel k of size m x #, with padding p and

stride s, the output size (M N ) is calculated as:
, — 2

M= (Mi”: * 1”) i1 (12)

N = (W) 11 (13)

Furthermore, ReLU activation function introduces non-linearity to the network,
which is crucial for learning complex patterns. Mathematically, it can be defined as:

f(x) = max(0,x) (14)

Max-pooling operation followed the ReLU layer, which reduces the spatial dimen-
sions while retaining the most critical information. For an input feature map fand a
pooling window of size m X 7, the max-pooling operation is given by:

fiJ.:max{f(i+a,j+b)|0§a<m,0§l<n} (15)

Furthermore, the fully connected layer aggregated the features extracted by pre-
vious layers to make the final prediction. It is represented as:

z2=Wex+b (16)

where W is the weight matrix, x is the input vector, and b is the bias vector.
Finally, the SoftMax function converts the raw scores from the fully connected layer
into probabilities:

i
softmax (z;) = S (17)
j
This ensures that the output probabilities sum to 1. The convolutional neural
network combines multiple convolutional layers, each followed by ReLU and max-

pooling layers, to learn spatial hierarchies of features. The fully connected layer then
integrates these features to classify the input data accurately. Understanding these
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mathematical formulations can help to grasp how CNNs effectively process and
interpret complex image data, such as those produced by OCT.

5. Machine learning approach for the analysis of OCT images

Table 1 provides the systematic review of different types of OCT techniques that
have been used to acquire 3D images of different biological samples. These images are
used by different machine learning methods for specific biological applications.

In the past two decades, various types of OCT techniques have been used for various
biological applications where machine learning plays a pivotal role in data analysis and

OCT techniques Biological sample ML method Key findings
SD-OCT Retinal tissue [3, 9, Convolutional neural Classification of retinal
28, 29] networks (CNN5) diseases
Support vector machine ~ Detection of diabetic
(SVM) retinopathy
SS-OCT Corneal tissue Support vector Detection of keratoconus
[20, 30, 31] machine (SVM)
Random forest Classification of corneal
diseases
Doppler OCT Blood flow in retinal ~ Random forest Analysis of blood flow
vessels [21, 32, 33] dynamics
K-means clustering Segmentation of blood
vessels
Cardiovascular tissues CNNs Detection of myocardial
[34] infarction
Liver tissues [35] CNNs Detection of hepatic
microvasculature
Polarization- Skin tissue [23, 36] Principal component Assessment of burn depth

Sensitive OCT

analysis (PCA)

K-means clustering

Differentiation of skin layers

Time-Domain OCT
(TD-OCT)

Dental tissue [37]

k-Nearest Neighbors
(k-NN)

Detection of dental caries

Full-Field OCT (FF-
OCT)

Brain tissue [38, 39]

Linear discriminant
analysis (LDA)

Imaging of neural structures

SVM Classification of brain tissue
OCT Angiography Retinal vasculature CNNs Visualization of
(OCTA) [22, 40] microvascular networks

Automated segmentation of
retinal layers

Multi-Modal OCT

Tumor tissue [41, 42]

Ensemble methods

Differentiation of tumor
margin

Random forest

Classification of tumor types

Table 1.

Detailed review of different types of OCT techniques and machine learning models that have been used to extract

and analyze 3D images of diverse biological samples.
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interpretation. For instance, Spectral-Domain OCT (SD-OCT) has been extensively
applied in ophthalmology, particularly for imaging retinal tissues [3, 9, 28, 29]. Advance
machine learning (ML) techniques, such as CNN and support vector machines (SVMs),
assisted SD-OCT for automated classification of retinal diseases like diabetic retinopathy,
drusen, etc. These algorithms analyze OCT images to detect multilayer structural changes,
providing clinicians with accurate diagnostic information [29].

Another type of OCT technique i.e., Swept-Source OCT (SS-OCT) has been exten-
sively used for retinal imaging due to its high-resolution and rapid acquisition capabili-
ties [20, 30, 31]. CNNs significantly improved the classification of retinal diseases, such
as diabetic retinopathy and age-related macular degeneration, by automatically identi-
fying disease-specific patterns in OCT images. SS-OCT also offers deeper tissue pene-
tration, making it suitable for imaging the cornea. Studies have used SVMs to detect
keratoconus, a degenerative corneal disorder, with improved accuracy by analyzing the
curvature and thickness of the corneal layers. Additionally, Random Forest algorithms
have been applied to classify various corneal diseases, enhancing diagnostic precision.

On the other hand, researchers also used Doppler OCT to measure blood flow
velocity and analyze retinal blood flow dynamics [21]. Different ML techniques, such
as Random Forest algorithms, have facilitated the segmentation and analysis of blood
vessels, providing insights into conditions like glaucoma and diabetic retinopathy. K-
means clustering has also been employed for vessel segmentation, enhancing the
visualization of retinal vasculature. Doppler OCT has also been applied to liver tissues
for the assessment of fibrosis and detection of hepatic microvasculature, using Ran-
dom Forest and CNN algorithms.

Polarization-Sensitive OCT (PS-OCT), which provides additional contrast based on
tissue birefringence, has been used for assessing burn depth and differentiating skin
layers [23, 36]. Principal Component Analysis (PCA) has been utilized to quantify
changes in birefringence, aiding in the assessment of burn injuries. K-means clustering
has helped in differentiating various skin layers, facilitating detailed structural analysis.

Time-Domain OCT (TD-OCT) has also been applied to dental imaging for the
detection of dental caries [37]. Techniques like k-Nearest Neighbors (k-NN) have
been employed to classify carious and non-carious regions, leveraging the detailed
structural information provided by TD-OCT. Decision Trees have also been used to
analyze dental tissues, aiding in the diagnosis and treatment planning.

For en face imaging, Full-Field OCT (FF-OCT) is explored to extract high-
resolution imaging of neural structures in brain tissue [21]. Linear Discriminant Anal-
ysis (LDA) has facilitated the differentiation of various neural structures, aiding in
neurological research. SVMs have also been applied to classify different types of brain
tissues, providing valuable insights for neuroscientific studies.

Furthermore, detailed imaging of retinal microvascular networks is explored by
using OCT Angiography (OCTA) [22, 40]. DL methods have been employed to
automate the segmentation and visualization of these networks, enhancing the detec-
tion and monitoring of diseases, such as macular degeneration and diabetic retinopa-
thy. Finally, Multi-Modal OCT combines various OCT techniques to provide
comprehensive imaging of tumor tissues. Ensemble methods and Random Forest
algorithms have been used to differentiate tumor margins and classify tumor types,
improving the precision of oncological diagnoses.

The integration of OCT techniques with advanced machine learning methods has
revolutionized its applicability for biological imaging. By leveraging the strengths of
both technologies, researchers and clinicians can achieve more accurate diagnoses,
better disease monitoring, and deeper insights into complex biological processes. The
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extensive range of applications highlighted in Table 1 underscores the versatility and
potential of combining OCT with machine learning in various domains of biological
research and medical practice.

6. Practical prescription for machine learning in OCT images

A careful examination must be required to ensure accurate outcomes of using ML
in OCT images. These challenges include technical, computation, and practical aspects
of the integration of ML with OCT datasets.

For instance, OCT images often contain noise and artifacts due to the multiple
components in the optical system, scanning, sample movement, and external vibra-
tions. These artifacts can significantly affect the image quality and registration, as a
consequence, can complicate the training process of ML models. Furthermore,
establishing a reliable ground truth is critical for training and validation of ML models.
Inconsistency in the ground truth labeling can lead to unreliable results and poor
performance of the model. In addition, overfitting and underfitting are the common
causes of training/testing failures. Such issues can be avoided by the appropriate

Normal tissue Cancer tissue

AIIMS dataset

Aged retinal tissue] Diabetic retinal

el tiSSUC

Srinivasan’s dataset

Ehoroidal Diabetic macular

CAMJOCT

Figure 3.

OCT images (a,—i,) and class activation maps (CAMs) (a,—i,) to highlight the regions of an input image that are
most velevant for predicting a specific class. OCT and CAMs images of normal/cancerous breast cancer tissue (All
India Institute of Medical Sciences datasets) and ocular disease (Srinivasan and Zhang datasets) OCT images

[9, 31, 44].
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choice of ML models, and tuning the model’s hyperparameters (such as the number of
layers and learning rate).

Furthermore, visualization in deep learning is important to highlight the regions of
an input image that are most relevant for predicting a specific class. Class activation
maps (CAMs) help interpret and understand the decision-making process of CNNs by
indicating which parts of the image contribute most to the network’s final classifica-
tion decision [43]. CAMs (see Figure 3) represent the firing strength of various
regions that help in the conclusion regarding the class label [45]. For objects with well-
defined boundaries in both the training and test datasets, researchers have employed
activation maps to explore and interpret the behavior of CNN models. By visualizing
the areas of an image that contribute most to the network’s classification, CAMs help
bridge the gap between complex neural network operations and interpretability.

7. Conclusion

Optical Coherence Tomography (OCT) combined with machine learning offers a
powerful tool for the automated classification of biological samples into diagnostically
relevant classes. OCT is a promising, label-free imaging technique that provides volu-
metric information, offering advantages over conventional label-free methods. In the
future, fully automated classification using OCT and machine learning can serve as a
valuable intermediate tool for experts across multiple medical applications, including
ophthalmology and to distinguish between normal and abnormal tissues.

Furthermore, deep learning-based methods for classification, segmentation, vir-
tual staining, and resolution enhancement hold broad applications in biomedical
imaging. These data-driven approaches can improve the robustness, reduce computa-
tional artifacts, and enhance selectivity and sensitivity in optical imaging. However, it
is crucial to be aware of the limitations of Al in biomedical imaging to fully under-
stand the potential benefits of data-driven learning. Therefore, machine learning
models must undergo rigorous validation to meet regulatory standards for clinical use.
Ensuring that these models are reliable, safe, and effective across diverse clinical
environments is essential for achieving regulatory approval. By overcoming practical
challenges and integrating machine learning with OCT can enhance diagnostic accu-
racy, improve patient outcomes, and drive advancements in the field of biomedical
imaging.
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Chapter 4

Application of Optical Coherence
Tomography in Corneal Ectasia
Diseases

Jinhai Huang, Yiran Wang, Kexin Li and Xinning Yang

Abstract

This chapter explores the application of anterior segment optical coherence
tomography (OCT) in the diagnosis and treatment of corneal ectasia diseases, with
a particular focus on keratoconus, post-refractive corneal ectasia, and pellucid
marginal degeneration (PMD). OCT provides high-resolution imaging of corneal
sublayers, assisting in early detection and tracking of disease progression. For cor-
neal ectasia diseases, OCT assists in identifying characteristic changes in corneal
thickness and morphology, guiding treatment strategies such as contact lens fitting,
intrastromal corneal ring segments (ICRS) implantation, corneal crosslinking (CXL),
and corneal transplantation. OCT'’s precision and reliability make it a valuable tool
in managing these challenging corneal conditions, facilitating improved patient
outcomes.

Keywords: keratoconus, optical coherence tomography, corneal ectasia, pellucid
marginal degeneration, anterior segment

1. Introduction

Corneal ectasia diseases include keratoconus, post-refractive surgery corneal
ectasia, and pellucid marginal degeneration (PMD), often accompanied by corneal
thickness and morphology changes.

Topography is an important means of evaluating corneal ectasia diseases, includ-
ing instruments based on Placido and Scheimpflug principles. However, the imaging
results are somewhat affected by patients with poor ocular surface conditions, such as
corneal opacity or scarring. The reproducibility of peripheral corneal imaging is not
as good as that of central corneal. Furthermore, it does not provide corneal sublayer
imaging.

Anterior segment optical coherence tomography (OCT) tends to use long
wavelengths and fast axial scanning speeds to offer high-resolution cross-sectional
images of various corneal layers, including the epithelium, Bowmanss layer, stroma,
and endothelium. It can be further subdivided into time-domain OCT and Fourier-
domain OCT. High-resolution images from OCT aid clinicians in assessing corneal
thickness, morphology, and structure, facilitating the diagnosis of corneal ectasia
diseases with changes in cornea features. In addition, regular OCT examinations
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enable clinicians to observe changes in corneal structure, evaluate disease severity,
and monitor progression, allowing for timely adjustments to treatment strategies.
Furthermore, OCT can be utilized to assess surgical suitability and postoperative
outcomes. In treating certain progressive corneal diseases, such as corneal transplan-
tation, OCT helps clinicians determine surgical approaches, assess graft suitability,
and monitor postoperative recovery.

Based on clinical case reports, this chapter will explain the application of OCT in
corneal ectasia diseases from keratoconus, post-refractive corneal dilation, and PMD.

2. Keratoconus

Keratoconus is a progressive corneal disease typically in adolescents or young
adults. The main characteristic of this condition is the progressive thinning and bulg-
ing of the cornea, which forms a cone-shaped protrusion, impairs vision, and causes
visual distortions. In patients with severe keratoconus, signs such as Vogt’s striae,
Fleischer’s ring, and Munson’s sign can be seen under the slit-lamp.

2.1 Diagnosis

The increase in anterior surface curvature, posterior surface elevation, and abnor-
mal corneal or corneal epithelium thickness distribution are typical characteristics
of keratoconus. Among these, the importance of thickness measurement in diagnos-
ing keratoconus is increasingly recognized [1]. As the severity of the keratoconus
increases, the corneal topography becomes obviously abnormal. But forme fruste
keratoconus (FFKC), sometimes referred to as preclinical keratoconus, is challenging
to diagnose by a single corneal topography parameter, because the anterior surface
morphology has not changed significantly (Figure 1 Right eye). Yang et al. [2] noted
that keratoconus could be identified by distinctive patterns seen on OCT pachymetric
and epithelial thickness maps, revealing focal thinning occurring at the same or
adjacent locations, even in the early stages. Li et al. [3] determined five pachymetric
parameters using OCT, which showed high sensitivity and specificity in diagnosing

OCULUS - PENTACAM 4 Maps Refractive wr OCULUS - PENTACAM 4 Maps Refractive

Figure 1.

Topography measured by Pentacam (Oculus, Wetzler, Germany). The anterior axial curvature and posterior
corneal elevation of the left eye significantly increased. However, there are no obvious signs in the right eye. The
maximum curvature (Kmax) reaching 51.9 diopter (D) and the elevation of the posterior surface 36 um for left
eye; the corresponding parameters for the right eye are 44.2 D and 7 ym.
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keratoconus. OCT imaging analysis of corneal sublayers aids in the early diagnosis

of keratoconus. The corneal epithelium at the cone’s apex undergoes thinning in the
early stages to compensate for irregularities in the anterior surface caused by thin-
ning and steepening of the stromal layer. OCT can detect changes in the epithelium
at the cone’s apex, presenting a “doughnut-like” thinning, [4, 5] overall reduction

in epithelial thickness, and an increase in the difference between the minimum and
maximum epithelial thickness. Epithelial remodeling occurs not only in patients
with keratoconus but also after refractive surgery and wearing contact lenses [6, 7].
OCT can also differentiate between early keratoconus and corneal warpage induced
by contact lens wear, as the positions of maximum corneal curvature correspond to
the minimum and maximum epithelial thickness locations, respectively. Changes in
corneal thickness can be used to monitor the progression of keratoconus. The evalua-
tion of changes in epithelial thickness in the subcentral zone of the cornea using OCT
is more sensitive for assessing disease progression. Two cases with different stages of
keratoconus are presented (Figures1-5).

Case 1. A 22-year-old male with binocular keratoconus. According to Topographic
Keratoconus Classification: OD Keratoconus stage FFKC, OS Keratoconus stage 1.

Case 2. A 23-year-old binocular keratoconus male patient. According to
Topographic Keratoconus Classification: OD Keratoconus stage 3-4, OS Keratoconus
stage 2.

Additionally, histological changes, such as wing cells with irregularly shaped
nuclei, elongated epithelial cells, and the disruption of Bowmanss layer, were caused
by keratoconus [8]. OCT can visualize morphological changes in the anterior elastic
layer, presenting a “moth-like” appearance, thinning, and increased light scattering
[9, 10]. Considering corneal structural changes occurring in keratoconus, Sandali
etal. [11] developed a five-stage classification of keratoconus using OCT, which has
been confirmed to have high repeatability.
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Figure 2.

Corneal Thickness Map measured by RTVue OCT (Optovue, Fremont, USA). Compared with the right eye, the left
eye’ overall corneal and epithelial thickness is thinner. The thinnest corneal thickness of the right eye and the left eye
is 541 pm and 509 pm. The central epithelium thickness of the left eye was significantly thinner, corresponding to the
position of the corneal cone. The epithelium of the right eye appears to be partially thin and irregular.
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TO}galolgmphy measured by Pentacam. The curvature of front surface and the height of the posterior surface
increased for both eyes. The grade of the right eye was move severe, with the Kmax reaching 74.4 D and the
elevation of the posterior surface 100 um, while the Kmax of the left eye reached 55.3 D and the elevation of the
posterior surface was 62 pm.
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Corneal Thickness Map measured by RTVue OCT. The thinnest corneal thickness and epithelial thickness of the
right eye weve 359 um and 33 pum, respectively, while those of the left eye were 415 ym and 43 pm. The thinning
cornea corresponds to increased curvature. More severe eye with thinner corneal and epithelial thickness.

Corneal hydrops, an acute complication of keratoconus, is characterized by
significant bullous edema of the cornea resulting from breaks in the Descemet’s
membrane, leading to an influx of aqueous into the stroma and epithelium.
Diagnostic and therapeutic guidance is provided through corneal imaging tech-
niques such as anterior segment OCT, Scheimpflug tomography, and ultrasound
biomicroscopy [12]. OCT, in particular, offers the advantage of noncontact imaging
for precise localization of intrastromal aqueous influx. Therapeutic interventions
have been developed to alleviate symptoms and accelerate healing. These include
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Figure 5.
Cross-sectional images show a significant thinning of the cornea thickness in the right eye. The thinning avea is the
position of the red circle in the figure, and the thickness is 352 pm.

both medical and surgical approaches as well as conservative methods. Intracameral
gas injection is utilized to create a gas tamponade and compression sutures,

such as pre-Descemet’s membrane sutures [13]. Conservative methods involve
using hypertonic saline eye drops/ointments or antiglaucoma agents. Hypertonic
saline aids in drawing fluid from the cornea, while antiglaucoma agents reduce
hydrodynamic pressure on the cornea’s posterior surface. OCT could evaluate the
appearance of acute corneal edema (Figure 6). The typical pattern is rupture of

the Descemet’s membrane swelling and thickening of the basal layer large fissure
formed by infiltration of aqueous humor. The severity and detachment depth of

the Descemet’s membrane determine the recovery time of corneal edema. OCT can
also show corneal scars, indicating healing status. The following anatomical fea-
tures associated with the risk of corneal edema in keratoconus: increased epithelial
thickness, stromal thinning, anterior hyperreflectives at the Bowman’s layer level,
and the absence of stromal scarring, could be identified by OCT [14]. OCT can also
guide the treatment by monitoring the repair of Descemet’s membrane after anterior
chamber gas injection.

Case 3. A 25-year-old male patient with left keratoconus, sudden acute corneal
edema.

It is necessary to appropriately grade patients to prevent clinical mistakes, as the
accuracy of OCT in detecting epithelial thickness diminishes with disease severity.
Ning et al. [15] set the cut-off values of mild, moderate, and severe keratoconus to
4.9 pm, 5.2 pm, and 74 pm for the different grades of the thinnest epithelial thick-
ness. When the measurement difference is less than these thresholds, it is considered
that the severity of the disease causes the difference within the permissible range.
Otherwise, it is not clinically acceptable.
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Figure 6.

A. Initial follow-up. The corneal thickness increased, the Descemet’s membrane was broken (ved arrow), and the
interstromal fluid was accumulated. B. Six months later. The picture shows that the interlaminar fluid vanished
and was veplaced with dense white shadows caused by corneal scarring.

2.2 Treatment

OCT plays a vital role in the treatment monitoring of patients with keratoconus.

Frame glasses and soft contact lenses are difficult to provide good visual quality
due to the irregularity of the front surface of keratoconus patients. Rigid gas perme-
able (RGP) and scleral lens (SL) are the most suitable ways to improve vision. OCT
can measure the thickness of epithelium, stroma, and tear lens, which provides
quantitative means for RGP matching [16]. A previous study showed that ideal central
and edge tear film thicknesses were 35.1 + 7.3 pm and 102.5 + 12.1 pm for post-RGP
patients, respectively [17]. OCT measurement is beneficial for RGP fitting and disease
management. Parameters such as scleral curvature, scleral sagittal height or eleva-
tion, and corneal and scleral angle measured by OCT guide the selection of SL [18].
Approximately 20-30% of scleral lens wearers experience midday fogging in the
post-lens tear layer. This condition involves the accumulation of debris or particulate
matter, such as conjunctival lipid or mucin, which can reduce contrast sensitivity and
visual acuity [19]. OCT is an evaluable method to instruct when to remove, rinse,
refill, and reinsert the SL to maintain ideal vision. Since the thickness of the SL affects
the oxygen exchange between the cornea and the air, OCT can be used to accurately
measure the distribution of the thickness of the SL, to truly evaluate the overall
permeability. The thickness of the tear lens, the material, and the time of wearing SL
can all lead to corneal edema, but the corneal edema will quickly subside after the
removal of SL. OCT can evaluate the time course and nature of corneal edema when
wearing SL, which is helpful to explore the cause [20]. Furthermore, Controlling SL
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decentration is particularly important for customized front surface wavefront-guided
correction of keratoconus. OCT imaging can quantify lens dispersion during SL wear
by calculating the distance change between the normal to the anterior corneal apex
and the normal to the apex of the anterior lens surface [21].

Intrastromal corneal ring segments (ICRS) implantation implants the ring into the
corneal stroma to stabilize the cornea, improve the irregular corneal, and reduce the
curvature, eventually improving visual quality for mild to moderate keratoconus [22].
Treating keratoconus with stromal ring is a reversible and adjustable surgical method.
However, if the ICRS is placed too shallowly, it can compress the anterior stroma and may
cause perforation of the anterior elastic layer, among other complications. Placing too
deep can lead to complications such as perforation of the posterior elastic layer and acute
corneal edema [23]. Therefore, preoperative assessment of corneal stromal thickness and
intraoperative evaluation of the depth of tunnel creation are crucial. OCT can guide the
placement of ICRS to ensure the safety and accuracy of the surgery. In addition, postop-
eratively, OCT can be used to detect whether the ICRS has shifted to ensure the visual
quality of the patient after surgery. Analysis of epithelial remodeling after ICRS implan-
tation by OCT helps to determine whether ICRS implantation regularizes the cornea and
helps to analyze asymmetric stromal effects [24].

To halt the progression of keratoconus, CXL is the only way. It uses photosensitiz-
ers and light reactions to crosslink corneal tissue, thereby improving biomechan-
ics. The most prominent feature in OCT after CXL surgery is the appearance of a
boundary line within the stromal layer. The stromal boundary line is typically clearly
visible at one month postoperatively, but may disappear at three months, sometimes
replaced by faint irregular high-reflective lines within the deep stroma (Figure 7)
[25]. It is generally believed to represent the boundary between crosslinked and
uncrosslinked corneal stroma, and its depth is closely related to the therapeutic
effect, allowing for comparison of the effectiveness of different crosslinking proto-
cols. Thorsrud et al. proposed that OCT is more accurate than Scheimpflug and has a
more extensive range than iz vivo confocal microscopy (IVCM) in measuring demar-
cation line depth [26]. OCT after CXL surgery can also show reshaping of the corneal
epithelium, manifested primarily as a more regular distribution of overall thickness,
indicating surgical efficacy and explaining postoperative changes in corneal curva-
ture and thickness [27].

Case 4. A 23-year-old male with corneal crosslinking.

Figure?7.
OCT image demonstrates a white high-veflective line (ved arrows), indicating the boundary between crosslinked
and uncrosslinked areas.
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For patients with corneal scarring and risk of corneal edema, keratoplasty is the
only way to restore vision. Deep anterior lamellar keratoplasty (DALK) retains the
Descemet’s membrane and endothelial cell layer, replacing the stromal layer with
the donor to reduce the risk of rejection. Penetrating keratoplasty (PKP) replaces the
entire diseased corneal layer with donor tissue. However, the probability of rejection
is relatively high, and progressive loss of donor endothelial cells may occur in the late
stage [28]. Accurate imaging of OCT before surgery can guide the selection of surgical
procedures: if there is a full-layer corneal scar, PKP should be selected. If a scar exists
in the posterior cornea, large-bubble method should not be used to assist DALK,
because it will affect the formation of large bubbles. In addition, OCT can also be used
to evaluate the thickness, surface regularity, and the presence and location of corneal
opacity for donor cornea to determine whether the donor is suitable for transplanta-
tion. During the operation, OCT can guide the manually separated or large-bubble
assisted DALK drill ring to reach the deepest position to completely remove the
stroma layer of the recipient for better visual effect. After the operation, OCT can
be used to evaluate the effect of corneal transplantation by corneal thickness, opac-
ity, and optical density distribution. OCT can also display poor graft-host interface
adherence and identify double anterior chambers resulting from late spontaneous
Descemet’s membrane detachment.

3. Corneal ectasia after refractive surgery

Corneal refractive surgery, may lead to corneal ectasia, which manifests as a
keratoconus-like condition characterized by progressive corneal distortion and
compromised optical quality. Corneal ectasia is a rare but serious postoperative
complication reported to occur in 0.02% to 0.6% of patients. It can occur as early as
one week till years after surgery, 50% of cases within the first year, and up to 80% of
cases within two years [29]. The precise pathogenesis of post-LASIK and photorefrac-
tive keratectomy (PRK) ectasia remains unclear, likely consequent to a combination
of the factors. In some cases, the cornea may have had an underlying predisposition to
keratoconus that was either undiagnosed preoperatively or presented as forme fruste
keratoconus. Alternatively, tissue removal during LASIK or PRK may thin the cornea
sufficiently, destabilizing its structural integrity and leading to subsequent ectasia.
Remarkable risk factors for ectasia include high preoperative myopia, thin residual
stromal bed, extent of tissue alteration, and particularly forme fruste keratoconus
evident on preoperative topography [30].

Similar to keratoconus, the formation of the cone is associated with exhibit
collagen fibril loss or slippage and alterations in the extracellular matrix within the
stroma, contributing to biomechanical instability and subsequent changes in corneal
anatomy and topography [31]. Post-LASIK ectasia typically manifests these changes
predominantly in the residual stromal bed. To prevent refractive dilatation, it is essen-
tial to ensure the thickness of postoperative residual stroma through preoperative
OCT measurement. In addition, due to a history of refractive surgery, a characteristic
thickness change can be seen on OCT thickness maps: extensive corneal thickness
thinning and cone area thinner (Figures 8 and 9).

Case 5. A 27-year-old female with corneal ectasia in her right eye, who had previ-
ously had corneal refractive surgery.
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Figure 8.

A. Corneal thickness map. The decrease in corneal thickness is shown in blue, which is the characteristic
manifestation after refractive surgery. Furthermore, a thinner area circled in ved is the cone avea. B. Corneal
epithelial thickness map. The patient’s epithelium was highly irregular, possibly due to epithelial remodeling after

corneal dilation.
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Figure 9.

The topography showed an increase in centval anterior curvature and posterior corneal elevation. Kmax 54.7 D,

Back elevation 42 um.
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There has been no definitive treatment to halt the progression of ectasia; however,
CXL, a method commonly employed for keratoconus management, is believed to con-
fer benefits in managing ectasia by reinforcing and stabilizing the corneal structure.

4. Pellucid marginal degeneration

PMD is a rare, non-inflammatory, and progressive corneal disease characterized
by ectatic cornea thinning, typically found inferiorly. Its prevalence remains uncer-
tain due to frequent misdiagnosis as keratoconus. The etiology of PMD is still unclear,
and there is ongoing debate regarding whether it represents a distinct disease or a
variant of keratoconus. In contrast to keratoconus, PMD tends to manifest later in life
and progresses more slowly, with fewer associated visual impairments and a lower
risk of corneal hydrops. The histopathology of PMD is similar to that of keratoconus,
such as normal corneal epithelium and Descemet’s membrane, significant thinning of
the stromal layer and interruption of Bowmans layer, etc., but there are also differ-
ences. The difference in ultrastructural features, such as the architecture of collagen
fibrils, proteoglycans, and keratocytes between PMD and keratoconus, have been
identified, indicating potential distinct pathophysiological mechanisms. At the same
time, PMD is typically considered bilateral, while unilateral cases have been reported.
Gender preference is not clearly established, although some studies suggest a higher
incidence in males.

Clinically, the critical feature of PMD is a narrow band of thinning typically
located 1 to 2 mm from the inferior limbus. This thinning leads to a flattening of the
vertical meridian above it, resulting in “against-the-rule” astigmatism. Additionally,
an area of increased curvature is often below the thinning band. This characteristic
morphology creates a distinct topographic map called the “crab claw” pattern.
However, the “crab claw” pattern can also be present in keratoconus, making corneal
topographic indices and the classical “crab claw” pattern unreliable for distinguishing
PMD from keratoconus. In keratoconus, Vogt’s striae and Fleischer’s ring deposi-
tion can be observed, whereas these changes are absent in PMD. Nevertheless, these
symptoms can be difficult to detect clinically in the early or subclinical stages of the
disease. Hence, there is an urgent need for accurate diagnostic methods.

OCT allows for precise topographic and tomographic measurements and enables
accurate pachymetric assessments of the cornea, including epithelial and stromal

Figure 10.
A. The anterior surface curvature of this patient shows a classic “crab-claw” change. B. Corneal and epithelial
thickness maps showed thinning of the inferior cornea.
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thickness mapping, with high resolution and reliability. Mohr et al. [32] showed that
the sublayer thickness of the infratemporal paracentral and inferior cornea measured
by OCT helps to distinguish PMD from keratoconus. However, no evident corneal
thinning was detected using Scheimpflug images [33]. The possible reason is that
OCT has an advantage over traditional Scheimpflug imaging, owing to its superior
axial and transversal resolution. It is worth mentioning that wide-field OCT measure-
ments should be used to avoid misdiagnosis due to the inability to cover peripheral
changes (Figure 10).

Case 6. A 32-year-old male with pellucid marginal degeneration (PMD).

PMD treatment is similar to keratoconus, including contact lenses, corneal
crosslinking, stromal ring implantation, corneal transplantation, etc. The role of OCT
in these treatment options has been described in detail in the previous article. Overall,
OCT has played an important auxiliary role in diagnosing and treating PMD.

5. Conclusions

In summary, the application of OCT in corneal ectasia diseases aids in early diag-
nosis, disease monitoring, and evaluation of treatment efficacy, ultimately improving
patient outcomes and quality of life.
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Nomenclature

OCT optical coherence tomography
PMD pellucid marginal degeneration
ICRS intrastromal corneal ring segments
CXL corneal crosslinking

DALK deep anterior lamellar keratoplasty
IVCM in vivo confocal microscopy

PKP penetrating keratoplasty

PRK photorefractive keratectomy

FFKC forme fruste keratoconus
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Chapter 5

OCT Imaging for Measuring
Structural Changes in the Cornea
for Evaluating Tonometers

Han Saem Cho, Sae Chae Jeoung and Yun Sik Yang

Abstract

Intraocular pressure (IOP), which is a hydrodynamic pressure inside the anterior
chamber of the eye, is a fundamental measurement to evaluate an eye condition. If
the anterior chamber is described as a closed system surrounded by a soft cornea, the
structural characteristics of the cornea, including corneal radius of curvature (CRC)
and central corneal thickness (CCT), should be governed by the IOP changes. In this
chapter, we have proposed a theoretical framework in analytical form to describe
the circumferential motion of the cornea in terms of the Young’s modulus and the
Poisson’s ratio. The proposed model has successfully been applied to describe corneal
structural changes observed by optical coherence tomography (OCT) images. This
chapter will discuss the application of OCT technology to investigate deformations of
central corneal structures with high resolution at high speed.

Keywords: cornea, intraocular pressure (IOP), optical coherence tomography (OCT),
central corneal thickness (CCT), corneal radius of curvature (CRC)

1. Introduction

The eye is a spherical structure filled with liquid and gel-like substances. Aqueous
humor, the liquid within the eye, circulates internally. If this circulation is disrupted, it
results in increased internal pressure in the eye, leading to glaucoma, which can dam-
age the optic nerve [1-4]. Early diagnosis of this type of glaucoma is crucial because
once the optic nerve is damaged, it cannot be restored. The primary method to diag-
nose glaucoma involves measuring intraocular pressure (IOP), which is the internal
pressure of the eye [1, 2]. Devices used for this measurement are called tonometers,
with the Goldmann tonometer and non-contact tonometer being commonly used
in clinical settings. Accurate measurement of IOP is vital for early-stage glaucoma
diagnosis. Thus, evaluating the accuracy of tonometers is crucial. Since it is challeng-
ing to measure IOP directly, it is done indirectly through the cornea. The cornea, a
flexible tissue, structurally deforms when IOP increases, which can affect the IOP
measurement. To measure IOP accurately, it is necessary to analyze these structural
changes in the cornea. Optical coherence tomography (OCT) is the most optimized
technology for this purpose. OCT is an imaging technology that uses light interference
signals, capable of detecting signals backscattered from the sample and generating
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high-resolution tomographic images in axial direction. This technology allows for
imaging subtle structural changes in the cornea caused by changes in IOP. In this chap-
ter, we provide an overview of the anatomy of the eye and the flow of aqueous humor,
which is strongly related to the IOP (Sections 2.1-2.2). We also discuss measurement
methods of IOP (Sections 2.3-2.4). Additionally, we review currently available meth-
ods, including OCT, to investigate corneal structure quantitatively (Sections 3.1-3.2).
Furthermore, we highlight the details of how to quantitatively measure and evaluate
the structural deformation of the cornea changes caused by IOP alteration using OCT
technology (Sections 4.1-4.2). We will further propose the methods for measuring and
evaluating tonometers using this technology (Section 4.3).

2. Basic knowledge of ophthalmology
2.1The eye

The human eyeball (shown in Figure 1) is a spherical structure filled with liquid
and gel. Its antero-posterior diameter is approximately 24 mm, with a horizontal
axis longer than the vertical axis [3, 5]. The eyeball comprises three main parts: the
outer membrane, the middle membrane, and the inner membrane [3]. The outer
membrane includes the transparent cornea, which receives light from the outside,
and the sclera, a tough, opaque white tissue that maintains the shape of the eye.
The middle membrane consists of the iris, ciliary body, and choroid. The iris is
a circular membrane around the pupil that contracts and relaxes to regulate the
amount of light entering the eye. The ciliary body connects the choroid to the iris’s
outer edge and is triangular in cross-section, comprising the ciliary epithelium,
ciliary stroma, and ciliary muscle. It surrounds the lens and aids in controlling its
shape by contracting and relaxing. Additionally, the anterior surface of the cili-
ary body produces aqueous humor, while its posterior surface interfaces with the
gel-like vitreous body. The choroid is a thin membrane rich in blood vessels located
between the sclera and the retina, supplying oxygen and nutrients to the eye. The
innermost membrane is the retina, where the optic nerve distributes and serves as
nerve tissue crucial for light reception. Light detected by the photoreceptors in the
retina is transmitted as signals through the optic nerve to the brain. The optic nerve

Vitreous
body Sclera
Lens C

Central Artery and vein
Ciliary body  Optic disc

Figure 1.
Structure of the eyeball.
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head, where these nerves converge and connect to the brain, forms a blind spot
incapable of detecting light due to the absence of optic nerve fibers.

The eye is broadly divided into two parts based on the lens: the anterior segment
and the posterior segment [3, 5]. The anterior segment includes the cornea, iris,
anterior chamber, ciliary body, and lens. The space between the cornea and iris,
filled with aqueous humor, is known as the anterior chamber. On the other hand, the
posterior segment includes the vitreous body, retina, choroid, sclera, and optic nerve
located behind the lens. This segment is primarily examined to diagnose abnormali-
ties related to the optic nerve. The posterior segment is mainly associated with vision
and is examined when diagnosing vision-related abnormalities. On the other hand,
because the anterior segment contains areas where aqueous humor circulates and
is produced and drained, it is observed when diagnosing abnormalities in aqueous
humor circulation and intraocular pressure.

2.2 Anterior segment of the eye

As mentioned earlier, the anterior segment of the eye refers to the part in front of
the vitreous body and includes the cornea, iris, anterior chamber, ciliary body, and
lens. The anterior chamber, located between the iris and the cornea, is filled with
aqueous humor produced by the ciliary body shown in Figure 2. The average volume
of the anterior chamber is approximately 0.25-0.3 mL [3, 6, 7]. Additionally, aqueous
humor drains through the trabecular meshwork. This production and drainage of
aqueous humor facilitate its circulation.

The cornea depicted in Figure 3 is transparent and has a higher curvature com-
pared to other parts of the eye, allowing it to transmit light to the retina inside the
eye. It is convex but slightly oval in shape. The size of the cornea varies considerably
among individuals, but on average, its diameter is approximately 10.6 mm vertically
and 11.7 mm horizontally [3, 5]. The posterior part of the cornea is concave and circu-
lar, with a diameter of about 11.7 mm [3]. The central portion of the cornea is thin-
nest, measuring approximately 0.4-0.7 mm, while the peripheral part is thicker. The
radius of curvature of the anterior surface of the cornea is approximately 7.5-8.5 mm,
and the radius of curvature of the posterior surface is about 6.5-7.5 mm. Structurally,
the cornea is composed of five layers: epithelium, Bowmanss layer, stroma, Descemet’s
membrane, and endothelium. The cornea is avascular and lacks lymphatic drainage. It

Anterior ’f <
chamber ~//
[
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g N\

Ciliary body ™

Figure 2.
Structure of the anterior segment of the eye.
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Bowman’s layer
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Descemet’s membrane

Endothelium

Figure 3.
Structure of the cornea.

receives nourishment from the anterior ciliary arteries of the conjunctiva and sclera,
as well as from the aqueous humor.

The ciliary body shown in Figure 4(a) is a tissue that connects the choroid and
iris. It forms a complete ring shape and has a triangular cross-section. The ciliary
processes of the ciliary body are characterized by numerous folds or ridges and are
responsible for producing aqueous humor [3, 5]. Additionally, the ciliary zonules,
which are part of the ciliary body, attach to the lens and play a role in suspending and
positioning it. Moreover, the ciliary muscle is involved in controlling the shape of the
lens and functions to adjust focus for objects at varying distances.

The limbus shown in Figure 4(b) is the transitional zone between the cornea and
sclera of the eye. It forms a narrow ring surrounding the cornea. Within the limbus are
the trabecular meshwork and Schlemm’s canal, which are involved in draining aqueous

Cornea

(a) (b)

Sclera P

> Schlemm’
Schlemm’s \ C'ﬂlal'y muscle  Sclera C‘;mﬁmm s

Canal

Comea - i
//. e
A A

|

Trabescular
Meshwork

- Ciliary body

Figure 4.
Structure of (a) the ciliary body and (b) the limbus.
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humor. The trabecular meshwork is a spongy tissue composed of thin, column-shaped
structures that create a network of channels through which aqueous humor flows [3, 5, 6].
This tissue acts like a sieve, facilitating the movement of aqueous humor from the anterior
chamber to Schlemm? canal. It is a circular channel located circumferentially around the
cornea near the iris. It functions as the primary drainage pathway for aqueous humor that
has passed through the trabecular meshwork [3, 6, 8].

As mentioned earlier, aqueous humor is produced by the ciliary body (see
Figure 5). It flows between the suspensory ligaments of the lens and enters the ante-
rior chamber through the pupil. Approximately 90% of the aqueous humor outflow
occurs through the trabecular meshwork, Schlemm’s canal, and the aqueous veins
[3, 6, 8]. The remaining 10% exits through the anterior surface of the ciliary body
[3]. Some aqueous humor may be absorbed into the vortex veins through the scleral
fenestra. A small amount can enter the blood vessels of the iris or diffuse through the
vitreous and reach the blood vessels of the retina and optic nerve. Diffusion through
the cornea is also a possible route of outflow [3, 6].

2.3 Intraocular pressure

Intraocular pressure (IOP) refers to the pressure of the fluid inside the eye.
Maintaining stable IOP is crucial for the health and function of the eye. The normal
range of IOP is generally considered to be between 10 and 21 mmHg [1, 2, 7, 9].
Elevated IOP can lead to deformation of the retina and optic nerve head, which are sus-
ceptible to external pressure, increasing the risk of developing glaucoma—a condition
that damages the optic nerve [1, 4, 6]. There are various causes of increased IOP [3, 6,
8, 10]. Firstly, impaired drainage of aqueous humor can occur. The trabecular mesh-
work and Schlemm’s canal are the primary pathways for aqueous humor drainage in the
anterior chamber of the eye. If these pathways become blocked or function improperly,

Cornea
Schlemm’s
canal Aqueous Trabescular
Vein Katerior Meshwork
chamber
' . }'l TV Tuﬁ {:"
‘ .74‘ Al ‘AI y 0
=, W S — | T

posterior
chamber

Ciliary Ciliary
process zonules

Lens

Figure 5.
Circulation of aqueous humor in the anterior chamber of the eye.
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IOP can rise. Secondly, overproduction of aqueous humor can lead to elevated IOP.
Aqueous humor is produced in the ciliary body, and conditions like neovascular
glaucoma or uveitis can cause excessive production. Inflammatory eye diseases such

as uveitis or iridocyclitis can also increase IOP by disrupting the normal drainage of
aqueous humor. Additionally, genetic factors and systemic diseases, including hyper-
tension or diabetes, can affect IOP [11, 12]. Monitoring and managing IOP is crucial
for preventing vision loss and managing glaucoma. Since measuring IOP is a funda-
mental diagnostic method for many eye conditions, numerous methods have been
developed to quantitatively measure IOP. The most well-known and still considered
the gold-standard method is Goldmann applanation tonometry [13, 14]. Non-contact
tonometry is another widely used method for measuring IOP during health check-ups.
Additionally, rebound tonometry is an easy-to-use method suitable for measuring IOP
in difficult-to-measure situations. Recently, a disposable lens-type portable tonometer
has been developed, allowing users to self-measure IOP in daily life.

2.4 Types of tonometers currently used clinically
2.4.1 Goldmann tonometer

The Goldmann tonometer (GAT), of which conceptual force balance is depicted in
Figure 6, is a method developed by Hans Goldmann and Theo Schmidt in 1957 to measure

the force required to flatten a specific area of the cornea and convert it into IOP [1, 13, 14].
This technique is based on the Imbert-Fick principle [15], described by the equation:

Goldmann
Biprism

Figure 6.

Forces for Goldmann applanation tonometry. While flattening the corneal surface, the sum of the forces (W)
caused by the biprism and surface tension (s) due to the tear films between the corneal surface and the biprism is
balanced with those due to the intraocular pressure (p) and corneal rigidity (b).
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W=pA 1)

where W is the applanation force, p is the pressure of a body of fluid encapsulated
within a sphere, and A is the area of applanation. This principle assumes that the
surface containing the fluid is infinitely thin, perfectly elastic, and flexible. However,
in reality, not all surfaces behave this way. When applying this principle to flatten
the cornea, the specific characteristics of the cornea must be considered. Goldmann
adjusted the equation to incorporate these factors:

W+s=PA+b (2)

where W is the tonometer force, s is the surface tension of corneal tear film, P is
the intraocular pressure, A is the area of applanation, and b represents the corneal
rigidity to bending.

In Eq. (2), the area A was calculated to be 7.35 mm?, considering the balance
between corneal rigidity and tear film surface tension forces, which formed the
basis for designing the GAT [1]. The GAT setup includes a slit lamp, microscope,
and biprism. Fluorescent dye is applied to the cornea under examination, and blue
light from the slit lamp is directed onto it. The biprism is used to flatten the corneal
surface. During this process, the desired applanation area is verified by observing
the fluorescent tear meniscus through the microscope. When viewed through the
biprism, the meniscus appears as two divided semicircular rings. The correct amount
of pressure is applied when the inner edges of these two semicircles just touch, as
shown in Figure 7(c).

2.4.2 Non-contact tonometer

This is a method of flattening the cornea using a non-contact tonometer (NCT)
with an air puff, developed in the 1970s [1]. As shown in Figure 8, the air puffs
are delivered rapidly to enable much quicker measurements compared to GAT. It is
non-contact and simple to use, making it widely employed in primary health check-
ups. The NCT consists primarily of an air-puff generator, infrared light emitter, and
detector. Without any external stimulation, the convex cornea surface scatters the
lights from the emitter in all directions. Meanwhile, if the air puffs flatten the cornea,
the corneal surface acts like a flat mirror, reflecting light that can be detected. This
reflection allows measurement of IOP based on the time it takes for the corneal sur-
face to flatten after the air pulse is sprayed. Modern devices use pressure transducers
to directly measure the air pulse pressure needed to achieve corneal flattening. While
NCT offers faster measurements compared to GAT, it is less accurate and precise in
IOP measurement due to its instantaneous and dynamic nature. Recently, several
devices have been developed that not only measure IOP but also assess corneal charac-
teristics. One such device is the ocular response analyzer (ORA), which measures the
dynamic properties of the cornea using air pulses and evaluates corneal hysteresis and
resistance factor to assess the viscoelastic and biomechanical properties of the cornea
[1, 16]. Another device is the CORVIS ST tonometer, which records corneal deforma-
tion caused by air pulses using a high-speed camera to evaluate the biomechanical
properties of the cornea [1, 17].
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(a)
Slit lamp
Goldmann mires image Goldmann
Biprism
(b) (e) (d)
Figure7.

(a) The operating principle of the Goldmann applanation tonometer (GAT) and the images of fluorescein-
stained meniscus when the flattening force is (b) low, (c) proper, and (d) high compared to the intraocular
pressure (IOP).

(a) (b) (c)

Detector Detector

Air pulse Air pulse %
Generator Generator | || ————

Cornea Cornea

1 4
Emitter Emitter /
Figure 8.

(a) The operating principle of the non-contact tonometer (NCT). The light intensity detected has varied before
(b) and after (c) issuing an air puff due to the changes in the curvature of the corneal surface.

2.4.3 Other types of tonometers

It has been reported that the highest values of IOP mainly contribute to the pro-
gression of glaucoma. Therefore, it is essential to continuously monitor IOP to verify
and control the risk factor of the progression [18, 19]. Meanwhile, the GAT as a gold-
standard medical instrument for IOP measurement as well as the NCT are subject to
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time and space constraints because patients should visit a hospital. This makes it dif-
ficult for patients to continuously monitor their IOP. To overcome these limitations,
much effort has been made to develop other non-invasive ways to routinely measure
the IOP. The use of home tonometry like a rebound-type tonometer is widely used.
And also, the contact-lens type method has been introduced as a promising candidate
for wearable IOP sensors.

2.4.3.1 Rebound tonometers

As shown in Figure 9(a), a rebound tonometer consisting of a solenoid propel-
ling coil, a sensing coil, and a thin probe [1, 20]. A brief electrical current into the
solenoid causes the magnetized probe to shortly extend toward the cornea. Upon
contact with the cornea, the probe rebounds, and this impact is detected by the sens-
ing coil through electromagnetic induction. The duration of the impact is measured
and converted into IOP. This method was introduced and commercialized as the
hand-held tonometer like the “Tono-Pen’ and ‘iCare’ products [1, 21]. Unlike the
GAT or NCT, the rebound tonometer does not require the patient to be seated during
measurement. This makes it suitable for measuring the IOP in the supine position
of the disabled patients and young children who cannot sit still. The correlation
between IOP measurements using the tonometer and the Goldmann tonometer was
reported to be acceptable [22]. Most portable tonometers available at home require
that the patient or guardian take manual measurements. And also, the IOP measured
by the patients using the rebound tonometers may differ by 5 mmHg compared
with the IOP measured by a physician using the tonometers [23, 24]. Although the
rebound-type tonometry can provide promising performance for measuring the IOP
in supine position, there are still some issues, including lower accuracy and sensitiv-
ity compared to other methods, which limits its suitability for precise intraocular
pressure measurements.

2.4.3.2 Contact-lens type tonometry
The rebound tonometry can be applied to routinely measure the IOP. However, the

tonometry is not able to provide real-time continuous measurements of the IOP. To
overcome these limitations, extensive efforts have been made to develop contact-lens

(a) (b)  Strain gauge

Telemetreic chip

Figure 9.

Th%f operating principle of a rebound tonometer (a) and contact-lens tonometer (b). The probe can strike the
surface of the cornea due to the injection of a brief current into the solenoidal coil. The rebound tonometers
detected the changes in the variation of the induction accompanied by an abrupt change in the motion of the
probe, which is dependent on the IOP. For contact-lens tonometry, the strain sensors, which are embedded in soft
contact lenses, can detect the changes in the limbal strain alterations accompanied by IOP changes.
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sensors, which provide continuous real-time monitoring of the IOP. As shown in
Figure 9(b), the sensors can detect the changes in a strain due to an expansion of the
corneal limbus accompanied by the IOP increment [25]. “Triggerfish’ is the commer-
cialized contact-lens sensors for IOP changes after FDA approval [26]. This device with
a wireless antenna and a ring-shaped strain gauge embedded into a soft hydrophilic
silicone contact lens is rigid, bulky, partially blocking vision area, or insufficiently
sensitive to monitoring the deformation of only 0.03% in tensile strain per mmHg of
human subjects. More sophisticated designs of the devices were introduced to improve
the performance of the contact-lens sensors [27]. More recently, T. Y. Kim reported

a wireless theranostic smart contact lens that can monitor continuous real-time IOP
measures and even take appropriate drug treatment in response to the IOP increment
[28]. Meanwhile, the knowledge about the structural changes accompanied with IOP
changes of human subjects is very limited to fully describe the detailed dependence

of the strain and the IOP for the patients, whose eyes have different structural and
mechanical characteristics. The deformation of the limbus strain of the human subjects
less than 0.03% led us to suppose that the deeper understandings on the dependence
of mechanical and structural changes in the human cornea on the IOP are crucial to
improving the performance of the contact-lens sensors to monitor the IOP.

3. Technologies for measuring structural changes in the cornea

When the pressure within the eye, filled with liquid and gel, fluctuates, the three
layers surrounding the eye also undergo changes. Among these layers, the cornea is
the most flexible and exposed to external conditions. Consequently, variations in IOP
affect the cornea the most. Accurate measurement of these changes in the cornea can
help detect fluctuations in IOP, and understanding the mechanical properties of the
cornea enables estimation of true IOP. Therefore, monitoring and imaging structural
changes in the cornea are crucial for precise measurement of intraocular pressure and
diagnosis of glaucoma.

3.1 Previous instruments for measuring structural changes in the cornea

Methods for quantitatively measuring structural changes in the cornea include
assessing changes in corneal thickness or measuring corneal curvature. The earliest
method used to measure corneal thickness was optical pachymetry, which operates
on the principle of specular reflection. However, this method lacks precision and
faces limitations such as variability due to corneal curvature or clarity. In the 1960s,
ultrasound technology introduced ultrasonic pachymetry, a method using ultrasound
waves to measure corneal thickness that provided more stable measurements com-
pared to optical methods [29]. Despite its stability, ultrasound pachymetry requires
direct contact with the cornea and the use of a gel medium to prevent air-tissue
reflections. To address these limitations, non-contact optical methods for measuring
corneal thickness have been developed [30-33]. These methods utilize slit scan-
ning and Scheimpflug imaging technology, offering higher resolution and greater
convenience compared to ultrasound-based approaches. In the nineteenth century,
the development of the keratometer marked a significant advancement in measuring
corneal curvature in clinical settings [34]. Introduced by Emile Javal and Hjalmar
Schiotz, this device focused on the corneal vertex, enabling curvature measurements
approximately 3 mm from the center [35]. Subsequently, Antonio Placido introduced
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the Placido disc, which measures corneal curvature by analyzing the distortion of
concentric black and white rings projected onto the cornea [30, 31]. In 1896, Allvar
Gullstrand developed the photokeratoscope, which qualitatively assessed corneal
curvature based on images captured with a Placido disc [36, 37]. Advancements in
digital technology led to the videokeratoscope in the 1980s, which quantifies ring
images as color maps [31]. By the 1990s, advancements in slit scanning technology
enabled equipment to analyze the posterior corneal surface, expanding capabilities
beyond simple topography to monolayer assessments of the cornea [31, 38]. In the
2000s, Scheimpflug imaging technology further improved accuracy in measuring the
posterior corneal surface, enhancing aerial photography-based techniques [30, 31].

3.2 OCT imaging for measuring structural changes in the cornea

OCT is a technology that utilizes light interference signals to produce tomographic
images of the object [39, 40]. It excels in detecting even the faintest light signals emit-
ted from the sample, owing to its heterodyne gain characteristic, where signal inten-
sity is determined by the interaction between the light from the sample and the light
from a reference mirror. While traditional confocal microscopy typically achieves
sensitivity levels between —50 and 70 dB, OCT achieves sensitivity ranging from
approximately —90-110 dB [41]. Moreover, OCT can rapidly capture a single tomo-
graphic image in the axial direction, making it widely adopted as a bioimaging tech-
nique. With a resolution of about ten micrometers, OCT is suitable for imaging tissue
structures rather than individual cells [42]. Consequently, its most impactful applica-
tions in the human body have been in ophthalmology [43-53]. Since its introduction
as a novel imaging modality in ophthalmology, OCT has been extensively studied for
imaging the posterior segment of the eye [43, 45-48, 52]. However, recognizing the
diagnostic utility of OCT in the anterior segment of the eye, ongoing development of
OCT imaging systems for anterior segment observation has progressed [44, 49-51].
These systems are valuable for monitoring corneal pathology development as well as
for imaging and measuring the anterior chamber angle and structural changes in the
iris. The configuration of an OCT system for anterior segment of an eye imaging is
depicted in Figure 10. OCT systems for the anterior segment of the eye currently in
active use are a second-generation configuration, primarily categorized into Fourier
domain OCT (FD-OCT) and swept-source OCT (SS-OCT).

The FD-OCT comprises a broadband light source and an interferometer, as
illustrated in Figure 10(a). The sample arm, responsible for imaging the sample,
includes a scanning unit such as galvano mirrors and an objective lens, enabling
two-dimensional and three-dimensional imaging. The reference arm is designed with
an optical path similar to the sample arm, ending with a reference mirror where light
backscattered from the sample and reflected from the mirror interfere. The interfer-
ence signal is detected and acquired using a spectrometer, capturing spectralized
interference signals. In contrast, SS-OCT utilizes a wavelength-swept light source,
and its detection part involves a single detector instead of a spectrometer. SS-OCT
(Figure 10(b)) is being increasingly introduced in ophthalmic OCT and offers the
advantage of high-speed imaging compared to FD-OCT systems using CCDs. Recent
research and development in SS-OCT enable imaging at speeds in the MHz range,
which is approximately 10-100 times faster than conventional systems [54, 55]. This
high-speed capability allows for precise measurement of structural changes in the
cornea. In comparison, Scheimpflug imaging, which measures corneal radius of
curvature (CRC) or central corneal thickness (CCT), lags behind OCT in imaging
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(a)
SLD
Collimator
Reference
mirror
Spectrometer Collimator
Sample
Galvano Objective
mirror lens
(b)
WSL
Collimator
Coupler Reference
mirror
Detector Collimator
Sample
Galvano Objective
mirror lens
Figure 10.

The configuration of (a) Fourier domain optical coherence tomography (FD-OCT) and (b) swept-source optical
coherence tomography (SS-OCT) for anterior segment of the eye imaging (SLD: super-luminescent diode laser,
WSL: wavelength swept laser).

speed and is thus less suitable for dynamic measurements [56]. Conversely, the OCT
imaging systems currently in commercial use excel in dynamic measurement, capable
of acquiring 2D images at over 100 frames per second. Algorithms based on OCT
images of the corneal area enable simultaneous measurement of CCT and CRC using
manual or automatic methods.

4. Utilization of OCT imaging for tonometry evaluation
4.1 OCT imaging with eye phantoms for mimicking cornea deformation

IOP is a fundamental and crucial parameter in diagnosing eye diseases. Therefore,
it is critical to assess whether the tonometer accurately measures IOP values. The
evaluation procedures for tonometers are outlined in the ISO 8612 standard docu-
ment. The essence of this procedure involves comparing the tonometer under
evaluation with the GAT by measuring the eyes of living humans. This evaluation
process necessitates extensive clinical trials and involves measuring a wide range of
live human eyes. However, a challenge with this approach is that because the subjects
are living individuals, the measurement conditions cannot be precisely controlled,
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which compromises the accuracy of the measurements. Moreover, variations in
individual eye conditions inevitably affect IOP measurement values, making accurate
measurement and comparison challenging. Therefore, to achieve precise comparative
measurements, it is crucial to control the conditions of the measurement subjects.
Furthermore, conducting clinical trials involving 120 eyes incurs significant costs,
which poses a substantial challenge when developing new tonometers. To address
these challenges, this study developed eye phantoms that mimic the human cornea

to evaluate tonometers, aiming to enable comparisons with a standard tonometer
without the need for large-scale clinical trials.

To develop eye phantoms that accurately simulate the human cornea for evaluating
tonometers, it is essential that the external appearance resemble the cornea and that it
effectively replicates structural changes in response to IOP variations. Previously, eye
phantoms were used for evaluation of tonometers. The eye phantoms mimic human
corneas using materials with mechanical properties, CCT, and CRC similar to those of
the human cornea. The cornea of these phantoms are made from a soft, flexible material
similar to the actual human cornea. However, for ease of fabrication, the non-corneal
area is constructed from a rigid material unlike human eyes. Additionally, the corneas of
these phantoms are fixed to the rigid parts. These phantoms are referred to as the cornea
eye phantom (CEP). Unlike human eyes, where the cornea and sclera are continuously
connected, in CEP, only the flexible corneal part deforms with changes in IOP. Although
the sclera is tougher than the cornea, it is not too hard like metal or hard plastic. We
anticipated that developing an eye phantom where all parts of the eye are continu-
ous and not fixed would more closely resemble the human eye. Creating such an eye
phantom requires a continuous spherical shape filled internally with liquid to mimic the
aqueous humor and gel-like vitreous body. Technically, this was achieved using molding
techniques based on polymer materials like polydimethylsiloxane (PDMS) and applying
Archimedes’ buoyancy principle. These new phantoms are known as a full eye phantom
(FEP). The characteristics of CEP and FEP can be summarized as depicted in Figure 11.

Two types of eye phantoms were created to mimic the physical characteristics of
the human cornea and observe how structural changes vary with changes in IOP.

These eye phantoms were designed with CCT values of 350, 450, and 550 pm
and a CRC of 8.5 mm. Recognizing that CCT would significantly influence corneal

Full eye phantom Cornea eye phantom
(FEP) (CEP)
metal
Structure
Water
PDMS
PDMS Water —_—
Young's
modulus 380 kPa 380 kPa (only cornea)
ccT 370, 470, 570 um
CRC 8.5 mm
Figure 11.

Comparison of full eye phantom (FEP) and cornea eye phantom (CEP): Structure, Young’s modulus, central
corneal thickness (CCT), and corneal radius of curvature (CRC).
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structural deformation, three different CCT values were chosen to encompass the
typical range found in humans. To replicate the mechanical properties of the human
cornea, PDMS (Sylgard 184) was used. The mechanical properties were adjusted
by varying the mixing ratio of the silicone elastomer and curing agent in the PDMS
formulation. Tensile test specimens were fabricated according to the ASTM D 412
standard, and mechanical testing was conducted to identify a mixing ratio that could
achieve mechanical properties similar to those of the human cornea. The Young’s
modulus of the PDMS produced was measured at 380 kPa, demonstrating mechani-
cal properties comparable to those of the human cornea. Meanwhile, to observe how
structural changes occur in the two types of eye phantoms due to variations in IOP,
the pressure control and measurement device in the form of a syringe pump was
employed. This device was connected to the eye phantom to adjust IOP, while OCT
images of the cornea of the phantoms were obtained.

The pressure was adjusted in increments of 1 mmHg within the range of 0
to 45 mmHg using a pressure control device, and OCT images were acquired
(see Figure 12). The images were acquired using an FD-OCT imaging system,
driven by a light source with a central wavelength of 1300 nm and a bandwidth of
approximately 100 nm, operating at a transverse scan speed of about 18 frames
per second with an imaging range of approximately 10 mm and an imaging depth
of approximately 2.528 mm. The axial resolution of this system was measured to
be approximately 4.9 pm in air. From the acquired OCT images, CCT and CRC
data were obtained using an automated segmentation algorithm implemented in
Python. CCT was determined by detecting the anterior and posterior surfaces of
the cornea using an edge detection algorithm and automatically measuring the

40 mmHg

Figure 12.

OCT images of (a) cornea eye phantom (CEP) and (b) full eye phantom (FEP) as intraocular pressure (IOP)
changes (o, 10, 20, 30, and 40 mmHg). Arrows of the same color displayed in a row of images have the same size to
easily recognize changes in surface. (Scale bar: 0.5 mm). Reproduced with permission from [57].
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distance between these surfaces. CRC was calculated by fitting the corneal surface
to a circular function to determine its curvature.

The acquired OCT images and the changes in CCT and CRC according to the varia-
tions in IOP are illustrated in Figure 13. As IOP increases, the CCT of both types of
eye phantoms tends to decrease linearly. Moreover, it is evident that each type exhibits
a similar slope depending on CCT. In contrast, CRC demonstrates different trends
between the two eye phantoms. The CEP shows a significant decrease in CRC as IOP
increases. Conversely, the FEP tends to decrease slightly or remain stable as internal
pressure increases. The distinct CRC behaviors of these two types of eye phantoms are
illustrated in Figure 14.

In the CEP, the cornea material is soft and flexible, while the non-corneal part is
rigid, and the cornea is fixed to this rigid part. Thus, when IOP increases, only the
cornea undergoes significant deformation, as depicted in Figure 14(a). Consequently,
the CRC of the CEP gradually decreases, reflecting the substantial deformation
possible in the cornea, which is the only part capable of deformation. Conversely,
the FEP is constructed entirely from soft and flexible materials, with all parts inter-
connected and not fixed. Therefore, all parts can deform in response to changes in
IOP, resulting in less pronounced deformation of the cornea compared to CEP (see
Figure 14(b)). However, in cases where the cornea is very thin, it can deform more
easily relative to other parts, leading to a deformation pattern similar to that of
CEP (see Figure 14(c)). FEP, with an average CCT similar to that of normal human
corneas (540-550 pm), shows minimal change or a slight decrease in CRC as IOP
increases. Based on clinical studies, human corneas are known to exhibit changes
similar to those observed in FEP in response to variations in IOP [58]. Consequently,
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Figure 13.

The changes of central corneal thickness (CCT) and corneal radius of curvature (CRC) in the cornea eye
phantom (CEP)((a), (c)) and full eye phantom (FEP)((b), (d)) as intraocular pressure (IOP) varies (CCTo:
the measured central corneal thickness when internal pressure is 0). Reproduced with permission from [57].
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Figure 14.

The different structural change of the cornea between cornea eye phantom (CEP) (a) and full eye phantom
(FEP) ((b) and (c)). (c) shows a case with a relatively thin central corneal thickness (CCT) compared to (b).
Reproduced with permission from [57].

FEP appears to more accurately simulate the structural changes of the human eye
compared to CEP. Two types of eye phantoms were assessed using an NCT, and the
results are depicted in Figure 15. Both types exhibit an increase in measured values as
IOP increases. However, it is evident that the slope of increase for the CEP is approxi-
mately 1.5 times greater on average compared to the FEP. This disparity arises because
the CEP experiences a significant decrease in CRC as IOP increases, requiring greater
force from the NCT to flatten the cornea with an air puff. In contrast, the actual
human cornea does not exhibit significant changes in CCT based on variations in IOP.
Therefore, the FEP may be more suitable than CEP for evaluating hydrodynamic-
based tonometers.

4.2 In vivo OCT imaging for measuring structural changes in the cornea

To verify whether changes in CCT and CRC corresponded to the results obtained
from measuring eye phantoms, changes in IOP were induced in actual human eyes,
and OCT images were acquired. Figure 16(a) illustrates CRC before and 4 hours after
treatment to restore normal IOP. Dashed lines connect data points measured from
the same patient. CRC appears to slightly increase or remain constant as IOP rises.
Figure 16(b) demonstrates the relationship between the CRC and the CCT based on
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Figure 15.

The result data of non-contact tonometry (NCT) for (a) cornea eye phantom (CEP) and (b) full eye phantom
(FEP). The slope of increase for the CEP is approximately 1.5 times greater on average compared to the FEP
(CCTo: the measured central corneal thickness when internal pressure is 0). Reproduced with permission

from [57].
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(a) The cornea deformation of human subjects as intraocular pressure (IOP) changes. The averaged corneal
radius of curvature (CRC) of the human eye before (closed blue circle) and after (open black diamond)
medication. The data pairs connected by dashed lines are measured from the same patients. The dependence of (b)
CRC and (c) central corneal thickness (CCT) on IOP observed from the cannulated human subjects. Reproduced
with permission from [57].

IOP in cannulated human subjects. The values of the CRC and the CCT values were
determined from OCT images taken within 1 minute after the change in IOP, whereas
the results in Figure 16(a) were observed in human subjects more than 4 hours after
the change in IOP. Regardless of the experimental conditions, the in vivo experimen-
tal results closely resemble the structural deformation observed in the FEP, as CRC
shows a tendency to increase or remain stable with changes in IOP.

4.3 Evaluation of IOP with OCT imaging

Assuming the eye phantom behaves like a very thin spherical shell, the force bal-
ance equation can be formulated as follows (see Figure 17) [59]:

IOPxnxCRC* = x27x CRCxCCT 3)

Here, IOP represents intraocular pressure, CRC denotes corneal radius of curva-
ture, and CCT stands for central corneal thickness. From the above equation, IOP can
be expressed as:

_2x0,xCCT

CRC @

IOoP

where o is circumferential stress.

Additionally, assuming the volume of the finite element at the cornea vertex
remains constant, when deformation is minimal, the circumferential strain (¢, ) rela-
tive to CCT can be expressed as:

1/2
)
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(b) (©)

G. 10P

Figure 17.

(a) Cross-sectional diagram of the cornea part of the eyeball phantom and the free body diagram of the cornea.
It consists of two forces: (b) circumferential stress ( o) and (c) intraocular pressure (IOP). Reproduced with
permission from [57].

Here, ¢, denotes circumferential strain, and CCT_0 represents CCT when IOP is
0 mmHg.

Moreover, according to Hooke’s law, the relationship between Young’s modulus (E)
and Poisson’s ratio (V) can be expressed as:

o ©)

If information regarding Poisson’s ratio and Young’s modulus of the cornea is
known o, can be derived using the above equation. Consequently, IOP can be
calculated using CRC, CCT, and o, obtained from OCT images. In essence, OCT
images allow for the estimation of IOP. By comparing the IOP calculated from OCT
images with the IOP calculated through tonometry, it becomes possible to determine
the measurement accuracy of tonometers. Given the various variables involved and
the economic expense of evaluating using living human eyes, the use of FEP, which
accurately simulates the human eye, enables precise comparative measurement evalu-
ations. Meanwhile, a method to measure and evaluate IOP through speckle changes
on OCT corneal images due to changes in IOP was also recently proposed [60, 61].
This research method was evaluated for effectiveness in porcine corneas and shows
another way to measure IOP noninvasively by measuring speckles of biomechanical
changes within the cornea on OCT images.

4.4 Future research prospects

It is reasonable to suppose that the changes in IOP alter the dimensional charac-
teristics of the eyeball, including the CCT and the CRGC, if the eyeball is considered a
pressurized bulb with thin and soft tissue. Fully understandings of the deformation
mechanisms resulted from IOP changes will provide a new opportunity to monitor
IOP. A smart contact lens like Triggerfish, which was commercialized with Food and
Drug Administration approval in 2016, has already been reported to continuously
monitor the IOP based on the assumption that the strain of the cornea is dependent
on the IOP [27, 28]. Without complete knowledge of the structural deformations in
a living human subject caused by IOP changes, however, it is not easy to determine
the exact correlation function between the strain of the cornea and the IOP. Previous
works to assess the capabilities of smart contact lenses for monitoring the IOP have
utilized living rabbit eyes as an animal model and CEP as an artificial eyeball. The
results from these performance tests cannot be directly applied to human subjects
since the dimensional and mechanical characteristics of the models differ from those
of human eyes. A detailed understanding of the structural deformations resulting
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from IOP changes is crucial to overcoming these limitations by developing more
sophisticated model eyes that mimic human subjects. It is expected that the proposed
method, including the OCT technology to quantitatively evaluate deformation char-
acteristics, can be applied to performance tests of commercialized tonometers.
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Chapter 6

SS-OCT Enhances the Diagnosis
and Treatment of Anterior
Segment Diseases

Feiyan Chai and Xiaogang Wang

Abstract

Swept-source optical coherence tomography (SS-OCT) is a non-contact imaging
technology that has emerged as a novel tool for visualizing the anterior segment of the
eye. This technology is characterized by its rapid scanning speed, high resolution, and
excellent penetration capabilities. As a result, swept-source OCT is now widely utilized
in the diagnosis, treatment, and follow-up of various anterior segment diseases, such
as iridoschisis, posterior lenticonus, intraocular lens dislocation, and capsular block
syndrome. Given the limitations of conventional measurement instruments regarding
measurement methods and precision, the use of non-contact swept-source OCT offers
quantitative data that enhances the assessment of disease severity and progression.

Keywords: swept-source OCT, iridoschisis, posterior lenticonus, intraocular lens
dislocation, capsular block syndrome

1. Introduction

Swept-source optical coherence tomography (SS-OCT) utilizes coherent light
to generate high-resolution images of anterior segment structures. This technology
offers excellent penetration capabilities for corneal tissues and allows for the mea-
surement of various biological parameters, including those of the cornea, anterior
chamber, angle, iris, and lens. Unlike previous imaging technologies, such as ultra-
sound biomicroscopy (UBM) and Scheimpflug imaging, SS-OCT employs a non-
invasive, non-contact approach, thereby minimizing the discomfort often associated
with contact examinations (Table1).

With ongoing technological advancements, SS-OCT provides rapid scanning
speeds and wide scanning ranges, establishing it as a commonly used tool for the
clinical examination of anterior segment structures. This technology assists clinicians
in formulating precise surgical plans for the anterior segment and effectively moni-
toring disease progression. This chapter aims to provide an overview of the applica-
tions of SS-OCT in the diagnosis and follow-up of some specific anterior segment
diseases and conditions. It is important to specify that all OCT images presented in
this section have been obtained using the ANTERION SS-OCT device (Heidelberg,
Germany) at Shanxi Eye Hospital.
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SS-OCT UBM Pentacam

Imaging principle Low-coherence High-frequency Scheimpflug rotating
interferometry ultrasound camera

Axial resolution 3-20 pm >50 pm —

Examination Seated, non-contact Supine, contact Seated, non-contact

method

Penetration Obstructed by the iris Can penetrate the iris Obstructed by the iris

capability

Scanning depth 12-16 mm 3.5-5mm 6-8 mm

Table 1.

Comparison of common anterior segment imaging systems.

2. Examples of SS-OCT applications in anterior segment diseases and
special conditions

2.1 Corneal perforation

Overview: Corneal perforation is a common emergency in ophthalmology
that, if not treated promptly, can lead to serious complications. It can result from
several corneal diseases, including infectious keratitis, neurotrophic keratitis,
trauma, inflammatory conditions, and persistent epithelial defects. Therefore,
actively managing the underlying condition is clinically significant in preventing
corneal perforation.

Case presentation: A 13-year-old male presented with redness, pain, and vision loss
in his left eye that had persisted for 1 day. A slit-lamp examination revealed signifi-
cant conjunctival congestion and a perforation in the inferior temporal cornea, with
iris tissue incarcerated in the perforation site (Figure 1A).

OCT imaging and comments: The SS-OCT horizontal scan image of the perfora-
tion displayed uneven corneal thickness, highlighting a significant thickening of the

Figure 1.

(Ag)’ Slit-lamp and SS-OCT images of the corneal perforation. (B) The OCT image demonstrates the iris tissue
protruding in a “figure-eight” shape and being incarcevated in the perforation (B, white arrow), with fluffy
exudates observed on the surface of the ivis (B, red arrow). The anterior chamber depth varied on either side of
the incarceration site, with the nasal side gradually becoming shallower from the center toward the temporal side,
while the temporal side appeared slit-like (B, green arrow).
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temporal cornea compared to the nasal side. The OCT imaging confirmed corneal
perforation and iris tissue prolapse (Figure 1B).

2.2 Post-cataract surgery corneal edema

Overview: The primary treatment for cataracts is phacoemulsification combined
with artificial lens implantation. The use of ultrasound energy during the procedure
can result in varying degrees of corneal damage, with corneal edema being the most
common complication. This condition primarily affects the corneal stroma and can
subsequently impact early postoperative vision recovery [1, 2].

Figure 2.

O(%T images of a patient with age-velated cataract complicated by postoperative corneal edema. (A)

The SS-OCT examination indicated that the preoperative left eye had a smooth corneal surface, with a
central corneal thickness of 544 pm and enhanced reflective signals from the anterior cortical lens. One day
postoperatively, the central corneal stroma was swollen and thickened, reaching a thickness of 915 ym. (B)
The Descemet’s membrane and endothelial layer appeared ivregularly wavy. (C) By 1 week postoperatively,
corneal thickness gradually approached normal, measuring 605 um, although the central corneal endothelial
surface remained uneven.
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Case presentation: A 78-year-old male presented with blurred vision in his left
eye, which had persisted for over 3 years. Upon slit-lamp examination, a cloudy
lens in the left eye was observed, which was diagnosed as an age-related cata-
ract. The patient underwent phacoemulsification combined with artificial lens
implantation.

OCT imaging and comments: Preoperative OCT images displayed a normal
cornea, with the anterior cortex of the lens exhibiting layered high-reflectance
signals. The lens nucleus and posterior cortex appeared as low-reflectance signals,
obscured by the anterior high-reflectance signals (Figure 2A). Due to significant
lens opacity, a larger amount of ultrasound energy was utilized during cataract
surgery, resulting in corneal tissue damage and subsequent postoperative corneal
edema. One day postoperatively, OCT revealed thickening of the corneal stroma,
with the corneal endothelial surface appearing irregularly wavy (Figure 2B).

One week after surgery, the condition stabilized; although mild edema was still
present in the central corneal stroma, corneal thickness approached normal levels
(Figure 2C).

2.3 Iridoschisis

Overview: Iridoschisis is a rare disorder characterized by the separation of the
anterior stromal layer of the iris from the posterior stroma and muscle layers.
Examination typically reveals floating fibrillar material in the anterior chamber
[3, 4]. The term “iridoschisis” was first proposed by Lowenstein and Foster in
1945, who described a deep, parallel split between the anterior and posterior
stromal layers of the iris [5]. The condition usually begins unilaterally but often
progresses to affect both eyes [6]. Mansour reported that iridoschisis occurs most
frequently in the inferior quadrant (37%, 37/100), followed by the inferonasal
quadrant (18%, 18/100), the superior quadrant (9%, 9/100), and the inferotem-
poral quadrant (7%, 7/100). Additionally, 29% (29/100) of patients present with
diffuse iridoschisis [7].

Case presentation: A 74-year-old female patient reported blurred vision in her right
eye for over 2 years. A slit-lamp examination revealed iridoschisis in the inferotem-
poral area of both eyes, accompanied by lens opacities and pigment deposits on the
anterior lens capsule. She was diagnosed with bilateral senile cataracts and iridoschi-
sis. The examination showed a “shredded appearance” for the iris of the right eye and
loose iris tissue in the left eye (Figure 3A, B). Phacoemulsification and intraocular
lens implantation were performed to treat the cataract in the right eye.

OCT imaging and comments: OCT scans of the iridoschisis area in the right eye
demonstrated diffuse iris atrophy, stromal disorganization, and splitting in the
affected region, with the anterior layer appearing shredded and floating in the
anterior chamber. In severe cases, this floating iris material may adhere to the corneal
endothelium (Figure 3C). The left eye exhibited milder changes, consistent with the
early stage of the disease (Figure 3C, D).

2.4 Anterior uveitis

Overview: Anterior uveitis is the most common type of uveitis, accounting for
approximately 50% of all cases [8]. Depending on its duration, it can be classified as
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Figure 3.

Slit-lamp and SS-OCT images of a patient with ividoschisis. (A, B) The slit-lamp images show loose iris tissue in
both eyes, with significant iris atrophy in the right eye (highlighted by yellow-dashed lines). (C) OCT scans of the
iridoschisis area in the right eye reveal stromal disovganization and shvedded, floating iris tissue, some of which
adhere to the corneal endothelium (ved arrow). (D) In the left eye, OCT shows cystic spaces within the stroma,
appearing as aveas of low veflectivity (red arrow).

acute, chronic, or recurrent. Patients typically present with symptoms such as eye
redness, pain, and vision loss, and usually require anti-inflammatory and symptom-
atic treatments.

2.4.1 Case presentation

Case 1: A 37-year-old female presented with a 1-week history of redness, pain, and
vision loss in her left eye. A slit-lamp examination revealed ciliary injection, intense
aqueous flare (+++), and posterior synechiae in the left eye. The clinical diagnosis was
acute anterior uveitis in the left eye.

OCT imaging and comments: OCT imaging showed generally normal corneal thick-
ness and shape, with significant inflammation in the anterior chamber and iris tissue
(Figure 4).

Case 2: A 78-year-old female reported blurred vision in her right eye for over
2 years. The slit-lamp examination revealed an extremely shallow anterior chamber,
posterior synechiae, and lens opacities. The clinical diagnosis was cataract, which was
treated with phacoemulsification and IOL implantation. Anterior uveitis was noted
after cataract surgery.

OCT imaging and comments: This patient presented with a significantly shallow
anterior chamber preoperatively, limiting the surgical space in the surgical procedure.

87



Optical Coherence Tomography — Applications in Ophthalmology

Figure 4.

SS-OCT image of Case 1 with anterior uveitis. The OCT image displays dense high-veflectivity spots in the
anterior chamber (white arrow), most prominent in the central area, along with dot-like exudates on the iris
surface (ved arrow).

The use of ultrasound during the phacoemulsification caused damage to the corneal
tissue, resulting in postoperative corneal edema and uveitis. Postoperative OCT
images demonstrated corneal thickening, an irregular endothelial surface, and a
reticular exudative membrane in the anterior chamber (Figure 5).

2.5 Posterior lenticonus

Overview: Posterior lenticonus is a rare congenital anomaly characterized by a
conical or hemispherical protrusion of the posterior visual axis region of the lens into
the vitreous cavity [9, 10]. This condition is often associated with localized thinning
or even defects in the posterior lens capsule. In advanced stages, spontaneous rupture

Figure 5.

SS-OCT image of Case 2 with pseudophakic eye and anterior uveitis. The OCT image reveals corneal edema and
thickening, with a central corneal thickness of approximately 710 ym and an uneven endothelial surface (white
arrow). A reticular exudative membrane with high veflectivity is visible on the IOL surface (yellow arrow), with
portions of the membrane adhering to the corneal endothelium (red arrow).
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of the posterior lens capsule may occur. The timing of treatment varies depending on
the severity of the condition.

Case presentation: An 8-year-old female presented with blurred vision in her right
eye since early childhood. A slit-lamp examination revealed a conical localized poste-
rior bulge near the central part of the posterior lens capsule, accompanied by subcap-
sular cortical opacities (Figure 6A). Retro-illumination showed a localized dark area
(Figure 6B). The clinical diagnosis was right eye posterior lenticonus with congenital
cataract, which was treated with phacoemulsification and IOL implantation. During
surgery, the surgeon did the posterior capsule capsulorhexis. Postoperatively,

Figure 6.

Preoperative slit-lamp and SS-OCT images of posterior lenticonus. (A) The slit-lamp examination revealed

a conical localized posterior bulge of the posterior capsule, with subcapsular cortical opacification appearing
grayish-white (yellow-dashed line). (B) Retro-illumination showed a corresponding dark area in the lens at that
location (yellow-dashed line). (C) SS-OCT scans demonstrated significant posterior bulging of the posterior
capsule toward the vitreous cavity around the visual axis region, with a marked increase in local curvature
(yellow arrow). The corresponding subcapsular cortex exhibited a high-veflectivity signal (red arrow).
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slit-lamp examination with side illumination confirmed that the central posterior
cone had been completely removed (Figure 7A), and retro-illumination revealed a
nearly circular defect in the center of the posterior lens capsule (Figure 7B).

OCT imaging and comments: SS-OCT images of posterior lenticonus indicated
localized posterior bulging of the posterior capsule, with high-reflectivity signals
corresponding to the lens cortex in that area (Figure 6C). After surgery, the intraocu-
lar lens was well-positioned, the posterior cone had disappeared, and the posterior
capsule capsulorhexis was clearly visible (Figure 7C).

2.6 Posterior polar cataract

Overview: Posterior polar cataract represents a distinct subtype of congenital
cataracts, which can be further categorized into non-progressive and progressive

Figure7.

Postoperative slit-lamp and SS-OCT images of posterior lenticonus. (A) The side illumination slit-lamp
examination indicated that the centval avea of the posterior capsule had been excised (white arrow), (B) while
retro-illumination vevealed the area of the capsule defect to be nearly circular (white arrow). (C) SS-OCT scans
clearly displayed the tear in the anterior and posterior capsules (white and green arrows), with the IOL positioned
within the capsular bag. The anterior and posterior surfaces of the IOL optical zone were clearly visible (C, yellow
and red arrows).
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types [11]. Its defining characteristic is a congenital thinning or defect in the posterior
lens capsule, making it susceptible to intraoperative complications such as posterior
capsule rupture and vitreous prolapse [12]. Therefore, early and accurate preoperative
diagnosis is essential to enhance surgical safety and optimize outcomes.

Case presentation: A 62-year-old male presented with a 2-year history of progres-
sively reduced vision in the left eye. Slit-lamp examination revealed a disk-shaped,
gray-white opacity firmly adhered to the posterior pole of the lens capsule.

OCT images and comments: The SS-OCT reveals a subtle posterior bulge at the pos-
terior pole of the lens, characterized by nodular, dense, high-reflective signals. The
integrity of the posterior lens capsule at this location remains questionable. During
phacoemulsification cataract surgery, a rupture of the posterior capsule was identi-
fied, underscoring the critical importance of assessing the lens capsule’s integrity
through preoperative OCT evaluation (Figure 8).

2.7 Retinitis pigmentosa complicated by cataract

Overview: Retinitis pigmentosa complicated by cataract is a specific type of
cataract primarily characterized by subcapsular cortical opacification that typically
begins in the central area of the posterior lens capsule. Therefore, individuals affected
by this type of cataract often experience a more significant impact on their visual
function. Additionally, some patients may experience relaxation of the lens zonules,
which increases the relative surgical risk.

Case presentation: A 38-year-old male presented with blurry vision in his right
eye for over 2 years, along with a history of retinitis pigmentosa. A slit-lamp
examination revealed subcapsular cortical opacification in the right eye.

Figure 8.

The SS-OCT scan highlights a localized, highly veflective, subcapsular dense opacity at the posterior pole of the
lens (indicated by the ved arrow), which closely adheres to the posterior capsule and protrudes into the vitreous
chamber (denoted by the green arrow), raising concerns regarding the integrity of the posterior lens capsule in this
area.

91



Optical Coherence Tomography — Applications in Ophthalmology

The clinical diagnosis was right eye cataract complicated by retinitis pigmentosa,
which led to the decision to perform cataract surgery through phacoemulsifica-
tion and IOL implantation. During the surgery, it was noted that the zonules
were relaxed, resulting in localized rupture of the posterior capsule. The IOL was
ultimately implanted in the ciliary sulcus.

OCT imaging and comments: SS-OCT indicated that high-reflectivity signals were
observed in both the anterior subcapsular and posterior cortical areas of the right eye
(Figure 9). One day postoperatively, the OCT images showed a notch at the pupil-
lary margin near the main and side corneal incisions (Figure 10A and B), along with
vitreous incarceration and noticeable tilt of the IOL (Figure 10C and D). One week
following the initial surgery, a second procedure was performed to relieve vitreous
incarceration and do the IOL optic capture. One month postoperatively, the shape of
the pupil appeared normal (Figure 11A), with no vitreous incarceration at the inci-
sion site and a relatively stable IOL (Figure 11B and C).

2.8 Posterior capsule opacification (PCO)

Overview: The clouding resulting from the proliferation of residual cortical or lens
epithelial cells following cataract surgery is known as PCO. It is one of the leading
causes of visual deterioration and a common long-term complication of cataract
surgery [13]. Currently, Nd:YAG laser posterior capsulotomy is the primary clinical
treatment for PCO [14-16].

Case presentation: A 62-year-old male, with a medical history of cataract surgery
in his left eye 5 years ago, reported a decline in vision for over 3 months. A slit-lamp
examination revealed a grayish-white opacity on the posterior capsule of the lens. The
diagnosis was PCO and the patient underwent Nd:YAG laser posterior capsulotomy to
address this issue.

OCT images and comments: SS-OCT provides a visual assessment of the type and
severity of PCO. After pupil dilation, the OCT images displayed a dense, high-reflec-
tive abnormal band signal between the posterior lens capsule and IOL. Following the
Nd:YAG laser capsulotomy, a defect in the central posterior capsule was visible, along
with the laser-created opening in the posterior capsule (Figure 12).

Figure 9.
SS-OCT image of a patient with retinitis pigmentosa complicated by cataract. High-veflectivity signals were
observed in both the anterior and posterior subcapsular cortex.
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Figure 10.

SS§OCT images 1 day post-surgery. (A) Infrared images reveal notches at the pupillary margin at the 11:00 and
3:00 positions (yellow arrow; green arrow); (B) a notch at the 3:00 position remains visible even after pupil
dilation (green arvow). (C) OCT images indicated vitreous incarceration at the main incision (yellow arrow),
with IOL significantly tilt (ved arrow and white arrow). (D) OCT images showed vitreous incarceration at the
side port accompanied by localized Descemet membrane detachment (green arrow).

Figure 11.
SS-OCT images 1 month after the second surgery. (A) The infrarved image reveals a nearly round pupil after pupil
dilation; (B, C) OCT images indicate no vitreous incarcevation at the main and side incisions.

2.910L dislocation

Overview: IOL dislocation is a rare but serious complication following cataract
surgery [17], with multiple mechanisms contributing to its occurrence. The IOL can
dislocate into the anterior chamber, the pupil area, the posterior chamber, or the
vitreous cavity. Based on the timing of occurrence, IOL dislocation can be classified
into early and late types [18]. Early dislocation occurs within 3 months after cataract
surgery, while late dislocation occurs after 3 months. In 1993, Davison first reported
spontaneous late-onset IOL dislocation due to capsular contraction [19]. Although
the incidence of late IOL dislocation is lower than that of early IOL dislocation, the
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Figure 12.

SS-OCT image of PCO. (A) The SS-OCT examination revealed a high-veflective signal at the anterior capsule
opening margin (white arrow). A dense, high-reflective, irregular band signal was observed between the
posterior surface of IOL and the posterior lens capsule (A, red arrow). After performing Nd:YAG laser posterior
capsulotomy, a defect in the central posterior lens capsule was noted, with a civcular opening approximately
3.42 mm in diameter. (B) The edges of the laser opening in the posterior lens capsule exhibited curling (white
arrow).

consequences are often severe, and the prognosis is typically poor [20]. Common
treatment options include IOL repositioning, IOL fixation, and IOL replacement
surgery.

2.9.1 Case presentations

Case 1: A 55-year-old male presented with blurred vision for 2 weeks with a medi-
cal history of right eye cataract surgery 7 years ago. A slit-lamp examination revealed
that the IOL had dislocated to the iris surface, accompanied by a ruptured posterior
capsule and vitreous prolapse.

OCT images and comments: The IOL had dislocated into the anterior chamber, rest-
ing on the iris surface with vitreous prolapse (Figure 13).

Case 2: A 53-year-old male presented with blurred vision for 2 weeks with medical
history of cataract surgery in his left eye 3 years ago. A slit-lamp examination revealed

94



SS-OCT Enhances the Diagnosis and Treatment of Anterior Segment Diseases
DOI: http://dx.doi.org/10.5772/intechopen.1009032

Figure 13.

SSF—;OCT image of IOL dislocation in Case 1. (A) The infrared image showed the IOL in the anterior chamber,
with the optical zone displaced downward. The end of the IOL haptic was in contact with the anterior chamber
angle. (B) The SS-OCT revealed that the IOLs optical zone was located on the iris surface (green and red
arrows), accompanied by vitreous prolapse (white arrow). A low-veflective zone was observed between the IOL
optical edge and the pupil margin (A, orange-dashed line).

downward displacement of the IOL and the capsule complex, with the optical zone of
the IOL visible in the upper part of the pupil area. The clinical diagnosis was IOL-
capsular bag complex dislocation in the left eye.

OCT images and comments: The IOL had shifted posteriorly, significantly increas-
ing the distance from the iris plane. The IOL-capsular bag complex was floating or
dislocated into the vitreous cavity. In the pupil area, downward displacement of the
IOL-capsular bag complex was visible (Figure 14).

Figure 14.

SS-OCT image of IOL dislocation in Case 2. The distance between IOL and the iris was significantly widened.
High-reflective signals of the anterior capsule were observed at the 8:00, 10:00, 12:00, and 2:00 o’clock positions at
the pupil margin (A-D, red arrows), along with the edges of the IOL (B, C, white arrows).
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2.10 IOL opacification

Overview: I0OL opacification refers to the decrease in transparency of the IOL post-
operatively due to various causes. Reports of opacification have been documented for
IOLs made from different materials [21-24]. A slit-lamp examination reveals multiple
manifestations depending on the location of the opacification. Different types of IOL
opacification exhibit varying appearances on OCT images. Currently, IOL replace-
ment surgery is the primary treatment for IOL opacification.

2.10.1 Case presentation

Case 1: A 57-year-old male underwent right eye cataract surgery 7 years ago. Over
the past 2 years, he reported experiencing blurred vision. A slit-lamp examination
revealed a frosted glass-like opacification on the surface of the IOL (Figure 15A). The
clinical diagnosis was right eye IOL opacification, and the patient underwent IOL
replacement surgery.

OCT images and comments: The OCT images clearly depict the position and mor-
phology of the IOL opacification. In this patient, the reflective signal on the anterior
surface of the right eye IOL was enhanced, with normal echogenicity within the IOL
optical zone (Figure 15B).

Case 2: A 79-year-old female underwent left eye cataract surgery 3 years ago. Over
the past year, she has experienced significant blurred vision in her left eye. A slit-lamp
examination revealed diffuse, champagne-like opacification on the IOL (Figure 16A).
The clinical diagnosis was left eye IOL opacification, and the patient underwent IOL
replacement surgery.

OCT images and comments: The OCT images of the left eye demonstrated diffuse
enhancement of the internal echogenicity within the optical zone, appearing as a uni-
form, consistent, diffuse punctate opacification. A dense, high-reflective band-like
structure was observed between the posterior surface of the IOL and the posterior
lens capsule (Figure 16B).

Figure 15.

Sli%—lamp and SS-OCT images in Case 1. (A) The slit-lamp examination revealed a frosted glass-like
opacification on the IOL anterior surface (green arrow), with the internal optical zone vemaining transparent.
The degree of opacification on the IOL posterior surface was slightly less than that on the anterior surface (orange
arrow). (B) The OCT image demonstrated a uniformly high-reflective signal on the anterior surface of the IOL
(white arrow), with low echogenicity within the optical zone, and the signal intensity on the IOL posterior surface
was intermediate between the two (ved arrow).
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Figure 16.

Sli%—lamp and SS-OCT images in Case 2. (A) The slit-lamp examination showed diffuse champagne-like
opacification on the IOL. (B) The SS-OCT image revealed uniform, consistent, diffuse punctate enhancement of
the echogenicity within the optical zone (ved arrow), with a dense, high-reflective band observed between the IOL
posterior surface and the posterior lens capsule (white arrow).

2.11 Capsular block syndrome (CBS)

Overview: CBS is a relatively rare complication [25]. It can occur intraoperatively,
in the early postoperative period, or even years after surgery. This condition is related
to the closure of the anterior capsular opening and the anterior surface of IOL,
leading to the accumulation of opacified fluid between the IOL and the posterior lens
capsule. This accumulation may result in IOL movement anteriorly, alterations of the
eye refractive status, shallower anterior chamber depth, and secondary glaucoma,
etc. Currently, Nd:YAG laser capsulotomy is one of the effective treatments for early

Figure 17.

SS§OCT image of CBS. The SS-OCT image clearly shows the anterior and posterior surface of the IOL (white
arrow and ved arrow), demonstrating a uniform high-veflective signal indicative of fluid retention between
the IOL posterior surface and the posterior lens capsule. The thickness of the IOL in the central region was
approximately equal to the thickness of the fluid accumulation.
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capsular block syndrome; reoperation may also be conducted to remove the accumu-
lated opacified fluid, lens cortex, and fibrotic anterior lens capsule [26].

Case presentation: A 76-year-old female underwent left eye cataract surgery
5 years ago and reported experiencing blurred vision for the past 2 months. A
slit-lamp examination revealed a significant accumulation of grayish-white fluid
between the IOL and the posterior lens capsule. The clinical diagnosis was CBS in
the left eye.

OCT images and comments: In patients with CBS, SS-OCT imaging provides a clear
visualization of the IOL morphology and the fluid accumulation within the capsular
bag. It accurately quantifies the distance between the posterior surface of the IOL and
the posterior lens capsule, thereby reducing the risk of misdiagnosing CBS as IOL
opacification (Figure 17).

3. Conclusions

The above case examples illustrate that SS-OCT, as a non-invasive imaging tool,
provides a significant reference value for the clinical diagnosis and treatment of ante-
rior segment diseases. Its precise data measurement and analysis can offer evidence
for changes before and after the treatment of various anterior segment pathologies. In
the future, SS-OCT is expected to have even broader applications in assessing anterior
segment diseases and may become a golden standard for some conditions.
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Chapter7

Optical Coherence Tomography
in Strabismus: Innovations
and Clinical Applications

Emine Tinkir Kayitmazbatir

Abstract

Strabismus, a visual disorder involving eye misalignment, presents significant
diagnostic and treatment challenges. Optical coherence tomography (OCT) has
transformed the management of strabismus by providing high-resolution imaging
of ocular tissues, which aids in accurate diagnosis and management. Continuous
advancements in OCT technology, including anterior segment OCT (AS-OCT) and
OCT-angiography (OCT-A), enhance preoperative planning, postoperative monitor-
ing, and evaluation of associated conditions such as thyroid ophthalmopathy and
amblyopia. This chapter aims to provide a comprehensive overview of OCT’s role
in strabismus management, highlight technological advancements, and discuss the
integration of OCT tools in clinical practice. It will explore current research trends
and future directions in the application of OCT for strabismus and amblyopia.

Keywords: anterior segment OCT, clinical applications, ocular imaging,
OCT-angiography, optical coherence tomography, strabismus, amblyopia

1. Introduction
1.1 Overview of strabismus
1.1.1 Definition and types

Strabismus, commonly known as “crossed eyes” or “squint,” is a condition where
the eyes do not properly align with each other when looking at an object. Strabismus, or
misalignment of the eyes, can be classified based on several key factors. Heterophoria is a
latent misalignment, while heterotropia is a visible, consistent deviation. Ocular align-
ment refers to proper positioning of the eyes, with deviations such as esotropia (inward),
exotropia (outward), hypertropia (upward), and hypotropia (downward). Comitant
strabismus involves a constant angle of deviation in all gaze directions, whereas incomi-
tant strabismus varies depending on gaze direction, often due to muscle weakness or
paralysis. Strabismus can be constant or intermittent, depending on whether the devia-
tion is always present or occurs only under specific conditions. Vergence classifications
describe the difference in alignment at near or far distances, with conditions such as
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convergence excess or divergence insufficiency. Fixation habits also play a role, distin-
guishing between nonalternating (one eye always fixates) and alternating strabismus
(both eyes alternate). The onset of strabismus can be congenital (present at birth) or
acquired later in life, influenced by trauma, nerve issues, or other conditions. Paralytic
strabismus occurs when there is nerve damage affecting the extraocular muscles, leading
to a loss or reduction in muscle function. Restrictive (mechanical) strabismus results
from structural abnormalities, such as muscle fibrosis or scarring, that physically restrict
normal eye movement. Orbital strabismus arises from anatomical abnormalities in the
orbit or surrounding facial structures, such as craniofacial dysostosis or hydrocephalus,
which cause the eyes to misalign due to altered bone or tissue structures [1].

1.1.2 Epidemiology and prevalence

Strabismus affects around 3-4% of the population, making it one of the most
common visual disorders in both children and adults [2]. It can occur at any age,
though it often manifests in early childhood. In congenital cases, the incidence is
reported to be higher, with esotropia being more common than exotropia in these
early cases. However, in some populations, exotropia may be more prevalent, particu-
larly in Asia and other regions.

In terms of gender distribution, no significant gender predilection exists for
strabismus as a whole [3]. However, some studies have shown that specific types of
strabismus, such as intermittent exotropia, may occur slightly more frequently in
females in certain demographics [4].

1.1.3 Clinical significance and impact on patients

Strabismus is not merely a cosmetic concern; it can significantly affect visual
function and quality of life. Amblyopia, commonly known as “lazy eye,” is a frequent
complication, occurring when the brain suppresses the image from the misaligned eye,
leading to reduced vision in that eye. Strabismus can also impair binocular vision, affect-
ing depth perception and leading to issues with coordination and spatial awareness.

The psychosocial impact of strabismus on patients, especially children, can be
profound [5]. Children with noticeable eye misalignment may face social stigma, bul-
lying, and self-esteem issues. In adults, strabismus can impact professional and social
interactions, leading to difficulties in maintaining eye contact or performing tasks
requiring precise vision, such as driving or reading. Early detection and interven-
tion are critical in preventing long-term complications, especially in children, where
therapies such as patching or strabismus surgery can significantly improve outcomes.

1.1.4 Extraocular muscles: Location and functions

Strabismus is closely linked to the function and coordination of the extraocular
muscles that are responsible for controlling eye movements. There are six extra-
ocular muscles in each eye that work in unison to move the eye in different direc-
tions. These muscles are innervated by three cranial nerves: the oculomotor nerve
(cranial nerve III), the trochlear nerve (cranial nerve IV), and the abducens nerve
(cranial nerve VI).

1. The medial rectus is located on the inner (nasal) side of the eye. Its primary
function is to move the eye inward toward the nose (adduction). It is innervated
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by the oculomotor nerve (cranial nerve III), and its insertion point is approxi-
mately 5.5 mm from the limbus.

2.The lateral rectus, positioned on the outer (temporal) side of the eye, moves the
eye outward, away from the nose (abduction). It is innervated by the abducens
nerve (cranial nerve VI) and inserts approximately 6.9 mm from the limbus.

3.The superior rectus is located on the top of the eye. It primarily elevates the eye
(moves it upward), with the additional roles in slight inward rotation (intorsion)
and inward turning (adduction). This muscle is innervated by the oculomotor
nerve (cranial nerve III), and it inserts approximately 7.7 mm from the limbus.

4.The inferior rectus is situated on the bottom of the eye. It primarily depresses
the eye (moves it downward), while also contributing to slight outward rotation
(extorsion) and inward turning (adduction). It is also innervated by the oculo-
motor nerve (cranial nerve III), and its insertion point is approximately 6.5 mm
from the limbus.

5.The superior oblique originates at the back of the eye socket, loops through
the trochlea (a pulley-like structure), and attaches to the top of the eyeball. Its
primary function is to move the eye downward and outward (depression and ab-
duction), with an additional role in inward rotation (intorsion). It is innervated
by the trochlear nerve (cranial nerve IV). The superior oblique does not insert
directly near the limbus but functions through the trochlea system.

6. The inferior oblique originates from the front part of the orbital floor and runs
beneath the eye, attaching to the bottom of the eyeball. It primarily elevates the eye
and moves it outward (elevation and abduction), while also causing outward rota-
tion (extorsion). The muscle is innervated by the oculomotor nerve (cranial nerve
III) and, like the superior oblique, does not have a direct insertion near the limbus.

1.1.5 Coordination of eye movements and strabismus

For normal binocular vision, the extraocular muscles must work in a highly
coordinated fashion to align both eyes on the same target. The movements of both
eyes must be synchronized, allowing them to track objects, focus, and move in
parallel across different directions of gaze. This coordination is controlled by the
brainstem and cerebellum that process information from the visual system and the
vestibular system (balance and spatial orientation). When the extraocular muscles
do not work together properly or if there is an issue with the cranial nerves supplying
these muscles, strabismus occurs. Understanding the function and anatomy of these
muscles is essential in diagnosing and managing different forms of strabismus.

1.2 Optical coherence tomography (OCT)
1.2.1 History and development of OCT

Optical coherence tomography (OCT) is a non-invasive imaging technique that
provides high-resolution cross-sectional images of biological tissues. It was first
introduced in the early 1990s by a group of researchers led by Dr. David Huang and
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Dr. James Fujimoto at the Massachusetts Institute of Technology (MIT) [6]. Initially
developed for use in ophthalmology, OCT has since expanded into other medical
fields, including cardiology, dermatology, and oncology.

The early versions of OCT, such as time-domain OCT (TD-OCT), provided
foundational advancements by allowing the visualization of retinal layers in
unprecedented detail. However, its relatively slow acquisition speed and limited
resolution prompted the development of newer technologies. In the early 2000s,
the introduction of spectral-domain OCT (SD-OCT) revolutionized the field. By
utilizing Fourier transformation of interference patterns, SD-OCT significantly
improved image resolution and acquisition speed. More recently, the development
of swept-source OCT (SS-OCT) has further enhanced depth penetration and speed,
allowing for more detailed imaging of deeper structures, such as the choroid and
the optic nerve head.

1.2.2 Basic principles and technology

OCT is based on the principle of low-coherence interferometry. It works similar
to ultrasound, but instead of sound waves, OCT uses light waves (typically near-
infrared light) to generate images. The system directs a beam of light onto the tissue,
and the light that reflects back from different layers of the tissue is captured. By
measuring the time delay and intensity of the reflected light, OCT creates a detailed,
cross-sectional image of the tissue.

The light used in OCT has a short coherence length, which allows it to achieve
high axial resolution, typically on the order of microns (micrometers). The resolution
depends on the wavelength and bandwidth of the light source, and OCT can dif-
ferentiate between various layers of the retina, from the inner-limiting membrane to
the retinal pigment epithelium (RPE). The depth and resolution make it particularly
suitable for diagnosing and managing retinal diseases.

Modern OCT devices employ spectral-domain or swept-source technologies to
capture images rapidly and with high resolution. SD-OCT uses a broadband light
source and a spectrometer to detect light reflected at different depths simultaneously,
while SS-OCT employs a tunable laser and a photodetector to scan the tissue, provid-
ing enhanced penetration and faster imaging [7].

1.2.3 Advantages of OCT in ophthalmology

OCT has revolutionized ophthalmology, particularly in the diagnosis and manage-
ment of retinal and optic nerve diseases. Its advantages include the following:

1. Non-invasive and fast: OCT provides high-resolution images without the need
for any contact with the eye or use of contrast agents. Imaging can be completed
within seconds, making it highly convenient for both patients and clinicians.

2. High-resolution imaging: The ability to visualize retinal layers in great detail
allows clinicians to detect and monitor subtle structural changes, which is es-
pecially valuable for early diagnosis and treatment of diseases such as macular
degeneration, diabetic retinopathy, and glaucoma.

3. Quantitative analysis: OCT not only provides images but also offers precise quan-
titative measurements, such as retinal thickness, nerve fiber layer thickness, and
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the size of macular lesions. These measurements help track disease progression
and response to treatments.

4.Real-time monitoring: OCT allows for real-time imaging, enabling immediate
assessment of therapeutic interventions, such as in cases of retinal laser therapy
or intravitreal injections.

5. Wide range of applications: While initially developed for retinal imaging, OCT
has applications in anterior segment imaging, corneal disease assessment, glau-
coma management, and strabismus and even in surgical planning. Its versatility
makes it a valuable tool in comprehensive ophthalmic care.

6. Guidance in clinical decision making: OCT has become indispensable in clinical
practice for its ability to guide treatment decisions. For example, it is essential
in determining the need for anti-VEGF (vascular endothelial growth factor)
therapy in patients with neovascular age-related macular degeneration (AMD)
or diabetic macular edema (DME).

2. Clinical applications of OCT in strabismus
2.1 Assessment of extraocular muscles, retinal, and optic nerve changes

OCT has become an indispensable tool in the evaluation of various ocular struc-
tures and conditions. In the context of strabismus, OCT plays a crucial role in assess-
ing the health and integrity of extraocular muscles, the macula, and the retinal nerve
fiber layer (RNFL), offering valuable insights into both functional and structural
changes in the eye.

2.1.1 Extraocular muscles

While OCT is primarily used for imaging the retina and anterior segment, it has
also been applied to assess extraocular muscles, especially in cases of strabismus
(Figure 1). Imaging the extraocular muscles can provide valuable information about
their structure, size, and possible atrophy or hypertrophy, which is crucial in the
diagnosis and management of strabismus. In patients with strabismus, abnormali-
ties in extraocular muscles may contribute to or result from the misalignment. For
instance, in thyroid eye disease, extraocular muscle enlargement is common and may
exacerbate or even cause strabismus due to muscle fibrosis or restrictions. In these
cases, OCT can offer adjunctive imaging when combined with MRI or CT to provide
a detailed assessment of muscle changes. Although OCT’s ability to directly visualize
the extraocular muscles is limited, its value lies in its ability to complement other
imaging modalities for a comprehensive evaluation of strabismus cases involving
muscle pathology.

2.1.2 Macular evaluation

Macular assessment with OCT is critical in patients with strabismus, especially
in those with long-standing or untreated strabismus. The macula is responsible for
central vision, and any abnormalities or misalignments in the eye can lead to macular
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Figure 1.

Anterior segment optical coherence tomography (AS-OCT) image showing the cross-sectional view of the
extraocular muscle insertion site. The image illustrates the muscle-tendon interface in the scleval region,
highlighting the thickness, structural integrity, and anterior insertion point of the muscle.

changes over time. In patients with strabismic amblyopia, OCT can reveal subtle
macular abnormalities, such as thinning or thickening of the retinal layers, which may
not be detectable through clinical examination alone. Additionally, the presence of
macular pathology, such as macular edema or macular holes, may affect the treatment
plan for patients with strabismus, particularly in surgical planning. Preoperative OCT
evaluation of the macula ensures that any underlying retinal pathology is addressed,
optimizing the outcomes of strabismus surgery (Figure 2).

Optical coherence tomography angiography (OCTA) is a non-invasive imaging
technique that allows detailed visualization of retinal and choroidal blood flow. It cap-
tures high-resolution images of the microvasculature, making it invaluable in diagnos-
ing and monitoring various eye conditions. Preoperative and postoperative changes in
the vascular network can also be evaluated by using OCT angiography (Figure 3).

Amblyopia, particularly in children, can lead to changes in the macular structure.
OCTA has proven valuable in examining the microvascular changes associated with
amblyopia, often present in patients with strabismus. In a study involving amblyopic
children, OCTA revealed a larger foveal avascular zone (FAZ) in amblyopic eyes
compared to non-amblyopic eyes. This was associated with reduced vessel density,
suggesting that amblyopia may involve not just functional impairment but also struc-
tural changes in the retinal vasculature [8]. In another study involving 32 children with
anisometropic myopic amblyopia, OCTA was used to assess changes in vessel density
(VD) before and after treatment. Results showed significant improvements in visual
acuity and VD, suggesting that OCTA is not only useful in evaluating treatment efficacy
but also in tracking progress during amblyopia management and follow-up care [9].
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Figure 2.

Prfegapemtive optical coherence tomography (OCT) image of the right eye showing macular scar. The scan
highlights the scarring in the macular region, which is associated with reduced visual acuity in the affected eye.
The patient is scheduled for surgery due to esotropia related to the visual impairment on the scarved side. The
OCT image provides detailed information about the extent and location of the scar tissue.

2.1.3 Retinal nerve fiber layer analysis

OCT? ability to assess the RNFL is another valuable application in patients with
strabismus. The RNFL consists of ganglion cell axons that form the optic nerve, and
any damage to this layer can lead to visual impairment. OCT provides a non-invasive
way to measure the thickness of the RNFL, allowing for the detection of early glauco-
matous changes or optic neuropathies, In patients with strabismus, especially those
with associated conditions such as optic nerve hypoplasia. RNFL analysis can help
monitor the health of the optic nerve. RNFL thinning may indicate optic nerve atro-
phy or damage, which can affect both the treatment plan and prognosis. Additionally,
in cases of congenital strabismus or amblyopia, OCT-based RNFL analysis provides
insight into any subclinical optic nerve changes that could contribute to the visual
dysfunction. Overall, RNFL analysis through OCT offers a detailed evaluation of
optic nerve health, complementing the clinical assessment of visual function and aid-
ing in the management of complex strabismus cases where optic nerve involvement is
suspected. Patients with high myopia often present with tilted optic discs, which can
complicate the diagnosis and management of associated strabismus. A study using
spectral-domain OCT (SD-OCT) developed a new method for quantifying the tilt
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Figure 3.

OgT angiography (OCTA) images of the same patient’s right and left eyes, respectively, displaying the superficial
plexus (a, b), deep plexus (c, d), outer vetina (e, f), and choriocapillaris (g, h). Preoperative and postoperative
changes in the vascular network can also be evaluated by using OCT angiography (OCTA). In the right eye,
however, shadowing caused by scar tissue is observed acvoss all layers, making the evaluation insufficient.
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angle of the optic disc. This method revealed that patients with high myopia and a
greater optic disc tilt angle also had significant thinning of the RNFL, a finding that
could predispose them to glaucoma [10].

2.2 Preoperative assessment

2.2.1 Identifying structural abnormalities including challenging cases like trauma
and thyroid ophthalmopathy

OCT is an invaluable tool in the preoperative assessment of patients undergoing
strabismus surgery, particularly in complex cases where structural abnormalities may
affect surgical outcomes. By providing detailed cross-sectional images of ocular tis-
sues, OCT helps identify hidden or subtle anatomical issues that may not be apparent
during a routine clinical examination (Figure 4). In patients requiring reoperations
for strabismus, particularly those with previous surgeries where muscle position data
is no longer available, anterior segment OCT (AS-OCT) provides a highly effective
way to localize extraocular muscles. A study involving 35 horizontal rectus muscles
showed that AS-OCT was accurate in determining the distance between the muscle
insertion and the limbus, matching intraoperative caliper measurements with a high
level of agreement [11].

1. Trauma: In cases of ocular trauma, OCT is critical for evaluating both anterior
and posterior segment structures before surgery. Traumatic injuries can affect
multiple layers of the eye, including the cornea, lens, retina, and optic nerve.
OCT can detect retinal tears, macular edema, or subclinical retinal detachment,
ensuring that these issues are addressed before surgical correction of strabismus.
Trauma-related changes, such as scarring or fibrosis of the extraocular muscles,
may also complicate the surgical approach, making detailed imaging essential

Figure 4.

Preoperative anterior segment OCT (AS-OCT) image of a patient with a history of strabismus surgery performed
years ago, for which detailed surgical information is unavailable. The image veveals an inclusion cyst consistent
with the possible site of the previous surgical intervention located at the region corresponding to the medial rectus
muscle.

109



Optical Coherence Tomography — Applications in Ophthalmology

for planning. A study highlights the utility of anterior segment optical coherence
tomography (AS-OCT) in managing cases of strabismus, particularly in reop-
erations, muscle hypoplasia, and detecting lost or slipped muscles. AS-OCT is
also valuable in ocular trauma, identifying foreign bodies in extraocular muscles
and differentiating their material composition. Although limited to visualizing
anterior muscle segments, AS-OCT is useful in confirming muscle injury and
preventing the need for MRI in some cases [12].

2. Thyroid ophthalmopathy (Graves’ orbitopathy): Patients with thyroid oph-
thalmopathy often present with restrictive strabismus due to enlargement and
fibrosis of the extraocular muscles. Preoperative OCT can assist in evaluating the
integrity of the optic nerve and macula, which may be compressed by swollen
orbital tissues. This is particularly important in preventing optic neuropathy, a
potential complication of thyroid eye disease. Identifying early signs of optic
nerve compression or macular changes via OCT allows for timely intervention
and adjustment of surgical plans to minimize postoperative complications. More-
over, OCT can provide complementary imaging to orbital imaging techniques
such as MRI and CT, especially for evaluating extraocular muscle involvement
and ruling out optic nerve involvement, particularly in severe cases of thyroid
ophthalmopathy. The integration of OCT findings with other imaging modali-
ties ensures a holistic preoperative evaluation of these complex cases. In a study
involving retinal perfusion variations in thyroid-associated ophthalmopathy
(TAO) patients, OCT and OCTA were used to evaluate key parameters, including
the FAZ and macular perfusion density (mPD). The study found that active TAO
patients exhibited the lowest mPD and significant differences in retinal perfusion
across stages. These findings highlight the potential of OCT and OCTA in non-
invasively detecting peripapillary and macular changes, making them valuable
tools for monitoring TAO progression and assessing disease severity [13].

In a study investigating extraocular rectus muscle tendons in patients with Graves’
ophthalmopathy using OCT, researchers measured the medial and lateral rectus tendon
thicknesses in healthy controls and patients with both inactive and active Graves’ oph-
thalmopathy. Results showed that patients with Graves’ ophthalmopathy had thicker
rectus tendons compared to controls, and active disease was associated with thicker
tendons than inactive disease. OCT was found to be an effective tool for assessing
tendon thickness, correlating with clinical activity scores of the disease [14]. In a study
evaluating the impact of conjunctiva and Tenon’ capsule thickness (CTT) on strabis-
mus surgery outcomes, researchers used swept-source anterior segment optical coher-
ence tomography (AS-OCT) to measure the preoperative and postoperative CTT. The
results revealed increased CTT on the resection side and decreased CTT on the reces-
sion side 1 year after surgery. The study also found that the corrective effect of surgery
was closely correlated with preoperative CTT on the recession side, suggesting that CTT
could serve as a valuable prognostic factor in strabismus surgery outcomes [15].

2.2.2 Surgical planning and customization

OCT has significantly enhanced the precision of surgical planning in strabismus
cases by offering detailed insights into ocular structures. In complex cases, such as
those involving trauma or restrictive strabismus, OCT enables surgeons to customize
their approach to the unique anatomical characteristics of each patient.
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1. Corneal topography and anterior segment imaging: In cases where anterior seg-
ment abnormalities are present, such as in trauma or post-surgical corneal scar-
ring, OCT provides high-resolution images of the cornea and anterior chamber.
This can be crucial in avoiding corneal complications during surgery and ensur-
ing that any pre-existing anterior segment pathology does not interfere with the
surgical correction of strabismus.

2.Posterior segment assessment: Preoperative OCT of the posterior segment
allows for careful assessment of the retina and optic nerve, both of which
are essential for visual function. In patients with previous retinal surgery,
macular diseases, or optic neuropathy, OCT can help in predicting the visual
outcomes of strabismus surgery. For example, patients with pre-existing
macular pathology may have limited visual recovery postoperatively, and this
information is vital for setting realistic expectations for both the surgeon and
the patient. It is also useful in demonstrating pathologies associated with high
myopia (Figure 5).

3. Customization of surgical approach: OCT also plays a role in tailoring the
surgical technique based on the individual patient’s anatomy. In cases of reop-
eration, OCT is useful for detecting scar tissue or muscle slippage, which may

Figure 5.
Optical coherence tomography (OCT) image of the macula in a child with myopic macular retinoschisis. The scan
reveals intravetinal splitting, with visible schisis cavities predominantly in the outer retinal layers.
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require a more customized surgical approach. In a prospective observational
study, the role of swept-source anterior segment optical coherence tomogra-
phy (SS-ASOCT) in extraocular muscle imaging was evaluated in 150 subjects,
covering 1104 extraocular muscles. The study included normal eyes, re-operated
eyes, paralytic and non-paralytic strabismus, post-traumatic strabismus, and
eyes with thyroid disease. The mean age of the subjects was 38.15 + 16.25 years,
and muscle insertion was identified in over 90% of cases. SS-ASOCT provided
clinically valuable information by imaging the anterior 4-14 mm of the rectus
muscles, facilitating optimal preoperative surgical planning. The tool proved es-
pecially useful in complex cases, such as traumatic muscle slippage and thyroid
muscle hypertrophy, making it a reliable aid in surgical decision-making for
various strabismic conditions [16].

OCT's ability to provide detailed structural images enhances preoperative plan-

ning by identifying hidden anatomical challenges and optimizing the surgical
approach. This results in better patient outcomes, particularly in complex and high-
risk cases where precise anatomical information is critical.

2.3 Intraoperative use: Intraoperative optical coherence tomography (iOCT)

2.3

.1 Real-time imaging and guidance

The advent of intraoperative optical coherence tomography (iOCT) has marked

a significant advancement in ophthalmic surgery, offering real-time, high-

res
int

olution imaging during surgical procedures. iOCT integrates OCT technology
o the surgical microscope, allowing surgeons to visualize ocular structures in

cross section without interrupting the surgery. This real-time imaging capability is
particularly beneficial in strabismus surgery, where precise manipulation of delicate
ocular tissues is crucial.
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In strabismus surgery, iOCT can assist in several ways:

1. Visualization of tissue planes: iOCT provides detailed images of the sclera,
Tenon’s capsule, conjunctiva, and extraocular muscles. Real-time imaging helps
in identifying the exact location and depth of tissues, which is essential for pre-
cise dissection and minimizing tissue damage. iOCT has brought a new level of
precision to strabismus surgeries, especially in cases where tissue manipulation is
complex. One study demonstrated the utility of iOCT during scleral suturing in
strabismus surgeries, allowing the surgeon to visualize scleral passes in real time.
This reduced the risk of deep scleral penetration or muscle misplacement, which
are common causes of surgical failure in strabismus correction. iOCT ensured
the precise positioning of extraocular muscles, particularly in reoperations
where scarring made anatomical landmarks less visible [17].

2. Assessment of extraocular muscle insertion and pathology: During surgery,
iOCT can help visualize the insertion points of extraocular muscles on the
sclera. This is particularly useful in reoperations or complicated cases where
scar tissue or previous surgical alterations may obscure normal anatomical
landmarks. iOCT aids in identifying residual muscle tissue and any anomalous
insertions or pathologies.
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3. Guidance in complex cases: In cases involving restrictive strabismus, such as in
thyroid ophthalmopathy or scarring from trauma, iOCT assists in visualizing
fibrotic tissues and adhesions. This guidance allows for careful dissection and
release of restrictive tissues, reducing the risk of inadvertent damage to sur-
rounding structures.

4. Verification of surgical manipulations: Surgeons can use iOCT to confirm the
success of muscle recessions, resections, or transpositions intraoperatively. By
imaging the surgical site immediately after manipulation, any adjustments can
be made on the spot, enhancing the overall outcome of the surgery.

2.3.2 Enhancing surgical precision

iOCT enhances surgical precision by providing unparalleled visualization of
ocular structures at a microscopic level. This precision translates into several clinical
benefits:

1.Improved outcomes: Precise surgical manipulations reduce the likelihood of
residual strabismus postoperatively. iOCT allows for exact measurements and
positioning of extraocular muscles, which is critical for achieving optimal ocular
alignment.

2.Reduced complications: By enabling surgeons to see beneath the surface tissues,
iOCT helps in avoiding inadvertent damage to underlying structures such as
the sclera or intraocular contents. This is especially important when operating
near thin scleral areas or previous surgical sites. In complex strabismus cases,
especially those involving previous surgeries where the risk of muscle slippage
is high, iOCT proved essential. In one example, examining the use of OCT for
imaging rectus muscle insertions in pediatric strabismus patients, OCT was
employed pre-, intra-, and post-operatively. The study compared OCT measure-
ments with intraoperative caliper measurements, demonstrating moderate-to-
good correlation. OCT proved valuable in managing strabismus, particularly in
cases where muscle insertions were unclear due to previous surgeries. The use
of intraoperative OCT helped enhance surgical precision, providing significant
implications for improving outcomes in strabismus surgery [18].

3. Customization of surgical techniques: Each patient’s anatomy can present unique
challenges. iOCT allows surgeons to tailor their techniques in real time based on
the intraoperative findings. For example, if iOCT reveals thinner-than-expected
sclera, the surgeon might modify the placement of sutures or the extent of
muscle manipulation to prevent complications like scleral perforation.

4.Educational tool: iOCT serves as an excellent educational resource for training
surgeons. Real-time imaging provides immediate feedback on surgical tech-
niques and tissue responses, facilitating learning and skill development.

5.Documentation and evaluation: Intraoperative images can be saved for postop-

erative analysis and documentation. This can be valuable for assessing surgical
techniques and outcomes, and for medico-legal purposes.
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2.3.3 Integration with surgical microscopes and navigation systems

Modern surgical microscopes equipped with iOCT seamlessly integrate imaging
into the surgeon’s field of view. Some systems offer heads-up displays or augmented
reality overlays, allowing surgeons to see OCT images without diverting their atten-
tion from the surgical field. Additionally, combining iOCT with surgical navigation
systems enhances the surgeon’ ability to plan and execute precise maneuvers.

2.3.4 Limitations and future divections
While iOCT offers significant advantages, there are limitations to consider:

1. Learning curve: Surgeons must become accustomed to interpreting OCT images
intraoperatively and integrating this information into their surgical decision-
making process.

2.Equipment costs: The implementation of iOCT requires significant investment in
specialized equipment, which may not be readily available in all surgical centers.

3. Tissue penetration: OCT imaging depth is limited, which may restrict visualiza-
tion in certain cases with dense fibrosis or opacification. Future advancements
may address these limitations through enhanced imaging technologies, improved
user interfaces, and more widespread availability of iOCT systems.

2.4 Postoperative monitoring
2.4.1 Evaluating surgical outcomes and effects on ocular structures

Postoperative monitoring with OCT plays a pivotal role in assessing the outcomes
of strabismus surgery and evaluating the effects on ocular structures. Anterior
segment ischemia is a rare but serious complication of strabismus surgery. In one
case, OCTA was used to monitor iris vasculature post-surgery, revealing early signs
of ischemia in a patient who had undergone two rectus muscle recessions. The ability
of OCTA to detect these subtle changes in blood flow allowed the surgical team to
intervene early, preventing further complications and preserving visual function
[19]. OCT provides high-resolution images that allow clinicians to visualize changes in
both the anterior and posterior segments of the eye following surgical intervention.

1. Extraocular muscle assessment: After strabismus surgery, it is essential to ensure
that the extraocular muscles are correctly positioned and functioning as in-
tended. While OCT primarily focuses on the retinal and optic nerve structures,
its indirect benefits include monitoring how well the eyes are aligned postopera-
tively by observing the overall functional outcomes and any secondary effects on
the posterior segment.

2.Retinal and macular evaluation: OCT is crucial for detecting any changes in the
retina, particularly the macula, following strabismus surgery. Strabismus can
have long-term effects on retinal structures, especially in patients with amblyo-
pia or pre-existing retinal conditions. OCT allows for the precise measurement
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of macular thickness, providing insights into whether surgical realignment

has contributed to improvements in visual function. In cases where strabismus
surgery may inadvertently affect intraocular structures, OCT helps identify any
adverse effects, such as retinal edema, subclinical retinal detachment, or macular
changes. By assessing these postoperative retinal changes, clinicians can make
timely interventions to prevent further complications. Postoperatively, monitor-
ing retinal and choroidal blood flow can provide valuable insights into the heal-
ing process and long-term ocular health. In a study evaluating horizontal rectus
muscle surgeries, OCTA was used to measure changes in vessel density and
choroidal thickness. The results showed a significant increase in vessel density in
the superficial capillary plexus (SCP) and choriocapillaris (CC) in the first week
post-surgery. This indicated a transient increase in blood flow in the retina and
choroid, which was normalized by 1-month post-surgery [20]. Another study
compared single- and two-muscle surgeries using OCTA. Patients who under-
went two-muscle surgeries exhibited more significant changes in retinal vessel
density than those who had only one muscle operated on. This was particularly
evident in the parafoveal region, where vessel density increased in the early
postoperative period. These findings suggest that more extensive strabismus sur-
geries may lead to greater hemodynamic changes in the retina, requiring closer
monitoring with OCTA [21].

3. Optic nerve evaluation: Although rare, strabismus surgery could have indirect
effects on the optic nerve, especially in cases involving significant ocular manip-
ulation or trauma. OCT enables the monitoring of the RNFL, helping to detect
any early signs of optic nerve damage or atrophy, which may not be evident
through clinical examination alone.

2.4.2 Long-term follow-up and prognosis

Long-term follow-up with OCT is essential in ensuring that the benefits of stra-
bismus surgery are maintained over time and that any potential complications are
addressed promptly. Postoperative OCT scans allow for continuous monitoring of
ocular structures, offering valuable data on the stability of the surgical outcome.

(1) Monitoring for recurrence or overcorrection: Strabismus surgeries may, in some
cases, lead to overcorrection or recurrence of the initial misalignment. OCT can help
track the functional success of the surgery and guide decisions for further corrective
procedures, if needed. (2) Prognosis and visual recovery: In cases where strabismus
surgery is performed on patients with associated conditions such as amblyopia, thy-
roid ophthalmopathy, or optic neuropathy, OCT plays a significant role in monitoring
the long-term prognosis. For instance, visual improvements post-surgery may depend
on the health of the retinal layers and optic nerve. OCT imaging allows for objective
measurements of these structures, helping to predict long-term visual outcomes. (3)
Detecting late complications: Some patients may develop late complications follow-
ing strabismus surgery, including retinal detachment, macular edema, or optic nerve
changes. OCT provides an ongoing monitoring tool to detect these complications
early and ensure that they are managed before they result in significant vision loss.
By integrating OCT into long-term postoperative care, clinicians can ensure compre-
hensive monitoring of both the functional and anatomical outcomes of strabismus
surgery, enhancing overall patient prognosis.

115



Optical Coherence Tomography — Applications in Ophthalmology

3. Summary of key points

OCT and OCTA have revolutionized strabismus management, providing critical
insights at each stage—preoperative, intraoperative, and postoperative. AS-OCT
offers precise localization of extraocular muscles, improving surgical planning
and outcomes, especially in reoperations and trauma cases. Intraoperative OCT
enhances surgical precision by offering real-time feedback, minimizing complica-
tions. Postoperatively, OCTA helps monitor retinal and choroidal changes, providing
early detection of issues such as ischemia and abnormal healing. OCT and OCTA also
contribute significantly to the management of amblyopia, revealing vascular changes
such as an enlarged FAZ in amblyopic eyes, and evaluating optic disc and retina in
myopic patients.

4, Future outlook

The integration of AI with OCT, advancements in OCTA technology, and the
potential for long-term monitoring of retinal health are expected to further enhance
the role of OCT in strabismus management. As these technologies evolve, they will
likely improve the precision and outcomes of surgeries while offering better diagnos-
tic tools for related conditions such as amblyopia and myopia.

5. Conclusions

OCT and OCTA have become essential tools in strabismus management, offer-
ing precise preoperative planning, real-time intraoperative guidance, and effective
postoperative monitoring. These technologies improve surgical precision, reduce
complications, and provide valuable insights into retinal and choroidal changes.

OCT and OCTA also enhance the diagnosis and treatment of related conditions such
as amblyopia and myopia. As these imaging technologies continue to evolve, they
promise to further optimize strabismus management, ultimately improving patient
outcomes and care.

Despite their significant advantages, these technologies require both user expertise
and interpreter experience, which can limit their effectiveness in centers with insuf-
ficiently trained staff. Additionally, patient cooperation plays a crucial role in obtain-
ing accurate images. This poses a particular challenge in pediatric age groups and
in patients with conditions such as restricted eye movements or nystagmus, where
involuntary eye movements can lead to difficulties in imaging. Furthermore, patients
with poor cooperation may result in suboptimal image quality or incomplete scans.
Another important limitation is the high cost of those devices, which can be prohibi-
tive for many centers, especially in resource-limited settings. The lack of accessibility
in some institutions restricts the widespread use of these technologies.
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Nomenclature

OCT optical coherence tomography

AS-OCT anterior segment optical coherence tomography
iOCT intraoperative optical coherence tomography
OCTA optical coherence tomography angiography
RNFL retinal nerve fiber layer

FAZ foveal avascular zone

VEGF vascular endothelial growth factor

SCP superficial capillary plexus

CC choriocapillaris

Scleral Pass a surgical technique involving the placement of sutures through the

sclera during strabismus surgery

Appendix

In this chapter, we explored the detailed role of optical coherence tomography
(OCT) in the assessment, surgical planning, and postoperative monitoring of strabis-
mus. We covered the application of different OCT techniques including anterior seg-
ment OCT (AS-OCT), intraoperative OCT (iOCT), and OCT angiography (OCTA).
We also included several references demonstrating how these technologies are
employed in real-life scenarios, providing valuable insights into extraocular muscle
assessment, retinal and macular changes, and optic nerve evaluation and the utility of
OCT in trauma-induced strabismus, thyroid ophthalmopathy, and amblyopia.
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Chapter 8

Artefacts in Optical Coherence
Tomography of Posterior Segment:
Clinical Impact and How to
Correct Them

Nikita Dash

Abstract

This chapter shall enumerate the various types of artefacts encountered while
conducting optical coherence tomography imaging in a clinic. It shall also focus on
how these artefacts can cause a loss in data acquisition and affect our interpretation
of the image formed. Common clinical conditions that lead to poorer image quality
and loss of data points shall be discussed. Methods to tackle such situations shall
be enumerated. Spotlight on conditions that can lead to segmentation errors will be
focused on. Technical nuances for better image acquisition during optical coherence
tomography shall be discussed. Overall, the focus of this chapter will be to discuss
and shed light on various artefacts and how to avoid or correct them.

Keywords: optical coherence tomography, artefacts, clinical interpretation,
data interpretation, retinal diseases, glaucoma imaging

1. Introduction

Optical coherence tomography (OCT) is a noninvasive imaging modality that
gives us information regarding the layers of the retina, the anatomy of the optic nerve
head, and anterior segment abnormalities in various conditions [1]. It is based on
the principle of optical interference and helps in obtaining real-time, in vivo optical
sections of the tissue being scanned [2]. Previously, OCT imaging used a time-
domain function that employed a mechanically moving scanning reference arm that
sequentially measured the echo time delay. Later, Fourier-domain OCT came into
the picture. It utilises a stationary reference arm to obtain an interference spectrum.
The interference pattern obtained undergoes Fourier transformation, which allows
concurrent measurements of all echo time delays. This results in faster and more effi-
cient data acquisition [1]. Fourier-domain OCT can be classified into Spectral Domain
OCT (SD-OCT) and Swept-Source OCT (SS-OCT). The SD-OCT instrument uses a
near-infrared diode light source, with a centre wavelength of approximately 840 nm.
It is detected by a spectrometer. On the other hand, SS-OCT uses a tunable swept laser
which has a wavelength of 1050 nm and is detected by a single photodiode [3].
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The data that is collected by OCT imaging can be either qualitative in nature or
quantitative in nature. Qualitative data gives the clinician an about the pathology
identified on the scan such as vitreomacular traction, macular holes, cystoid macular
oedema, maculopathy involving photoreceptor layers, and choroidal neovascular
membranes. Quantitative data such as central macular thickness is used for decision-
making and tailoring treatment strategies in conditions such as diabetic macular
oedema, cystoid macular oedema due to vein occlusions, and age-related macular
degeneration [4-6].

However, images acquired on OCT can be subject to artefacts that can interfere
with its interpretation. These artefacts can be misleading for the clinician if not
identified and clinically correlated [7]. Therefore, it is important to be aware of the
artefacts that can arise while acquiring images on an OCT scan. This knowledge will
not only help us interpret data with caution but also employ techniques that can
address the issue.

In this chapter, we shall be focusing on artefacts encountered during posterior
segment OCT scans. Ray et al. were among the early researchers to classify artefacts
acquired on time-domain OCT [2]. They discussed six types of artefacts associated
with TD-OCT, namely misidentification of the inner retinal layer, misidentification
of the outer retinal layer, out-of-register artefact, degraded image scan, cut-edge arte-
fact and off-centre artefact [2]. Although originally reported in TD-OCT scans, they
can also be detected in scans acquired on SD-OCT machines. Certain artefacts, such

Type of artefact Description

Software-velated

Segmentation errors Due to incorrect detection of retinal borders

Incomplete segmentation failure Missing segmentation lines before reaching the lateral sides of the scan
Complete segmentation failure No segmentation lines placed along retinal boundaries
Mirror/inverted artefact The image folds on itself near the zero-delay line

Degraded images Software unable to delineate retinal layers

Static artefact Multiple B-scan images showing a fixed part of image

Linear artefact Three hyper-reflective lines near the sclera-choroidal interface

Patient-related

Blink artefact Data loss due to blinking by the patient

Off-centre artefact Displacement of fovea over 0.25 mm from its real location
Motion artefact Distortion in image due to eye movement

Foveal duplication Double fovea in OCT image of the same eye
Segmentation shift Vertical shift in segmentation lines

PFCL-producing artefact Distortion of structures below the PECL bubble
Implant-producing artefact Shadow effect due to intravitreal implant

Operator-related

Cut-edge artefact The edge of the scan is inappropriately illustrated
Out-of-register artefact Vertically displaced image as a part of the inner or outer retina.
Table1.

A summary of all the artefacts encountered on the OCT scan.
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as the mirror artefact, are noted exclusively with the SD-OCT machines as a result of
the technique involved in image acquisition.

Moreover, not all artefacts are software related. Some can result due to patient
factor and operator-related factors. All of these artefacts are summarised in Table 1
and will be discussed in the chapter.

2. Artefacts in posterior segment OCT imaging
2.1 Software-related artefacts
2.1.1 Segmentation errovs

Segmentation errors can be defined as missing or inappropriate segmentation lines
produced by incorrect detection of borders of the retinal layers as shown in Figure 1
[8]. There can be an error in the precise positioning of the segmentation line or an
absence of the segmentation line in the boundaries [9]. These errors are commonly
found in TD-OCT and are less likely with SD-OCT. Retinal layer misidentification
can give rise to thickness map error and misinterpretation of quantitative data of the
retinal or nerve fibre layers [8].

These errors are commonly associated with outer retinal diseases such as age-
related macular degeneration, cystoid macular oedema, pigment epithelial detach-
ment, central serous chorioretinopathy, and geographic atrophy and inner retinal
disorders such as vitreoretinal interface diseases [8]. Although all OCT instruments
identify the internal limiting membrane as the inner retinal boundary, there isa
variation in identifying the outer boundary [10]. Stratus Zeiss OCT identifies the
inner—outer segment junction of the photoreceptor (ellipsoid zone) as the outer
retinal boundary. The Topcon 3D OCT-1000 and the Copernicus OCT both iden-
tify the outer retinal boundary as the inner part of the retinal pigment epithelium
(RPE) layer. However, the Zeiss Cirrus, the OptovueRTvue-100, and the Heidelberg
Spectralis identify the outer boundary at the middle of the RPE, the outer part of the
RPE, and the Bruch membrane respectively [10]. This can result in a variation of the
frequency of the detected errors of segmentation.

Further classification of segmentation errors was brought about by Han and
Jaffe. Depending on the proportion of retinal thickness involved, they were classi-
fied as mild (segmentation error less than one-third of retinal thickness), moderate

Figure 1.
Shows inner vetinal segmentation error represented by the dipping in the blue line (marked by red arrow) on
Cirrus HD OCT.
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(between one-third and two-thirds of retinal thickness), and severe (more than
two-thirds of retinal thickness) [11]. This can result in erroneous foveal thickness
measurements if they are located within a 1 mm region of the central ETDRS and
topographic maps [1].

Segmentation errors including the ganglion cell layer (GCL) and GCL-inner
plexiform layer (GCL-IPL) can occur in various macular disorders. Since the GCL-IPL
layer has an important role to play in the identification of glaucomatous and neurode-
generative conditions, it is important to identify them. Segmentation error including
the GCL-IPL complex has been further classified by Alshareef et al. as mild (amount
of error less than 10 um), moderate (error between 10 and 50 pm), and severe
(error >50 pm) [12]. They also observed that the frequency of these artefacts was
more in eyes with macular diseases (55%) as compared to eyes with a healthy macula
(26.8%) [12].

2.1.2 Incomplete segmentation ervors

These errors occur when the automated segmentation lines were placed accurately
by the software along retinal boundaries but stopped before reaching the lateral edges
of the scan. They are more frequently encountered with the Spectralis and Cirrus
OCT machines. It can also occur as a result of degradation of images toward the edges
of acquisition areas.

Han et al. observed that it was a quite common artefact affecting about 80.7%
of all volume scans and 33.2% of all individual scans. They rarely affect the central
subfield but may alter measurements in the peripheral areas. Eyes with media opacity
or disease were more likely to come across this artefact [11].

2.1.3 Segmentation failure

As described by Han et al., a segmentation failure is said to have occurred if no seg-
mentation lines were placed along either the inner or outer retina boundaries, as shown
in Figure 2. This is a rare artefact with a prevalence of 4.5% in Spectralis machines and
2% in the Cirrus machines. Occurrences of these errors in Spectralis machines were
reported in spite of identifiable inner and outer retinal boundaries [11].

2.1.4 Mirvor artefact/inverted artefact

A mirror artefact is characteristic of OCT machines employing the Fourier
transformation technology, such as SD-OCT and SS-OCT, for image acquisition.
This occurs when the image folds on itself around the zero-delay line in the entirety
of its length or at the ends of the image. Since Fourier-domain detection is unable to
distinguish between positive and negative time delays, they can produce symmetrical
OCT images around the zero-delay line. Commercial OCT machines usually truncate
one side of the image during processing so that an erect image is displayed on the
screen. However, when the images move closer to the zero-delay line, some part of the
otherwise unseen half crosses over to the visible side and appears as a mirror image
folded on itself. If the image is continued to move toward the zero-delay line, the
normally invisible image will cross over to the visible side and will be displayed as an
inverted image, thus leading to a mirror artefact [13].
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Figure 2.
Shows complete segmentation failure of OCT RNFL on Cirrus HD OCT.

Maximum sensitivity for image acquisition occurs when the instrument is adjusted
with the retina near the zero-delay line. Thus, measurements are often taken with the
retina near the zero-delay and this can leave a limited room for axial scan depth range.
Therefore, axial eye movements during image acquisition can also result in mirror
artefacts [13].

Conditions, where mirror artefacts are commonly encountered, include high
myopia, posterior staphyloma, and tractional retinal detachments causing elevation
of the retina at one end of the image. Figure 3 is an example of such a mirror image
due to tractional retinal detachment. Ho et al. reported that mirror artefact occurred
significantly in worse visual acuity, higher axial length (26.5 mm), and more myopic
refraction [13]. Han and Jaffe observed that mirror artefacts were more common in
scans obtained with the Cirrus OCT machine as compared to Spectralis [11].

Mirror artefacts can also result from poor positioning of the OCT scans or extreme
tilting of the OCT scan when the scan beam of the instrument is off-centre in the eye’s
pupil. This can result in the retina crossing the zero-delay line at the peripheral area
of the scan, resulting in image inversion. These artefacts can result in segmentation
breakdown in the image periphery, thus resulting in inaccuracies in quantitative OCT
analysis, including volumetric and thickness analysis.
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Figure 3.
Shows a mirror image artefact (ved arrow) in a case of tractional retinal detachment on Cirrus HD OCT.

2.1.5 Degraded images

Degraded images are a result of poor image capture, which results when the
software is unable to delineate the inner and outer retinal layers properly resulting in
errors in retinal thickness map measurement. Its frequency has been noted to be about
6.7-11.7%. Media opacities may also play a role in producing this artefact [2, 12].

Since the software is unable to compensate for the acquisition errors caused by a
degraded image, this results in an inaccurate foveal thickness measurement. The arte-
fact may be resolved by refocusing on the area of interest. Figure 4 shows a degraded
image artefact with corresponding errors in the retinal thickness map [2].

Figure 4.
Shows a degraded image (yellow asterisk) scan that has caused an erroneous estimation of the foveal thickness map.
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2.1.6 Static or fixed image artefact

This is a rare artefact specific to Spectralis OCT with a frequency of 0.001-
0.004%. Han and Jaffe described it as an artefact caused when a fixed part of
the image of the specific scan was shown on multiple adjacent B-scans with no
changes [11].

2.1.7 Linear artefact

This artefact, described by Zuo et al., is a duplication image artefact of three
layers from the ellipsoid zone to the retinal pigment epithelium (RPE) layer. It is
formed as three hyper-reflective lines with a stable location. With the thickness of
the lines being approximately the same thickness as ellipsoid zone to the RPE. It can
be misidentified as a sclera-choroidal interface causing errors in choroidal thickness
measurements. It is more frequent when the media is clear [14].

2.2 Patient-related artefacts
2.2.1 Blink artefacts

This artefact is caused when the subject blinks during the process of image acqui-
sition. This results in a loss of data in the portion of blink and can lead to erroneous
estimation of thickness maps. It presents as a black, horizontal line on the red-free
fundus image and as blank areas in the en-face image [7]. B-scan can reveal lost
retinal data that manifests as macular thinning on the macular map and optic nerve
head thinning on the RNFL map, as seen in Figure 5.

It is important to counsel the patient to not blink during scanning and make
use of lubricants in patients with suspected dry eye disease. Blink artefact occurs
less frequently in devices with better eye-tracking software and faster image
acquisition [10].

Figure 5.
Shows blink artefacts (yellow and red arrows) on (a) macular scan and (b) RNFL scan.
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2.2.2 Off-centre artefact (grid-centration artefact)

This occurs when the foveal centre is displaced more than 0.25 mm from
its real location in the ETDRS map. It can be attributed to fixation errors due
to eccentric fixation, low vision and attention deficit. It has a prevalence of
3.7-16.7% [10]. Ho et al. found that the Cirrus machine has a lower frequency of
this error due to faster scanning protocols [13]. In machines like the RT-Vue and
Topcon 3D OCT 1000, the ETDRS map can be moved to the presumed location of
true fovea [10].

Presence of this artefact will cause errors in thickness map, foveal thickness
measurements, and retinal nerve fibre thickness.

2.2.3 Motion artefact

Motion artefacts are a result of eye movement during acquisition of images which
manifests as structural distortion or doubling of the OCT image [8]. They can be
caused by eye saccades, drift movements, respiratory movements, heartbeat move-
ments, alternation in head position and poor fixation. It appears as a sharp alternation
on OCT cross-section and blood vessel misalignment on red-free and en-face scans.
Figure 6 shows a motion artefact [8].

Because of distortion created, it can result in clinically significant segmenta-
tion errors, especially in the measurement of thickness of RNFL layer. Although
it is commonly encountered in TD-OCT, due to greater time required for image
acquisition, it can be seen in SD-OCT machines as well. It is proposed that better eye
tracking, faster image acquisition and repeating the imaging can help reduce motion
artefact [13, 15, 16].
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Figure 6.
Shows motion artefact on OCT RNFL with distortion of blood vessels highlighted by the green arrow.
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2.2.4 Foveal duplication artefact

This is caused by transient movements of the eye and appears as double fovea on
the OCT image of the scanned eye (Figure 7). It is the result of a double scan of the
fovea of the same eye at two separate times. This was described by Baskin et al. who
explained this phenomenon with the transitory micro-saccadic upward movement
creating an extra image of fovea in the downward direction and then central re-
fixation. It can lead to erroneous foveal thickness measurements [17].

2.2.5 Segmentation shift

Segmentation shift occurs when the position of the segmentation lines in the inner
and outer borders of the retina was stable, but a vertical shift in the image formed
was noted. It does not influence the thickness map due to fixed distance between the
segmentation lines. Therefore, it is not clinically significant.

2.2.6 Perfluorocarbon liquid-producing artefact

Differences in refractive index of perfluorocarbon liquid (PFCL) and aque-
ous/vitreous humour can result in distortion of structures below the bubble. This
retinal distortion occurs more at the centre of bubble than its edges. The bubble
can also act as a spherical lens magnifying underlying structures. Although
this has been identified with PFCL, it may also occur by other tamponading
agents [18, 19].

Figure7.
Shows a foveal duplication artefact marked by the red asterisk.
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Figure 8.
Shows a shadow artefact (green arvow) caused by the intravitreal dexamethasone implant Ozurdex (yellow
asterisk).

2.2.7 Artefact due to intravitreal implants

Intravitreal implants can also cause shadow artefacts and loss of data during reti-
nal thickness evaluation. Figure 8 shows a shadow artefact caused by dexamethasone
implant Ozurdex (Allergan Inc.) as noted by the author.

2.3 Operator-related artefacts
2.3.1 Cut edge artefact

Cut-edge artefact is said to occur if the edge of the scan is truncated and is seen in
2.3-6.35% of cases [1, 7]. Figure 9a shows a cut-edge artefact. They are noted in the
periphery of the scanned image and do not affect central retinal thickness measure-
ments. They are seen with the same frequency in normal and diseased eyes. They are
operator induced due to inappropriate technique of image acquisition. If it occurs
during the first scan, it should be disregarded [20].

It can also occur in scans taken with non-dilated pupils due to iris blockage that
causes vignetting and peripheral elimination of OCT signal [8].

2.3.2 Out-of-register artefact

The image is displaced vertically and appears to be vertically cut off in this
artefact. Figure 9b shows an out-of-register artefact. This artefact has a prevalence
ranging from 2.4-13% across various OCT machines. Ray et al. reported that the
frequency of these artefacts can be as high as 35.7% in TD-OCT machines.

This artefact is a result of poor image acquisition and misalignment of the scan.
The occurrence of these artefacts does not differ whether the eye is normal or dis-
eased. It can cause errors in retinal thickness map reporting and GCL-IPL thickness
measurements.
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Figure 9.
Shows operator-related artefacts. (a) shows a cut-edge artefact (red arrow) and (b) shows an out-of-vegister
artefact (yellow asterisk).

3. Clinical significance of artefacts

OCT is useful in tracking progression of disease as well as treatment response in
a variety of retinal pathologic conditions such as diabetic macular oedema, uveitic
cystoid macular oedema, and choroidal neovascularisation [21, 22]. Any artefact
that causes segmentation errors of more than 10% of the real ETDRS centre subfield
thickness (CST) is considered as clinically significant. In STRATUS TD-OCT mea-
surements, any artefact resulting in an error of more than 50 microns is considered
clinically significant. Artefacts that can cause misdiagnosis of retinal thickening or
thinning are also noted as significant [23-25].

Since OCT plays a major role for quantitative thickness measurements not only in
general clinical setting but also in important trials necessary for formulating newer
regimens, it is therefore of utmost importance to recognise and correct artefacts
associated with image acquisition promptly [25].

4. Management of artefacts

While it is known that artefacts can cause errors and inaccuracies in data inter-
pretation and subsequent fallacies in clinical workup, it is also essential to learn to
overcome these artefacts for better interpretation.

Segmentation errors by software if identified should be manually changed
wherever possible. OCT machines have an option to change the inner and outer
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segmentation line manually. This can serve to handle errors in data interpretation due
to software segmentation discrepancies. If there is a mirror artefact, we can retake the
scan of interest with better axial positioning to avoid image inversion. The same goes
for any degraded image scan [10, 25].

Other patient and operator-related artefacts can be handled by re-taking the scan
of interest with better compliance on part of the patient.

Moreover, better tracking system, faster image acquisition, and repeating the
imaging are proposed to reduce motion artefact [25]. A significantly faster scanning
speed allows for higher data acquisition with lower probability of motion artefacts.

In addition, instruments using higher wavelengths (1050 nm) have been developed
that capture better images by reducing media opacity-related artefact [7]. It has also
been found that age of the patient may be a factor in the occurrence of artefacts in
SS-OCT [26].

5. Conclusion

Artefacts can occur in all OCT machines, therefore it is necessary to correctly
identify artefacts before rectifying them. Scrutinising topography scans, screening
individual scans, and looking at the rendered fundus image can help us identify
majority of these artefacts. Once they are identified, one can proceed to correct them
as described before. Newer algorithms for data acquisition and analysis may help
reduce OCT artefacts in the future. Using different imaging modalities, along with the
OCT, can lead to correct interpretation and definitive clinical diagnosis.

This chapter focuses on the artefacts encountered on optical coherence imaging in
Ophthalmology. The various artefacts can be divided into different categories such as
software-related, patient-related and operator-related. Management of the artefacts
has also been provided to help recognise and correct them and aid in better OCT data
interpretation.

Author details

Nikita Dash
Sir Ganga Ram Hospital, New Delhi, India

*Address all correspondence to: ndash18 @gmail.com

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

134



Avrtefacts in Optical Coherence Tomography of Posterior Segment: Clinical Impact and How...

DOI: http://dx.doi.org/10.5772/intechopen.1006579

References

[1] HoJ, Sull AC, Vuong LN, ChenY,
Liu J, Fujimoto JG, et al. Assessment
of artifacts and reproducibility across
spectral- and time- domain optical
coherence tomography devices.
Ophthalmology. 2009;116:1960-1970

[2] Ray R, Stinnett SS, Jaffe GJ.
Evaluation of image artifact produced
by optical coherence tomography of
retinal pathology. American Journal of
Ophthalmology. 2005;139:18-29

[3] Potsaid B, Baumann B, Huang D, et al.

Ultrahigh speed 1050nm swept source/
fourier domain OCT retinal and anterior
segment imaging at 100,000 to 400,000
axial scans per second. Optics Express.
2010;18:20029-20048

[4] Mitchell P, Korobelnik JF, Lanzetta P,
Holz FG, Prunte C, Schmidt-Erfurth U,
et al. Ranibizumab (lucentis) in
neovascular age-related macular
degeneration: Evidence from

clinical trials. The British Journal of
Ophthalmology. 2010;94:2-13

[5] Aiello LP, Beck RW, Bressler NM,
Browning DJ, Chalam KV, Davis M, et al.
Rationale for the diabetic retinopathy
clinical research network treatment
protocol for center-involved diabetic
macular edema. Ophthalmology.
2011;118:e5-e14

[6] Keane PA, Sadda SR. Retinal vein
occlusion and macular edema—Critical
evaluation of the clinical value of
ranibizumab. Clinical Ophthalmology.
2011;5:771-781

[71 Hee MR. Artifacts in optical
coherence tomography topographic

maps. American Journal of
Ophthalmology. 2005;139:154-155

135

[8] Awadalla MS, Fitzgerald J,

Andrew NH, Zhou T, Marshall H,
Qassim A, et al. Prevalence and type of
artefact with spectral domain optical
coherence tomography macular ganglion

cell imaging in glaucoma surveillance.
PLoS One. 2018;13:0206684

[9] Domalpally A, Danis RP,

Zhang B, Myers D, Kruse CN. Quality
issues in interpretation of optical
coherence tomograms in macular
diseases. Retina. 2009;29:775-781

[10] Bazvand F, Ghassemi F. Artifacts in
macular optical coherence tomography.
Journal of Current Ophthalmology.
2020;32(2):123-131

[11] Han IC, Jaffe GJ. Evaluation of
artifacts associated with macular
spectral-domain optical coherence
tomography. Ophthalmology.
2010;117:1177-1189

[12] Alshareef RA, Goud A, Mikhail M,
Saheb H, Peguda HK, Dumpala S, etal.
Segmentation errors in macular ganglion
cell analysis as determined by optical
coherence tomography in eyes with
macular pathology. International Journal
of Retina and Vitreous. 2017;3:25

[13] Ho ], Castro DP, Castro LC, ChenY,
Liu J, Mattox C, et al. Clinical assessment
of mirror artifacts in spectral-domain
optical coherence tomography.
Investigative Ophthalmology and Visual
Science. 2010;51(7):3714-3720

[14] Zuo C, Mi L, Yang S, Guo X, Xiao H,
Liu X. The linear artifact in enhanced
depth imaging spectral domain optical
coherence tomography. Scientific
Reports. 2017;7:8464

[15] Ricco S, Chen M, Ishikawa H,
Wollstein G, Schuman J. Correcting



Optical Coherence Tomography — Applications in Ophthalmology

motion artifacts in retinal spectral
domain optical coherence tomography
via image registration. Medical Image
Computing and Computer Assistance
Intervention. 2009;12:100-107

[16] Kraus MF, Potsaid B, Mayer MA,
Bock R, Baumann B, LiuJJ, et al.
Motion correction in optical coherence
tomography volumes on a per

A-scan basis using orthogonal scan
patterns. Biomedical Optics Express.
2012;3:1182-1199

[17] Baskin DE, Gault JA, Vander JF,
Dugan JD Jr. Double fovea artifact.
Ophthalmology. 2011;118:429.e1

[18] Strampe MR, Kaehr MM, Carroll ],
Kim JE. Intraoperative imaging of
retained perfluorocarbon liquid using
spectral domain optical coherence
tomography. Retinal Cases and Brief
Reports. 2019;13:381-384

[19] Langlo CS, Flatter JA, Dubra A,
Wirostko WJ, Carroll J. A lensing effect
of inner retinal cysts on images of

the photoreceptor mosaic. Retina.
2014;34:421-422

[20] Sull AC, Vuong LN, Price LL,
Srinivasan V], Gorczynska I, Fujimoto ]G,
et al. Comparison of spectral/fourier
domain optical coherence tomography
instruments for assessment of

normal macular thickness. Retina.
2010;30:235-245

[21] Arevalo JF, Lasave AF, Arias JD,
Serrano MA, Arevalo FA. Clinical
applications of optical coherence
tomography in the posterior pole: The
2011 Jose Manuel Espino Lecture—
PartII. Clinical Ophthalmology.
2013;7:2181-2206

[22] Arevalo JF, Lasave AF, Arias JD,
Serrano MA, Arevalo FA. Clinical
applications of optical coherence

136

tomography in the posterior pole: The
2011 Jose Manuel Espino Lecture—
PartI. Clinical Ophthalmology.
2013;7:2165-2179

[23] Browning DJ, Fraser CM, Propst BW.
The variation in optical coherence
tomography-measured macular
thickness in diabetic eyes without clinical
macular edema. American Journal of
Ophthalmology. 2008;145:889-893

[24] Diabetic Retinopathy Clinical
Research Network, Krystolik MG,
Strauber SF, Aiello LP, Beck RW,
Berger BB, et al. Reproducibility of
macular thickness and volume using
Zeiss optical coherence tomography in
patients with diabetic macular edema.
Ophthalmology. 2007;114:1520-1525

[25] Chhablani J, Krishnan T, Sethi V,
Kozak I. Artifacts in optical coherence
tomography. Saudi Journal of
Ophthalmology. 2014;28:81-87

[26] Li C, YuanY, Kong X, Han X,

Zhang ], Xuan M, et al. Segmentation
errors and off-center artifacts in SS-OCT:
Insight from a population-based

imaging study. Current Eye Research.
2023;48(10):949-955



Chapter 9

Influence of Non-Mydriasis on
Optical Coherence Tomography
Imaging Quality in Patients with
Retinitis Pigmentosa

Salvador Pastor-Idoate, Santiago Mejia-Freire,
Milagros Mateos-Olivares, Francisco Javier Valentin-Bravo,
Eva Mavia Sobas Abad, Ricardo Usategui Martin

and José Carlos Pastor Jimeno

Abstract

This chapter examines the influence of non-mydriasis on the quality of optical
coherence tomography (OCT) imaging in patients with retinitis pigmentosa (RP).
The focus is on the analysis of OCT imaging quality, specifically addressing the types
of artifacts that can potentially confound the interpretation of OCT and OCT angiog-
raphy (OCTA) images. Common artifacts such as signal attenuation, motion artifacts,
and projection artifacts are identified and discussed. The chapter also explores meth-
ods for removing these artifacts and compensation techniques applicable in clinical
settings for RP cases. Findings suggest that non-mydriasis does not significantly limit
the acquisition and interpretation of OCT images in patients with mild to moderate
stages of RP. However, pupillary dilation may be necessary in severe stages of the
disease to enhance image quality and reduce artifacts despite the potential increase in
glare and photophobia for these patients. The discussion includes practical strategies
for optimizing OCT imaging protocols without using mydriatic agents, improving
patient comfort, and the efficiency of clinical procedures. Ultimately, this chapter
aims to enhance diagnostic accuracy and patient care by addressing and mitigating
the challenges associated with OCT imaging in RP patients.

Keywords: signal strength, artifacts, non-mydriasis, optical coherency tomography,
retinitis pigmentosa
1. Introduction

Retinitis pigmentosa (RP) is an inherited retinal dystrophy where the degenera-
tion of retinal photoreceptors leads to a significant and progressive loss of visual

function [1-3]. RP affects approximately 167,000 individuals in Europe and has a
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global prevalence of 1:3000 to 1:5000 people [4, 5]. The disease usually begins with
nyctalopia and a reduction in the visual field as the most frequent visual symptoms
[3, 6]. Despite ongoing research, there is currently no definitive treatment to halt or
cure RP, although promising therapies are being developed for some mutations (e.g.,
RPE65), making regular monitoring essential for managing the disease [5].

Optical coherence tomography (OCT) and OCT-angiography (OCT-A) are crucial
noninvasive imaging techniques that provide detailed insights into retinal and choroi-
dal structures and their vascularization. These imaging modalities are indispensable
for tracking disease progression in RP patients [7, 8]. However, the accuracy of OCT
and OCTA images can be compromised by various artifacts, which may lead to incor-
rect interpretations and diagnoses [9, 10].

Generally, mydriatic eye drops are recommended in all routine ophthalmic
examinations to achieve satisfactory imaging quality. However, RP is a chronic and
disabling disease, and over time, depending on the severity and rate of progression,
central vision loss, glare, and photophobia can severely impair the patient’s quality
of life [11, 12]. RP patients can experience severe light adaptation and glare problems
after pupil dilation, affecting their ability to cooperate with image collection and, in
some cases, resulting in transient complete functional blindness [13], which limits the
usefulness of all imaging techniques. This must be considered when conducting eye
examinations on individuals with retinal dystrophies [14].

This chapter delves into the impact of non-mydriasis on OCT imaging quality in
RP patients. It focuses on identifying and analyzing common artifacts, such as signal
attenuation, motion artifacts, and projection artifacts, that can confound image
interpretation. Additionally, the chapter explores strategies for artifact removal and
compensation techniques applicable in clinical practice for RP cases. By employing
these strategies, clinicians can improve the accuracy and reliability of OCT imaging in
RP cases, leading to better patient outcomes and more effective disease management.

Our research findings indicate that non-mydriasis does not significantly impede
the acquisition and interpretation of OCT images in mild to moderate stages of RP
[15, 16]. However, pupillary dilation may be necessary in severe stages to improve
image quality and reduce artifacts despite potential drawbacks such as increased glare
and photophobia. The effect of pupil dilation on visual test performance has been
previously studied. In RP, dilation did not influence visual acuity, visual field tests,
or electroretinograms [17-20]. Although multiple OCT and OCT-A metrics have been
extensively studied in RP [13, 21], there is very little literature on the influence of
topical mydriatic eye drops on OCT parameters [11, 12], and to the best of our knowl-
edge, this has not been previously studied in RP patients. This chapter also presents
practical recommendations for optimizing OCT imaging protocols without mydriatic
agents, enhancing patient comfort and clinical efficiency.

Ultimately, this chapter aims to improve diagnostic accuracy and patient care by
addressing the challenges associated with OCT imaging in RP patients, ensuring more
reliable and precise monitoring of this progressive retinal disease.

2. Background on retinitis pigmentosa

2.1 Overview of RP as a genetic retinal dystrophy

Retinitis pigmentosa (RP) refers to a group of inherited retinal degenerative dis-
orders characterized by the progressive loss of photoreceptors, leading to significant
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visual impairment and eventual irreversible blindness [1-6]. RP is a genetically
heterogeneous condition, with mutations identified in over 60 genes. These genes are
responsible for the development, function, and maintenance of photoreceptors, and
their mutations disrupt these processes, leading to the characteristic retinal degenera-
tion seen in RP.

Despite ongoing research, no definitive treatment exists to halt or cure RP.
However, encouraging treatments have been proposed for RP, including gene therapy
(e.g., RPE65), stem cell transplantation, neurotrophic growth factors, and retinal
prosthesis. These emerging treatments offer hope for mitigating the progression of RP
and potentially restoring some degree of vision [22].

2.2 Epidemiology and prevalence of RP

Despite being considered a rare disease, RP is the most typical inherited retinal
dystrophy, affecting approximately one in 4000 people worldwide [1-4]. In Europe,
it is estimated that around 167,000 individuals are affected by this condition [1,

2, 4,23, 24]. The prevalence of RP varies geographically and ethnically, with specific
populations exhibiting higher rates due to genetic factors [23, 24].

RP can be inherited in an autosomal dominant, autosomal recessive, or X-linked
manner, with autosomal recessive inheritance being the most common [25]. The con-
dition equally affects males and females. However, as X-linked RP is expressed only
in males, statistically, men may be affected slightly more than women [25]. Around
40-50% of cases are classified as sporadic or simplex, meaning only one family mem-
ber is affected, and no familial history or known genetic cause is found [26]. Digenic
cases of RP are exceedingly rare [27]. The disease manifests across all ethnic groups,
although the severity and progression can vary significantly between individuals and
families. For example, the USH3 gene, associated with type III Usher syndrome, is
typically rare but occurs more frequently among Finns and Ashkenazi Jews [28, 29].

RP may also appear as part of syndromic conditions such as Usher syndrome and
Bardet-Biedl syndrome [25]. Over 60 genes have been identified as being linked
to RP, many of which are expressed in the retinal photoreceptors or retinal pig-
ment epithelium (RPE) [1, 2]. Due to the variety of mutations and the potential for
different mutations within the same gene to result in distinct disorders, the genetic
complexity of RP complicates efforts to establish transparent genotype-phenotype
relationships [28].

2.3 Pathophysiology and progression of the disease

The pathogenesis of RP is complicated and involves the progressive loss of photo-
receptors, starting typically with the rods responsible for peripheral and night vision,
followed by the degeneration of cones crucial for central and color vision [1, 2, 30].
Further changes in retinal ganglion cells (RGCs) and RPE, the inner retina disor-
ganization, and the vascular supply attenuation following the outer retina damage
ultimately cause vision loss [1, 2, 4, 23, 24, 26, 30].

This sequential loss leads to the characteristic symptoms of RP, including night
blindness and a gradual constriction of the visual field. The exact mechanisms of
photoreceptor death in RP are complex and multifactorial, involving oxidative stress,
inflammation, and apoptosis [26, 30]. The disease progression can be influenced

by specific genetic mutations, environmental factors, and other modifying genetic
factors [1-6, 26, 30].
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2.4 Common symptoms and stages of RP

RP typically manifests in adolescence, with significant visual impairment

occurring by middle age (40-50 years). Early-onset forms of RP can resemble
Leber congenital amaurosis, and later-onset or non-penetrant variants also exist

[1,

2, 30].
The most common early symptom is nyctalopia, or difficulty seeing in low

light, followed by progressive narrowing of peripheral vision. Over time, the
disease may result in the loss of central vision and photopsia as it advances.
Additional symptoms such as impaired color vision, fluctuating day-to-day vision,
and photophobia may develop, significantly reducing the patient’s quality of life
and increasing their risk of stress and anxiety due to difficulties in performing
daily tasks [1-6, 26, 30].

Clinical hallmarks include:

1. An abnormal fundus with bone-spicule deposits and attenuated retinal vessels.

2. Abnormal, diminished, or absent a- and b-waves in the electroretinogram

(ERG).

3.Reduced visual field (VF), changing from patchy loss of peripheral VF to a ring

scotoma, tunnel vision, and eventually blindness.

4. Outer retinal abnormalities, such as loss of external limiting membrane (ELM)

line integrity and ellipsoid zone (EZ) line integrity. Intraretinal abnormalities
include cystoid macular oedema (CME) and the presence of intraretinal hyper-
reflective foci (HF). Vitreomacular interface abnormalities, such as epiretinal
membrane (ERM), full-thickness macular hole (FTMH), and lamellar macular
hole (LMH), are also observed.

5.Vascular dysfunction and reductions in retinal blood flow in OCTA scans.

The stages of RP can be broadly categorized as:

1. Early stage: Characterized by night blindness and mild peripheral vision loss.

Central vision is typically unaffected.

2.Mid stage: Marked by a noticeable constriction of the visual field, leading to

significant peripheral vision loss. Central vision may begin to be affected.

3. Late stage: Severe visual field constriction, often reducing vision to a small

central island. Central vision may also be severely compromised, leading to legal
blindness [1, 2, 23, 30].

These stages highlight the progressive nature of RP and underscore the importance

of regular monitoring and early intervention to manage symptoms and maintain
quality of life for as long as possible.
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3. Importance of imaging in retinitis pigmentosa
3.1 Role of imaging techniques in diagnosing and monitoring RP

Imaging techniques are pivotal in both the diagnosis and ongoing management of
RP. They provide detailed visualization of the retinal structures and allow clinicians to
track changes over time, facilitating early detection, accurate diagnosis, and effective
monitoring of disease progression [1, 2, 4, 23, 31].

The clinical evaluation of patients suspected of RP typically involves a thorough
ophthalmic examination. This examination includes measuring best-corrected visual
acuity (BCVA), checking intraocular pressure (IOP), and performing slit-lamp and
fundus examinations. Additionally, perimetric tests are conducted to assess VF, reti-
nal imaging, and electrophysiological evaluations to comprehensively assess retinal
function and structure [1, 2, 4, 23, 31].

Tests such as visual acuity, contrast sensitivity, and color vision are crucial to
establish a baseline and monitor the progression of dyschromatopsia, indicating cone
photoreceptor involvement. Color and wide field fundus imaging are useful for docu-
menting RP and monitoring its progression. Fundus autofluorescence (FAF) imaging
often reveals a ring of increased autofluorescence around the fovea, known as the “AF
ring” or Robson-Holder ring, which correlates with disease severity and progression.
As RP advances, this ring contracts, indicating worsening rod and cone function.
FAF also shows atrophic patches of decreased autofluorescence in the mid-periphery,
representing RPE and photoreceptor cell death, which spread over time. It is impor-
tant to recognize that hyperfluorescent rings are not exclusive to RP; they can also be
observed in other retinal conditions, including cone-rod dystrophies [1, 2, 4, 30, 31].

Visual field assessment using kinetic perimetry is the most effective method for
evaluating peripheral vision loss in RP. In the early stages of the disease, visual field
testing reveals a gradual loss of the mid-peripheral visual field. As the condition
progresses, a mid-peripheral ring scotoma forms, generally spreading more quickly
toward the peripheral areas than the central region.

Humphrey’s visual fields can assess the remaining visual field, aiding in deter-
mining visual disability. Electrophysiologic evaluations, such as full-field electro-
retinography (ffERG), the most common technique for diagnosing RP, are crucial
for detecting early electroretinographic abnormalities, often before nyctalopia and
fundoscopic changes appear. ERG helps diagnose RP, quantify disease severity,
and track progression. Over time, ERG responses diminish, reflecting the extent of
photoreceptor loss [1, 2, 4, 31, 32].

Microperimetry (MP), frequently used in clinical trials for inherited retinal
diseases (IRDs) alongside traditional measures like visual acuity and visual fields,
has proven effective in detecting changes in retinal sensitivity over relatively short
periods. These changes often occur before any measurable decline in best-corrected
visual acuity (BCVA), making MP a valuable complementary tool in monitoring
disease progression and evaluating treatment outcomes in clinical trials [2, 31-33].

Fluorescein angiography (FA) characterizes blood-retinal barrier breakdown,
retinal and choroidal blood flow abnormalities, and macular oedema in RP. OCT
evaluates retinal changes, showing significant retinal thinning and disruptions in the
photoreceptor layer. OCT can also identify ERM and CME, which are common in RP.
OCTA is emerging as a valuable tool for visualizing retinal microvasculature changes,
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correlating with disease severity. Adaptive optics scanning laser ophthalmoscopy
(AOSLO) provides high-resolution images of photoreceptor damage, aiding in early
detection and monitoring of disease progression [1, 2, 4, 31-33].

3.1.1 Diagnosis
3.1.1.1 Confirmation of diagnosis

Imaging techniques help confirm the presence of RP by revealing characteristic
structural changes in the retina. Features such as thinning of the retinal layers, bone
spicule pigmentation, and atrophy of the RPE are visible through imaging.

3.1.1.2 Differentiation from other retinal disorders

Imaging can differentiate RP from other retinal dystrophies and degenerative
conditions that mimic RP symptoms, which can be distinguished through detailed
imaging [1, 2, 23, 30].

The differential diagnosis for RP is broad and includes various conditions such
as infections, drug-induced effects (e.g., chloroquine), iatrogenic causes (e.g., laser
photocoagulation), metabolic disorders (e.g., gyrate atrophy), and nutritional
deficiencies (e.g., vitamin A and zinc). It also encompasses other inherited retinal
dystrophies like choroideremia, congenital stationary night blindness, and Oguchi
disease. Additionally, several metabolic diseases with fundus findings like RP need
to be ruled out, including abetalipoproteinemia (Bassen-Kornzweig disease), ataxia
with vitamin E deficiency, and adult Refsum disease [1, 2, 4, 23, 30].

3.1.2 Identification of genetic variants

Specific imaging findings can correlate with certain genetic mutations associated
with RP. For example, patients with RPE65 or PRPH2 mutations often exhibit signifi-
cant thinning of the outer nuclear layer (ONL), subretinal deposits or drusen-like
material, and loss of the EZ [34].

Advanced imaging techniques help identify phenotypic variations that might sug-
gest a particular genetic etiology. For instance, patients with Usher syndrome often
display specific retinal changes such as CME or initially more localized EZ disruption,
which are more common in Usher syndrome than in non-syndromic RP [35].

3.1.3 Monitoring disease progression
3.1.3.1 Tracking structural changes

Regular imaging allows for monitoring changes in retinal thickness, photorecep-
tor integrity, and other structural aspects of the retina, providing objective data on
disease progression [2, 23, 30, 31].
3.1.3.2 Assessing functional impact

Imaging findings can correlate with functional assessments, such as visual field

tests and visual acuity, providing a comprehensive view of disease impact. For
example, changes in retinal imaging, such as the contracting autofluorescent ring (the
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Robson-Holder ring) in FAF or thinning ONL in OCT scans, can help predict future
visual function decline, enabling timely interventions [1, 2, 4, 23, 30].

3.1.3.3 Evaluating treatment efficacy

Imaging plays a crucial role in assessing the effectiveness of emerging treatments
such as gene therapy, stem cell therapy, and retinal implants. For instance, in the case of
gene therapy for RPE65-related RP, imaging techniques provide comprehensive evidence
of treatment success. The observed stabilization of retinal layers, reduction in autofluo-
rescence, and improved ERG responses collectively demonstrate the positive impact of
the therapy, thereby supporting its efficacy in treating this genetic condition [2, 31, 32].

3.1.4 Guiding clinical management

Detailed imaging data inform clinical decisions regarding patient management,
including the timing of interventions and adjustments to treatment plans. Imaging
can help determine the necessity of therapeutic changes based on observed disease
progression [2, 30, 31].

3.1.5 Research and development
3.1.5.1 Advancing understanding of RP

Imaging techniques contribute to research by providing detailed insights into the
pathophysiology of RP and identifying potential biomarkers for disease progres-
sion, such as the reduced vessel density and abnormal capillary networks in patients
with RPGR mutations, a common cause of XLRP [36-38]. These vascular changes
offer insights into the role of blood supply and vascular health in the progression of
RP, contributing to a more comprehensive understanding of the disease’s impact on
retinal structure and function. These biomarkers are valuable for tracking disease
progression and evaluating the efficacy of new treatments [36-39].

3.1.5.2 Developing new treatments

Imaging techniques such as OCT, FAF, ERG, and OCT/OCTA provide precise
metrics for evaluating the efficacy of new treatments in clinical trials. Researchers can
use imaging data to refine and optimize therapeutic approaches based on observed
outcomes [1, 2, 4, 8, 13, 21, 23, 30, 31].

In summary, imaging techniques are essential in diagnosing and monitoring RP.
They provide critical information that aids in confirming diagnoses, tracking disease
progression, evaluating treatment efficacy, and guiding clinical management. The
detailed and quantitative data obtained through imaging support clinical decision-
making and research efforts to understand and treat RP [2, 30, 31].

3.2 Optical coherence tomography (OCT) and OCT-angiography (OCTA) in RP

Optical coherence tomography and OCTA are invaluable noninvasive tools in clinical
practice, providing detailed visualization of ocular structures and enabling quantifica-
tion of various retinal and ocular parameters crucial for diagnosing and managing eye
diseases [8, 13, 21, 40-42]. Optical coherence tomography has been used to assess RP,
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showing decreased foveal thickness, photoreceptor inner/outer segment (IS/OS) junc-
tion disruption, and markedly reduced choroidal thickness. These structural changes
observed via OCT are closely associated with the progressive loss of vision [7, 8, 13, 42].

In RP, where the pathology primarily affects the outer retinal layers and photo-
receptors, traditional imaging technologies may need to be revised, necessitating
advanced imaging methods. One such advancement is enhanced depth imaging OCT,
which allows for improved visualization of choroidal structures and applying quan-
titative techniques like the choroidal vascularity index. This provides deeper insights
into the choroidal changes associated with RP [40, 41, 43].

Optical coherence tomography angiography is a recent technological advancement
that enables the rapid, noninvasive acquisition of high-resolution, depth-resolved
images of both retinal and choroidal vascular layers. With its capability to differenti-
ate between the superficial capillary plexus (SCP), deep capillary plexus (DCP), and
choriocapillaris plexus (CCP), OCTA has become widely used for the early detection
of vascular abnormalities and the diagnosis of vascular pathologies in various inher-
ited retinal diseases (IRDs), including RP.

OCTA offers comprehensive retinal information by analyzing both structural and
vascular aspects through blood flow analysis, thus enhancing the utility of OCT in RP
compared to conventional methods [8, 38, 40, 41, 43].

Both OCT and OCTA perform multiple scans of the exact location. In OCT, post-
acquisition processing averages these scans into a single high-resolution B-scan. In con-
trast, OCTA interprets differences between scans as blood flow over time, enabling the
mapping of vascular architecture. Consequently, OCT-A can identify numerous retinal
vascular anomalies in RP, such as non-perfusion areas, closed vessels, neovascularization
in previously avascular areas, increased vascularization, micro- and macro-aneurysms,
capillary remodeling, and macular telangiectasia [8, 38, 40, 41, 43].

However, OCTA’ capability to capture movement information over short dura-
tions limits its ability to assess changes over more extended periods, such as those
caused by blood or fluid leakage [1, 2, 8, 38-41, 43]. Thus, FA remains essential for
evaluating the breakdown of the blood-retinal barriers in RP. The primary advan-
tage of OCTA over fluorescein angiography is eliminating the need for intravenous
contrast dye injections and reducing the risk of complications [1-4, 42]. In summary,
OCT and OCTA are critical tools in managing RP, providing detailed structural and
vascular insights essential for accurate diagnosis, monitoring disease progression, and
assessing the efficacy of emerging treatments.

3.3 Advantages of noninvasive imaging in RP management

Noninvasive imaging techniques offer significant benefits in managing RP, pri-
marily by enhancing patient comfort and reducing post-examination visual distur-
bances [12, 15, 16, 19, 20]. Here are the key advantages:

1. Avoidance of pupil dilation and reduction of glare and light sensitivity: Without
the need for dilating eye drops, patients avoid common side effects such as in-
creased light sensitivity and glare. These effects can cause significant discomfort
and hinder daily activities for several hours.

2.Enhanced patient comfort: Noninvasive imaging techniques are painless, quick,
and efficient, reducing the time patients spend in the clinic and minimizing
discomfort associated with prolonged examinations.
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3.Immediate post-examination relief: Patients experience no visual disturbances
after the procedure, allowing them to resume normal activities promptly without
any discomfort.

4.Improved patient compliance: A better overall patient experience reduces anxi-
ety and enhances compliance with follow-up visits. This is crucial for manag-
ing progressive conditions like RP, ensuring consistent monitoring and timely
interventions.

Noninvasive imaging plays a vital role in effectively managing RP by minimiz-
ing patient discomfort and improving the overall examination experience [12,
15, 16, 19, 20].

4. Challenges in OCT imaging for RP patients
4.1 Common artifacts in OCT/OCA images

Artifacts in OCT images have been documented to affect image quality, analysis,
and interpretation, potentially leading to incorrect diagnoses, prognoses, or staging.
They can result from data acquisition methods, data processing algorithms, intrinsic
properties of the eyeball, pathological alterations, or insufficient patient coopera-
tion [7-10, 15, 16, 44-47]. Particularly, given their low vision, patients with RP often
struggle to maintain adequate fixation, making them more predisposed to insufficient
image quality for proper and accurate analysis [7-10, 45].

4.1.1 Signal attenuation

All OCT devices have a standard for signal intensity, which must be met to deter-
mine if an image possesses the minimum necessary quality to be considered analyz-
able. Signal attenuation is the failure to meet these minimum conditions. The causes
of signal attenuation can be diffuse or localized:

* Diffuse: The most common cause in patients with RP is the presence of cataracts.
Other causes include a deficient tear film, incorrect patient positioning, and
refractive defects such as astigmatism or myopia [7-10, 44].

* Localized: These can be caused by transparent vitreous floaters that produce
aberrations in the OCT light beam. If these are more pronounced, they generate
shadows that prevent imaging of certain areas (Figure 1) [7-10, 44].

4.1.2 Projection artifacts

Also known as decorrelation tails, these artifacts occur when the OCT light
beam does not reach structures such as photoreceptors or the RPE due to reflection,
absorption, or scattering by the retinal blood vessels. This results in the shadows of
superficial retinal blood vessels appearing in the deeper layers of the retina (Figure 2)
[8-10, 47].

These artifacts can lead to an underestimation of parameters obtained in OCT-A
and an overestimation of the severity of RP involvement.
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Figure 1.

Optical coherence tomography (OCT) B-scan and en-face images of a patient with retinitis pigmentosa (RP)
and cystoid macular oedema. A vitreous floater causes signal attenuation, hindering the visualization of retinal
structures.
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Figure 2.
Optical coherence tomographic angiography (OCT-A) with projection artifact displaying superficial vascular
structures incorvectly in deeper layers (yellow arrows). ORCC: outer retina to choriocapillaris.

4.1.3 Motion artifacts

These artifacts are significant in both structural OCT and, more notably, in OCTA,
which is more sensitive to motion. They can be classified into two categories:

* Large or sudden movements: These include extensive eye movements, head
movements, patient movements, and microsaccades (Figure 3) [8-10, 45, 46].

* Axial movements (anterior-posterior): Caused by heartbeat pulsations or
respiration, these movements can cause significant changes from one B-scan to
the next [8-10, 44].
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Figure 3.
Motion artifacts are observed because of eye movement, an illusory interruption, and/or displacement of the
vessels.

4.2 Impact of these artifacts on image interpretation and diagnosis

Given the advances in gene therapy for the treatment of RP, proper phenotyp-
ing and genotyping, monitoring, and identification of biomarkers associated with
functional outcomes are extremely important. Additionally, OCTA is an invaluable
technique for complementing other imaging modalities better to characterize retinal
and choroidal vascular changes in these patients.

Without adequate knowledge of these artifacts, images can lead to erroneous
diagnoses and incorrect assessments of disease progression, providing inaccurate
information to patients [8-10, 48]. This can result in misinformed treatment deci-
sions and potentially ineffective or harmful interventions. Recognizing and account-
ing for these artifacts is essential to ensure accurate image interpretation and reliable
clinical outcomes in RP patients.

4.3 Importance of recognizing and correcting artifacts

A good understanding and interpretation of artifacts enable a more precise
interpretation of the images, ensuring they reflect reality. Correcting artifacts
helps achieve accurate interpretation and proper staging of the disease. Among the
numerous artifacts described in the literature, segmentation, projection, and mask-
ing artifacts can lead to observing abnormal structures in layers that are not indeed
affected. Therefore, special attention should be paid to these artifacts when analyzing
OCTA images, especially in structures intended for analysis that might be affected,
such as layers beneath larger blood vessels (Figure 4) [7-10, 44, 47].

Each OCT device is equipped with tools to control artifacts, such as active eye
tracking, which quickly measures the eye’s position and makes corresponding
corrections if the eye exceeds a certain movement threshold; or software-based
correction, included in the devices, though unfortunately, the mechanism of its
operation is proprietary to the manufacturer [46]. Additionally, to recognize arti-
facts, it is important to always interpret OCTA images with other complementary
tests such as fundus photography, autofluorescence, and fluorescein angiography
[7-10, 46].
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Figure 4.

Different optical coherence tomographic angiography (OCTA) artifacts. A. Banding artifact. Horizontal stripes
of different brightness are observed (ved arrows). B. Blink artifact. Black lines due to images were not acquired for
closing eyelids (orange arrows). C. OCT B-Scan of a patient with RP without Artifacts: a clear reference image
demonstrating an artifact-free scan. D-F. Out-of-window artifact. Loss of focus of the scan is observed (blue
arrows) compared to C.

Finally, it is essential to emphasize that although some tools are available to
minimize artifacts, the compensation effects are imperfect, and not all OCT devices
have these capabilities. Therefore, knowledge and attention to detail are essential for
managing artifacts in patients with RP [7-10, 44].

5. Non-mydriasis in OCT imaging
5.1 Definition and significance of non-mydriasis in ophthalmic imaging

Mydriasis is the dilation of the pupil. Tropicamide 1%, cyclopentolate 0.5, 1, 2%,
and atropine 10% have an anticholinergic nature and, with variable affinity, act as
antagonists of the muscarinic receptors at the iris sphincter relaxing it. Phenylephrine
(2.5,10%), by contrast, is an al-adrenergic agonist that stimulates the iris dilator
muscle when applied, producing a synergistic effect [49].

Those are the active principles commonly used as mydriatic agents for ophthal-
mological assessment and treatment, allowing a comprehensive exam of the lens,
vitreous cavity, and fundus and facilitating diagnostic and therapeutic procedures.
Tropicamide is the most used for examination purposes in adults due to its rapid
action (25-30 min), duration (4-8 hours), high mydriatic power, and safeness [50].

Nevertheless, some adverse events have been linked to their use. Patients complain
about stinging, light sensitivity, and blurred vision, although they are transient. They
produce a certain cycloplegic action when blocking the muscarinic receptors of the
ciliary body, which allows their use with therapeutical intention too, but is inconve-
nient when the aim is the examination [50]. Moreover, for anatomical reasons, all of
them can produce a drug-induced angle closure, mainly in patients with a shallow
anterior chamber (3% of the general population), although the risk in the clinical
setting has been estimated to be around 3 out of 10,000 patients [51, 52].
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Last but not least, as with every medication, either the active principles or the
accompanying excipients can cause hypersensitivity reactions in predisposed patients
and, given their anticholinergic nature when absorbed into the bloodstream, they can
have systemic side effects such as hives, breathing difficulties, high blood pressure,
heart arrhythmias, flushing and dryness, and swelling of the face, lips, tongue, or
throat [49-51]. In addition, disorientation and unusual behavior have been described
as linked to the use of cyclopentolate and atropine in children [53].

In large population studies, such as diabetic retinopathy screening programs, the
possibility of non-mydriasis in ophthalmic imaging has already been studied, maintain-
ing high sensitivity and specificity levels [54, 55]. In agreement with ETDRS, the classic
seven conventional 35-mm slide photographs were considered the gold standard in imag-
ing for diabetic screening [56]. However, the available means have changed, and with
them, new, comparable in efficacy, and more cost-effective methods of retinal imaging
have emerged, such as non-mydriatic cameras of 45 degrees and Ultra-widefield cameras
and lasers that cover up to 200° [57-59]. Classic ones used to require pupil dilation, and
a skilled photographer as compared to new devices that have an interface kinder to the
user, do not require mydriasis and are less dependent on media transparency [58].

Given this situation, imaging technology has allowed the avoidance of compulsory
mydriasis for diabetic screening in some regions, and patients are the most benefited
since they can return to their normal lives after the screening visit improving compli-
ance among patients [60].

This could be extended to patients with RP since the new imaging techniques allow
the visualization in detail of the peripheral retina, an area of high interest in those
patients [61]. They also allow us to study fundus autofluorescence (FAF) that can
show different patterns according to the genotype, the degree of outer retinal, and
retinal pigmentary epithelium atrophy and evaluate the rate of progression by the AF
ring which forms between functional and dysfunctional retina [62-64].

5.2 Benefits of avoiding mydriatic agents in RP patients

While dilation of the pupil for diagnostic purposes can be time-consuming and
uncomfortable for everyone, in RP patients, photophobia and light sensitivity are
among the most common symptoms reported, and these worsen significantly under
mydriasis conditions.

Due to their photoreceptor degeneration, RP patients’ retinas cannot adapt to bright
environments, changes in light conditions, and scattering, even slight ones, the more
challenging, the more advanced stage of the disease [65, 66]. Glare can cause discomfort
because of the difficulties in light adaptation, but it can also be disabling when contrast
sensitivity decreases [65, 67]. Moreover, they have a higher prevalence of posterior
subcapsular cataracts that produce light scattering too [68]. Therefore, it is significantly
more complicated for them to recover from those caused pharmacologically.

They also experience bright and glimmering lights, called photopsia, usually
reported at the edges of the visual field scotomas. These are thought to be linked to
the aberrant signals sent from the dying photoreceptors [64]. These photopsia and
glare and constricted visual field can make their lives very difficult, affect their read-
ing and long-distance vision, and even their mobility [69].

Considering that RP is a chronic disease, patients need to be monitored. This can
be done annually or even more often if they are included in an essay or clinical trial or
suffering from any concomitant eye problem or complication related to the disease.
Therefore, all patients with RP will have quite a few appointments in ophthalmology
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clinics throughout their lives and, consequently, frequent pharmacological mydriasis,
so their problems with it are not trivial.

5.3 Review of literature on non-mydriatic OCT imaging in RP and other retinal
conditions

First-time-domain (TD) OCT scans were highly dependent on media transpar-
ency, mydriasis, and fixation [70]. Nowadays, with spectral domain (SD), swept-
source (SS), confocal scanning OCT technology, and technological development
in general, they have improved enormously in speed, definition, and registration,
constituting an indispensable instrument for ophthalmological examination [71].

Pupil dilation does not affect macular thickness measurements when assessing
diabetic macular oedema, nor does diagnostic accuracy, sensitivity, or specificity, so
there is no reason to think that it would affect the measurements and diagnosis of
macular oedema in patients with RP. Only segmentation errors and signal intensity
improved under mydriasis [15, 16, 72].

Regarding OCTA, some published studies have shown differences in artifact
incidence and some parameter measures, such as peripapillary vessel density
and choroidal thickness measured with SD-OCTs, especially if both tropicamide and
phenylephrine at 0.5% concentrations were used, could affect uveal structure and
regulation [12, 73, 74].

No differences were found in some important values in retinal perfusion, such as
foveal density and foveal avascular zone at the superficial and deep capillary plexus [12].
SS-OCT scan measurements in mydriatic conditions noted a slight increase in retinal
thickness in some retinal sectors [73]. All studies agreed that non-mydriasis does not
affect OCTA usefulness when studying retinal structure and vascularization in diabetic
patients, branch retinal vein occlusion, or age-related macular degeneration [73, 75, 76].

6. Our research findings
6.1 Methodology of the study on non-mydriasis and OCT imaging quality in RP

For detailed information on the methodology for these RP patients, please refer
to our group’s prior publications [77, 78]. Briefly, 76 out of 78 patients with a prior RP
diagnosis, along with 30 healthy controls, were included in our cross-sectional study
conducted between January 2020 and June 2023. All participants were examined
at the Department of Ophthalmology, Hospital Clinico Universitario de Valladolid,
and the Instituto de Oftalmobiologia Aplicada (IOBA), University of Valladolid,
Valladolid, Spain.

It is important to note that the decision to perform imaging without mydriasis was
based on previously published studies showing that high-quality imaging can be obtained
in RP patients without inducing pharmacological mydriasis. This approach was chosen to
avoid potential side effects of mydriatic agents and to ensure patient comfort, especially
given that repeated imaging sessions were required.

6.2 Patient selection and criteria

Detailed information on the inclusion and exclusion criteria and RP grad-
ing in these patients can be found in a previous publication by our group [77, 78].
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All patients were part of the “Retinitis Pigmentosa Castilla y Leén” association
(RECyL). The study also included 30 healthy volunteers without ocular diseases. All
participants underwent a comprehensive ophthalmic examination, including refrac-
tion, BCVA, SD-OCT, visual field test, anterior segment examination, and fundus
examination without using mydriatic drops. RP patients were graded into severity
disease groups based on the criteria by Smith et al. [79]. The inclusion criteria for
the RP group were an RP diagnosis, age between 18 and 60, and Caucasian ethnicity.
Exclusion criteria for all groups included patients with >6 diopters spherical equiva-
lent, dense cataracts, corneal opacities, nystagmus, or other retinal diseases.

We want to highlight that the exclusion criteria were specifically chosen to avoid factors
that could compromise the quality of OCT and OCTA imaging. For instance, high vefrac-
tive ervors (26 diopters) and media opacities such as cataracts could affect the ability to
obtain clear images, thus impacting the validity of our findings.

6.3 Imaging protocols and parameters used

Structural OCT imaging was conducted with the SD-OCT Zeiss Cirrus Plex Elite
5000® (Carl Zeiss Meditec, Dublin, CA, USA), which has an A-scanner speed of
68,000 scans/second with 5 microns of axial resolution and a scan depth of 2 mm.
The instrument uses a wavelength of light of 840 nm, an area of 6 x 6 millimeters for
the angiography, and 512 x 128 for the cube images of the macular area. AngioPlex
™ software (AngioPlex software, version 10.0; Carl Zeiss Meditec) incorporated in
the device was used for OCTA analysis. In addition, the AngioPlex incorporated the
FastTrac retinal tracking technology to minimize motion artifacts.

The same operator performed all the scans. The macula area and optic disc were
imaged using the macular cube 200 x 200 scan mode protocol to analyze central
retinal thickness (CRT), ganglion cell inner plexiform layer (GCIPL) thickness, outer
retinal layer thickness (ORT), central choroidal thickness (CCT), and retinal nerve
fiber layer thickness (RNFLT).

An expert examiner performed OCTA imaging in two sessions for each patient
under the same conditions in the same location. The scanning protocol was macular 6
x 6 mm scan mode for quantitative flow parameters and 3 x 3 for FAZ measurements.
All patients were rested for at least 10 minutes before the second imaging session, as
recommended by Alnawaiseh et al. [80].

We chose to perform imaging across two sessions to ensure the reproducibility of the
OCTA data and minimize the potential for artifacts due to patient fatigue or eye move-
ment. The 10-minute vest period between imaging sessions is an essential factor incor-
porated based on previous studies to ensure consistency in flow measurements. This adds
robustness to the data and minimizes any variability that could arise from imaging fatigue
or physiological changes during long examination periods.

The SCP, DCP, and choriocapillaris (CC) flow density data were analyzed using
the Cirrus OCTA software. VD (defined as the total length of the perfused vascula-
ture per unit area in the region of measurement) and PD (defined as the total area
of the perfused vasculature per unit area in the region of measurement) of the SCP
according to the ETDRS subfields were measured automatically. The area of the foveal
avascular zone (FAZ) in mm?” was calculated in the SCP automatically. In cases of
error in the automated measurement of FAZ (Figure 5), it was manually calculated by
a retina specialist, drawing the border of the FAZ manually.

In cases where automated measurements were unveliable, a trained retina special-
ist manually corvected the FAZ borders to ensurve precision. This manual adjustment is
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Figures.

Manual calculation of the foveal avascular zone (FAZ). A. Optical coherence tomographic angiography
(OCT-A) automated measurement of the FAZ performed by the optical coherence tomography (OCT) device. B.
FAZ manually measured by the operator.

essential to mitigate any inaccuracies that could avise from algorithmic errors, documented
in prior studies involving OCTA imaging.

6.4 Presentation of research findings on the influence of non-mydriasis on OCT
imaging quality and impact on imaging artifacts and overall image quality

Overall, 106 individuals (76 patients and 30 controls) were enrolled in this study
since 13 patients excluded from the quantitative analysis could not be photographed
with acceptable quality. The sociodemographic and basal characteristics of the study
population are presented in Table 1.

Table 2 describes quantitative parameters measured in the OCT and OCT-A in
patients compared to controls. FAZ could not be determined on 10 OCT-A images due
to their poor image quality.

Patients Controls p—value‘ CI (95%)
n (men/women) 78 (47/31) 30 (12/18) 0.04F
Eyes (OR/OS) 78 (44/34) 60 (30/30) 0.606*
Age (years) (mean + SD) 51.59 (£13.40) 34.27 (£ 9.75) 0.059°
BCVA (VAR) (mean + SD) 43.03 (£30.43) 100 (+0.00) <0.001"
Visual field (MD) (mean + SD) —26.97 (+7.22) —0.05 (+1.78) <0.001"
RP severity score (mean + SD) 727/16 £ 2.46 — —
Severity (n) 26 (33%) — —
Mild-moderate (0-10) Severe (11-16) 52 (67%)

n: number of individuals; OR: right eye; OS: left eye; BCVA: best-corrected visual acuity. VAR: Visual Acuity
Range; SD: standard deviation; MD: mean deviation. Statistically significant p-values are marked in bold. t-test for
independent samples.

*Chi-square test.

"U-test.

Table 1.
Study population characteristics.

152



Influence of Non-Mydriasis on Optical Coherence Tomography Imaging Quality in Patients...
DOI: http://dx.doi.org/10.5772/intechopen.1007954

Parameter Patients (mean + SD) Controls (mean + SD) p-value " CI(95%)

Vessel density (i ‘mm/mm?*)

Central 560 (+4.73) 8.86 (+3.09) <0.001
Internal 11.10 (x—4.53) 16.55(+2.30) <0.001
External 10.96 (+3.46) 1717 (£1.45) <0.001
Complete 10.83 (+3.50) 16.81 (+1.61) <0.001

Perfusion density (%)

Central 12.86 (+11.48) 19.99 (£741) <0.001
Internal 26.50 (+11.48) 40.26 (+5.85) <0.001
External 26.11 (+9.01) 43.50 (£3.92) <0.001
Complete 25.79 (+8.98) 42.11 (£4.25) <0.001

FAZ, automatic

FAZ area (mm?) 0.31 (+0.23) 0.20 (+0.09) 0.001

FAZ, manual correction

FAZ area (mm?) 0.36 (£0.27) 0.22 (+0.11) <0.001

Signal strength 7.86 (£1.79) 8.68 (+1.03) 0.002

Macular thickness (um)

Central 223.82 (+63.48) 266.70 (+1718) <0.001
Superior inner 268.92 (+ 48.36) 330.17 (+1746) <0.001
Temporal inner 257 (+38.76) 31748 (+14.62) <0.001
Inferior inner 271.53 (£46.39) 32775 (+13.22) <0.001
Nasal inner 280.15 (+£52.30) 333.33 (£13.60) <0.001
Superior outer 23530 (+44.44) 287.95 (+12.82) <0.001
Temporal outer 213.62 (+35.55) 269.90 (+14.17) <0.001
Inferior outer 233.66 (+48.33) 274.78 (+£12.27) <0.001
Nasal outer 261.67 (+42.38) 306.35 (+13.14) <0.001
Ganglion cells layer 51.74 (£22.27) 84.92 (+5.39) <0.001
Choroidal thickness 192.09 (+74.03) 294.07 (£42.15) <0.001

SD: standard deviation; FAZ: Foveal avascular zone; ym: microns. *: t-test for independent samples. Statistically
significant p-values are marked in bold.

Table 2.
Comparison of parameters measuved in OCT-A and OCT in the patients and control group.

Artifacts were found in 47 of 60 (78.33%) of the eyes of the control group and
76 of 78 (96.2%) in the patient group. The projection was the most frequent artifact
in both groups (patients: 66 [83.5%]; control 39 [65%]), followed by masking (21
[26.6%]) and band defect (18 [22.8%]) in the patient’s group.

Regarding the number of artifacts found in the same image, one or two different
ones were found in 59 images (74.68%) and three or four in 17 images (21.5%) of the
patient’s group. Due to poor image quality, the quantitative parameters of OCT and
OCT-A images of patients with four artifacts could not be measured.

Respecting the distribution of artifacts between disease severity grades, in the
mild-moderate group, the greatest part of the images, 54 (87.9%), had less than three
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compared to the severe disease group, where most of the images (14 [82.35%]) had
more than four artifacts. Moreover, three patients from the mild-moderate group had
no artifacts in their images, unlike the severe stage group, in which all had at least
one artifact. These findings were not only clinically but also statistically significant
(p < 0.001, » Mann-Whitney test).

In agreement with the secondary objectives of this study, it was decided to use
all the variables analyzed and compare them to discover whether there exists or not
a correlation between structural and functional parameters in RP patients. BCVA
and vessel density were, even weakly, positively correlated (r = 0.26; p = 0.02), as
well as perfusion density (r = 0.28; p = 0.013) and central (r = 0.25, p = 0.028) and
inner macular quadrants thickness. Choroidal thickness was more strongly correlated
with BCVA (r = 0.43; p < 0.001), and there was a negative and moderate correlation
between FAZ and BCVA (r = —0.32; p = 0.009). In addition, the severity grade of
disease was negatively but weakly correlated with central macular thickness (CMT)
(r = —0.29 p = 0.01) and inner retinal thickness at superior (r = — 0.23; p = 0.04) and
nasal quadrants (r = —0.25; p = 0.02) as well as with choroidal thickness (r = —0.23;
p=0.04).

6.5 Discussion of our research findings

Several authors have reported the usefulness of OCT and OCT-A in monitoring
patients with RP despite the challenges posed by their diminished visual function,
fixation difficulties, and complications at advanced stages of the disease, such as
disorganization of retinal layers and loss of ocular media transparency [13, 81-83].

Regarding the comparative structural parameters of thickness and vascular distri-
bution between patients and controls, our findings align with the literature. Patients
exhibited significantly reduced measurements in superficial and deep capillary plexus
vessel densities [8, 15, 84-86], macular thickness [87, 88], ganglion cell layer thickness
[87, 89], and choroidal thickness [90-92]. Notably, the FAZ area was significantly
larger in RP patients, likely due to photoreceptor degeneration and reduced blood
supply needs as part of RP pathogenesis [93]. These changes are consistent with the
arteriolar thinning and vascular attenuation observed in advanced disease stages
[7, 13]. Our findings agree with other published studies [13, 83, 94].

One important parameter in OCT devices is signal strength, which ranges from 0
to 10, with a threshold value determining whether an OCT image is acceptable [95]. In
our study, the RP patient group had a signal strength approximately 10% lower than
the control group yet still above the acceptable threshold, indicating that while image
quality was slightly worse, it remained acceptable for clinical use.

The primary aim of our study was to determine the impact of non-mydriasis on
OCT image quality in RP patients since pharmacological mydriasis can exacerbate
glare and impair visual function in these patients [65]. Although no studies have
directly addressed this issue in RP patients, its effects have been studied in other
retinal diseases with mixed results. For example, Briicher et al. found that the motion
artifact score (MAS) was higher without mydriasis in patients with AMD, suggest-
ing worse OCT image quality. This may be due to miosis producing an insufficient
fundoscopic image for the OCTA instrument tracker [12]. Conversely, Medina et al.
did not find a significant effect of non-mydriasis on the accuracy of different OCT-SD
devices in detecting diabetic macular oedema [72]. Wang et al. reported that as
long as the pupillary size was over 2-3 mm, mydriasis did not affect the accuracy of
OCT-SD devices in measuring CMT [96]. In all these studies, visual function was
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better preserved than in our RP patients, who had a mean BCVA of approximately 43
VAR. Additionally, Lam et al. found no significant effect of mydriasis on the VF area
in Goldmann perimetry in RP patients [19].

Artifact distribution differed between patients and controls. RP patients had
16% more artifacts per image, with more artifacts in advanced disease stages.
Approximately 60% of patients had more than two artifacts per image, compared to
only one in 60% of the control group. The most common artifact in both groups was a
projection, consistent with findings by Enders et al. in various retinal diseases [44]. In
contrast, Ghasemi et al. found banding artifacts to be the most common, followed by
segmentation and motion artifacts, likely due to the different OCT devices used [9].
Algorithms to suppress projection artifacts, such as the Projection-Resolved OCTA
(PR-OCTA) algorithm applied by Hagag et al., can improve image interpretation
in RP patients [97]. Increasing image acquisition speed, tracking the fundus during
OCT, and developing new computer programs can also reduce artifacts, as described
by Chen et al. [10].

Several studies have attempted to correlate clinical findings with quantitative OCT
and OCT-A values to identify objective progression markers in RP. In our research,
BCVA showed a weak but direct correlation with vascular density, perfusion of inner
retinal layers, and macular thickness, supporting the notion that better visual func-
tion and retinal structure are associated with earlier disease stages [93]. Choroidal
thickness had a stronger correlation with BCVA, likely for the same reason. Other
studies, such as Alnawaiseh et al., reported similar findings but with more robust cor-
relation indices, particularly between BCVA in LogMAR and foveal vascular density.
They also found a strong correlation between vascular density measured by OCT-A
and VF and multifocal electroretinogram [8].

6.6 Limitations and conclusions of our research findings

The primary limitation of our study is the need for a control group of RP patients
who underwent mydriasis. Healthy subjects were dilated to obtain the highest-quality
images possible (ideal condition), while RP patients were not. This poses a challenge
in isolating the effect of non-mydriasis when capturing OCT and OCTA images of
RP patients. However, using mydriasis in RP patients could lead to increased glare,
further blurring their already diminished vision and limiting their immediate activi-
ties, which is why it was avoided.

Despite this, we found it noteworthy that in patients with mild to moderate RP,
there were no significant differences in the images obtained without dilation com-
pared to those of dilated healthy subjects. This reinforces the idea that mydriasis may
not be necessary for ophthalmic examinations in these patients. Additionally, this
study’s absence of genetic characterization of RP patients prevented comparisons
between genetic variants and structural and functional tests. Future studies should
include this aspect, as it may help explain the significant heterogeneity of the disease.

This study analyzes images of RP patients and healthy controls, and its results can-
not be extrapolated to patients with retinal diseases other than RP. Moreover, patients
with poor gaze fixation or media opacities that did not allow for images of acceptable
quality were excluded, which likely underrepresents the final stages of RP in this study.
Additionally, the OCT device used in this study allowed the measurement of a limited
number of parameters, excluding automatic measurement of the ellipsoid zone and FAZ
area of deeper layers. These parameters should be considered for further investigations
since they are important for the follow-up and assessment of disease stages in RP patients.
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In conclusion, non-mydriasis was not a limiting factor for the proper acquisition
and interpretation of OCT and OCTA images in patients with mild to moderate stages
of RP. Conversely, in advanced stages, pupillary dilation could help improve image
quality and reduce the presence of artifacts. Identifying artifacts allows for better
interpretation of OCT and OCTA images, preventing diagnostic errors in RP diag-
nosis and follow-up. Quantitative structural parameters acquired by OCT and OCTA
correlate with functional parameters such as BCVA and disease severity. OCT and
OCTA techniques are useful, reliable, and readily available ancillary tests that allow
for comprehensive qualitative and quantitative exploration of the pathophysiological
changes and altered retinal structures in RP patients.

7. Practical strategies and recommendations for clinicians
7.1 Techniques for artifact removal and compensation in clinical settings
7.1.1 Projection artifacts

One simple method for removing projection artifacts in OCT imaging is slab
subtraction, where the signal from superficial layers is subtracted from deeper
angiograms [7, 10]. This technique effectively eliminates projection artifacts but
also has drawbacks, such as removing true flow signals coinciding with the artifacts,
potentially leading to underestimating vessel density in the DCP and affecting other
OCTA metrics, particularly vessel connectivity. Slab subtraction is best suited for
measurements in avascular regions, although it can disrupt other features, such as
choroidal neovascularization (CNV) morphology [97, 98]. Additionally, it is limited
to en-face images and cannot remove projection artifact tails in cross-sectional
images [97, 98]. Accurate slab segmentation is crucial but challenging, especially in
pathological eyes, making slab subtraction prone to including flow signals unrelated
to superficial layers [97, 98].

A more advanced approach is PR-OCTA [97], which leverages structural OCT
signals to differentiate true in situ flow from projection artifacts, effectively suppress-
ing the latter across the volume. This method removes artifacts from en-face images
and cross-sectional views, yielding cleaner volumes [97]. While PR-OCTA generally
produces better results than slab subtraction, it can retain some residual artifacts in
low-quality scans and does not disrupt the morphology of pathological vessels [97].
PR-OCTAs ability to distinguish CNV types based on lesion depth and its effective-
ness in detecting vascular connections between the choroidal and retinal circulations
enhance its utility in diagnosing conditions like macular telangiectasia and retinal
angiomatous proliferation [97]. Despite its proven utility in ophthalmology, its appli-
cation in other tissues remains unverified. Additionally, commercial OCTA instru-
ments now include proprietary projection artifact removal algorithms, but it remains
essential to inspect OCTA images for any residual artifacts [97].

7.1.2 Eye motion
Both hardware and software solutions can effectively mitigate eye motion artifacts

in OCT imaging. Real-time tracking of microsaccades during OCTA acquisition allows
for detecting and rescanning affected areas, ensuring clearer images. Alternatively,
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the software can omit scans affected by microsaccadic signals, or multiple volumes
can be registered and merged to recover lost B-frames, eliminating the need for
rescanning. This is often achieved by scanning separately along each lateral axis
(x-fast and y-fast scanning schemes). Real-time tracking, which may rely on auxiliary
technologies like scanning laser ophthalmoscope or solely on OCTA data, can also
remove microsaccadic artifacts altogether. However, it may slightly extend the dura-
tion of imaging sessions [7, 10, 99].

Ocular pulsation and drift are other common sources of bulk motion artifacts in
OCTA imaging. These disruptions, while sometimes slow enough not to compromise
vessel contrast, can introduce phase noise, particularly problematic for complex- and
phase-based OCTA processing. To address this, methods estimate bulk motion contri-
bution by analyzing the flow signal statistics across avascular voxels [99]. Approaches
include using histograms of phase-shift values between line scans or averaging phase
changes along line scans [99]. Applying suitable thresholds to remove phase noise
and avoid underestimates is crucial. Phase wrapping, introduced as OCTA moved to
measure motion contrast between cross-sectional scans, can also be resolved using
standard-deviation-based approaches or iterated averaging to ensure accurate phase
contrast measurements and remove bulk motion noise effectively [99].

7.1.3 Signal attenuation

Signal strength in OCTA is closely tied to reflectance magnitude, impacting both
direct measurements (e.g., reflectance/complex amplitude-based approaches) and
indirect measurements (e.g., correlation or ratio-based approaches). Commercial
instruments often quantify overall signal intensity using the Signal Strength Index
(SSI) [7 10, 99, 100]. Variations in signal intensity can influence OCTA metrics,
necessitating compensation to prevent biased measurements. Signal loss across an
entire image, often due to defocus, can severely affect OCTA measurements that
depend on flow signal intensity. For instance, vessel density can vary by 10% within
clinically acceptable scans of the same eye under different signal strengths. Defocus
reduces the contrast between vessels and the background and broadens vessel width,
leading to artificial variations in vessel density. While traditional image processing
techniques are sensitive to such variations, modern machine learning-based quanti-
fication can mitigate the effects of defocus, ensuring more accurate measurements
despite the frequent inclusion of defocused scans in OCTA datasets [10, 99]. Other
common causes of global signal attenuation include cataracts and tear film breakup,
with the latter affecting the focusing power of the eye and leading to dimmer images
[10, 99, 100].

Local signal loss in OCTA imaging often results from severe attenuation beneath
hyperreflective materials along the beam path. Hyperreflective foci in the retina, such
as those observed in diabetic retinopathy, and materials outside the retina, like vitreous
floaters, can cause shadowing. Vignetting is another common source of signal drop-
out. Depending on the extent of signal loss, it may be impossible to recover certain
information, such as vessel density in specific regions of the OCTA image [10, 99, 100].
Local signal loss can suppress the global vessel density value and mimic real capillary
dropout, presenting a significant challenge for traditional hand-crafted image process-
ing algorithms. However, modern deep learning-based algorithms have shown the
ability to distinguish between shadowing artifacts and real pathology, enhancing the
accuracy of OCTA measurements despite these local signal losses [99, 100].
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7.2 Guidelines for managing glare and photophobia in RP patients during imaging

Managing glare and photophobia in patients with RP during imaging procedures
is crucial to ensure patient comfort and the accuracy of diagnostic results. Here are
some guidelines that can be followed:

1. Pre-examination preparation

* Educate the patient: Before the imaging, explain the procedures to them to
help them understand what to expect, including any potential discomfort from
light exposure.

* Schedule strategically: Consider scheduling imaging sessions during times
when the patient’s photophobia may be less severe if they have any daily
fluctuation in sensitivity.

2.Environment adaptation

* Control ambient lighting: Keep the examination room dimly lit to help accli-
mate the patient’s eyes before exposure to bright lights.

* Use adjustable lighting: Equip imaging devices with adjustable lighting settings
so the intensity can be increased gradually.

3.Equipment modification

* Use filters: Apply specially selected wavelength filters on imaging equipment
to reduce the intensity and harshness of the light. Filters that absorb wave-
lengths below 550 nm, often with an orange tonality, are particularly effective.
These filters improve vision quality by reducing light dispersion and chromatic
aberration, thereby enhancing retinal image contrast and reducing light
adaptation recovery time.

* Modify the equipment: Consider using diffusers on light sources to spread the
light more evenly and reduce its intensity.

4.During the procedure

* Gradual exposure: Gradually increase light exposure to allow the patient’s eyes
to adapt slowly.

* Allow breaks: Provide frequent breaks during the procedure to give the
patient’s eyes time to rest from the light exposure.

* Use topical agents: In some cases, topical anesthetic or anti-inflammatory eye
drops can be used to reduce discomfort caused by light.

5.Patient comfort

* Provide eye protection: Offer sunglasses or other protective eyewear (tinted
contact lenses) after the procedure to help manage sensitivity as the patient’s
eyes readjust to normal lighting.
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* Support and reassurance: Maintain verbal contact during the procedure to
reassure the patient and monitor their comfort level.

* Introduce Assistive Technology: As part of managing RP patients’ visual
discomfort after imaging, it is beneficial to discuss and recommend assistive
technologies that can aid in their daily activities. Technologies such as screen
readers (e.g., JAWS, NVDA, Apple’s VoiceOver, Android Talkback), Braille
displays, and speech recognition software can significantly enhance accessibil-
ity and independence. These tools help mitigate challenges posed by decreased
vision and heightened light sensitivity, enabling patients to better manage
transitions in lighting conditions.

6. Post-exertion care

* Offer post-care advice: Advice on using lubricating eye drops or artificial tears
to alleviate discomfort following the imaging session.

Implementing these strategies can significantly improve the experience for RP
patients undergoing imaging, leading to better cooperation and higher-quality
diagnostic images.

8. Areas for future research and emerging technologies

8.1 Areas for future research on non-mydriatic OCT imaging in RP

There are several areas where future research could significantly enhance under-
standing and clinical application. Here are some key areas for future research:

1. Technological advancements

* High-resolution imaging: Research on improving the resolution of non-mydri-
atic OCT devices to detect early microstructural changes in the retina.

* Portable and accessible devices: Development of more portable and cost-effec-
tive OCT devices for broader accessibility, especially in remote or underserved
areas.

* Al and machine learning: Integration of advanced Al algorithms for auto-
mated detection and analysis of retinal changes, improving diagnostic accu-
racy and consistency.

2. Longitudinal studies

* Disease progression: Long-term studies using non-mydriatic OCT are con-
ducted to observe the progression of RP, providing insights into the natural
history of the disease.

* Response to treatment: Monitoring the effectiveness of emerging treatments
(e.g., gene therapy, stem cell therapy) over time using non-mydriatic OCT.
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3.Clinical applications

* Early diagnosis: Exploring the potential of non-mydriatic OCT for early
diagnosis of RP, even before symptoms become apparent.

* Screening programs: Evaluating the feasibility and effectiveness of using non-
mydriatic OCT in large-scale screening programs for early detection of RP and
other retinal diseases.

4. Comparative studies

* Comparative effectiveness: Comparing the diagnostic accuracy and effective-
ness of non-mydriatic OCT with traditional mydriatic OCT and other imaging
modalities.

* Inter-device comparisons: Assessing the performance and reliability of differ-
ent non-mydriatic OCT devices from various manufacturers.

5.Patient-centric research

* Patient comfort and compliance: Studying patient comfort, compliance,
and preferences related to non-mydriatic OCT compared to traditional
methods.

* Quality of life impact: Investigating how early and accurate diagnosis using
non-mydriatic OCT affects the quality of life and psychological well-being of
RP patients.

6. Molecular and genetic correlations

* Genotype-phenotype correlations: Researching correlations between OCT
imaging findings and specific genetic mutations associated with RP.

* Biomarker identification: Identifying potential biomarkers on OCT that cor-
relate with disease severity or progression, aiding in personalized treatment
approaches.

7.Educational and training program

* Training for clinicians: Developing comprehensive training programs for clini-
cians on the use and interpretation of non-mydriatic OCT in RP.

* Patient education: Creating educational materials to help patients understand
the role and benefits of OCT imaging in managing their condition.

8. Interdisciplinary approaches

* Integration with other modalities: Combining OCT data with other imaging
techniques (e.g., fundus photography, AF) to provide a more comprehensive
assessment of retinal health.
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* Collaborative research: Encouraging interdisciplinary collaboration between
ophthalmologists, geneticists, and bioengineers to drive innovation and
improve outcomes.

8.2 Emerging technologies and advancements in retinal imaging

With the advancement of technology, several new imaging techniques have
emerged to improve the diagnosis, monitoring, and treatment of RP. These innova-
tions provide more detailed and accurate insights into retinal structure and function,
facilitating better patient management.

8.2.1 Polarization-sensitive optical coherence tomography (PS-OCT)

The RPE is essential for the survival and function of photoreceptors. It contains
three major pigments: lipofuscin, melanin, and melanolipofuscin. AF imaging is
commonly used to evaluate the RPE, with short-wavelength AF (SW-AF) detecting
lipofuscin and near-infrared AF (NIR-AF) detecting melanin. In RP patients, hype-
rautofluorescent rings are often observed, correlating with disease progression and
retinal function [101, 102]. Evaluating melanin in the RPE is crucial for understand-
ing RP progression.

Polarization-sensitive optical coherence tomography (PS-OCT) extends tradi-
tional OCT by measuring the polarization properties of tissues, particularly useful
for imaging melanin in the RPE [101, 102]. PS-OCT provides detailed visualization of
melanin distribution, aiding in early detection, monitoring disease progression, and
complementing other imaging techniques. This technique offers significant potential
for improving the diagnosis and management of RP [101, 102].

Potential applications in RP:

* Using PS-OCT for melanin imaging in RP patients offers several advantages.

* Detailed visualization: PS-OCT provides high-resolution images of the RPE,
allowing for the detailed study of melanin distribution and structural changes.

* Early detection: Changes in melanin distribution can be an early indicator of
RPE dysfunction and photoreceptor degeneration. PS-OCT can help detect these
changes before they become apparent with standard OCT.

* Monitoring disease progression: By regularly imaging the RPE and melanin
content, clinicians can more accurately monitor the progression of RP. This can
help evaluate the effectiveness of therapeutic interventions aimed at preserving
or restoring visual function.

* Complementary to other imaging techniques: PS-OCT can be used alongside
other imaging modalities, such as fundus photography and OCT-A, to provide
a comprehensive assessment of retinal health. This multimodal approach can
improve diagnostic accuracy and patient management.

Recent studies have demonstrated the utility of PS-OCT in imaging the RPE and
melanin in RP patients [101, 102]: PS-OCT has been shown to effectively visual-
ize the melanin distribution in the RPE, providing insights into the extent of RPE
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damage and the corresponding impact on photoreceptors. Research has indicated
that PS-OCT can detect subtle changes in melanin content that correlate with disease
severity and progression, offering a potential biomarker for monitoring RP [101, 102].

8.2.2 Hyperspectral imaging (HSI)

Changes in how the retina reflects and absorbs light are central to diagnosing
various ocular diseases. Traditional retinal imaging typically captures monochromatic
or trichromatic (red, green, and blue) light. Still, hyperspectral imaging (HSI) can go
further, collecting information across many wavelengths to create a “hyperspectral
cube”—a four-dimensional dataset representing spatial data, wavelength bands, and
corresponding light absorption or reflection intensities [103].

HSI collects data from tens to hundreds of narrow wavelength bands, allowing for
a detailed spectral analysis of retinal tissue [103]. This additional spectral information
provides several advantages:

* Early detection of metabolic changes in retinal cells.
* Differentiation of various retinal pathologies based on their spectral signatures.
* Monitoring the biochemical effects of therapeutic interventions.

In ophthalmology, HSI technology enables the evaluation of chromophores like
cytochrome C and the assessment of hemoglobin’s metabolic status, particularly
regarding retinal blood oxygenation. This makes it a valuable tool for diagnosing and
tracking the progression of various eye diseases, such as age-related macular degen-
eration (AMD), glaucoma, diabetic retinopathy, and retinal dystrophies [103].

8.2.3 Advanced machine learning and artificial intelligence (AI)

Artificial intelligence (AI) and machine learning (ML) are increasingly being
utilized to aid in the early and accurate diagnosis of RP through image processing.
These technologies leverage advanced algorithms to analyze retinal images, offering
significant potential to enhance diagnostic accuracy and efficiency [104]. Machine
learning and AI algorithms are increasingly being integrated into retinal imaging to:

* Automatically detect and quantify retinal lesions and abnormalities.

* Predict disease progression based on imaging data.

* Assist clinicians in making informed decisions regarding patient management.

Recent studies have demonstrated the effectiveness of Al in diagnosing and
monitoring RP:

* Chen etal. [105] developed a deep learning (DL) model to detect RP using color
fundus photographs. Their model achieved an accuracy of 96.00%, comparable
to that of ophthalmologists examining the same images. This high level of accu-
racy demonstrates the potential for AI to support clinical diagnosis.
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* Nagasato et al. [106] evaluated five DL models—Visual Geometry Group-16
(VGG-16), Residual Network-50 (ResNet-50), Inception V3, DenseNet121, and
EfficientNetBO—to estimate visual function in RP patients. Using ultra-wide-
field fundus autofluorescence images from 695 patients, these models accurately
estimated visual acuity and central sensitivity (p < 0.001), showcasing the
ability of Al to predict functional outcomes in RP.

* Liuetal. [107] trained their DL algorithm to predict visual impairment in RP
patients. Testing their model against two different patient datasets, they achieved
an area under the curve (AUC) of 0.83 and 0.78, respectively. This predictive
capability highlights the potential of Al to forecast disease progression and visual
outcomes.

* Arsalan et al. [108] developed an RP segmentation network (RPS-Net) for accu-
rately detecting pigment in color images, achieving an accuracy of 99.5%. This
high accuracy in segmentation tasks underscores the capability of Al in detailed
image analysis and diagnostic support.

These examples illustrate how Al and ML can significantly enhance the diagnostic
process for RP, providing tools that offer high accuracy and predictive power. By inte-
grating these advanced technologies, clinicians can improve early diagnosis, monitor
disease progression more effectively, and personalize treatment strategies, ultimately
leading to better patient outcomes [104].

Emerging technologies and advancements in retinal imaging are revolutionizing
the diagnosis and management of RP. These innovative tools offer greater resolution,
more detailed insights, and improved accuracy in detecting and monitoring retinal
changes. As these technologies continue to evolve, they hold the promise of signifi-
cantly enhancing patient care and outcomes in RP.

9. Example of managing glare and photophobia in an RP patient during
OCT imaging

9.1 Preparation

Before the procedure, the medical staff explains what to expect during the OCT
scan. They emphasize the importance of keeping the patient’s eyes open during the
scan despite the bright light used in the imaging process.
9.2 Adjustment of environment and equipment

Ambient lighting: The examination room lighting is dimmed as patients arrive,
allowing their eyes to gradually adjust to the lower light levels before the actual imag-
ing begins.

9.3 Filter use

Specialized CPF-550 filter lenses can be used (Figure 6). These filters are designed
to block wavelengths specifically below 550 nm. They effectively reduce glare and
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Figure 6.

O[%timl coherence tomography (OCT) scans without mydriasis in an asymptomatic carrier patient. A. OCT-B
scan image without filter and mydriasis. B-D. Images with filters (F6éo, CPF 550, and CPF 550XD) and without
mydriasis. CPF filters do not divectly interfere with the light used in OCT imaging and improve the visibility of
hyperreflective foci.

enhance visual comfort by filtering out the shorter wavelengths of visible light that
are often most troubling for individuals with light sensitivity, such as those with RP.
Regarding OCT machines, they use near-infrared light, typically ranging from 800
to 1300 nm for imaging. This range is well beyond the visible spectrum, which ends
around 700 nm. Consequently, the light used in OCT does not intersect with the light
wavelengths CPF filters are designed to block. Therefore, CPF filters do not directly
interfere with the light used in OCT imaging, as this light is in a different part of the
electromagnetic spectrum.

9.4 During the procedure

Gradual exposure: The intensity of the OCT machine’s light slowly increases,
allowing patients’ eyes time to adapt to the brightness.

Comfort breaks: Short breaks are given during the procedure to let patients rest
their eyes, reducing the risk of overwhelming photophobia.

Verbal guidance: Throughout the procedure, the technician maintains clear, calm
communication, guiding the patient and providing reassurance, which helps reduce
anxiety and ensure cooperation.

9.5 Post-procedure care
After the scan, patients are led to a dimly lit recovery area where they are given
time to readjust to normal lighting. They are provided with post-care instructions,

including lubricating eye drops to alleviate any discomfort caused by prolonged
exposure to light.
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9.6 Follow-up

The ophthalmologist reviews the OCT images with the patient, discussing the findings
and ensuring that the adaptations made for the procedure effectively manage their photo-
phobia and glare. Plans are made to use similar adjustments for future imaging sessions.

9.7 Outcome

Patients report a significantly more comfortable experience during the OCT
procedure than past experiences. They appreciate the tailored approach to managing
their photophobia and are pleased with the staff’s care and consideration in accom-
modating their condition.

This example illustrates how a thoughtful, patient-centric approach to managing
RP during imaging procedures can significantly enhance patient comfort and coop-
eration, ultimately leading to better diagnostic outcomes.

10. Conclusions

10.1 Summary of key findings on the impact of non-mydriasis on OCT imaging
quality in RP

1.Image quality: Non-mydriasis does not significantly limit the acquisition and
interpretation of OCT images in patients with mild to moderate stages of RP.
Despite a slight reduction in signal strength, the image quality remains within
acceptable limits for clinical use.

2. Artifact incidence: RP patients exhibited a higher incidence of artifacts than
controls, with a 16% increase in the number of artifacts per image. The projec-
tion artifact was the most common in both groups, but RP patients, especially in
advanced stages, experienced more artifacts overall.

3. Correlations with functional parameters: Quantitative structural parameters ac-
quired by OCT and OCTA show correlations with functional parameters such as
BCVA and disease severity. For example, choroidal thickness strongly correlated
with BCVA, indicating its potential as a marker for disease progression.

10.2 Implications for clinical practice and patient care

1. Patient comfort and compliance: Non-mydriatic OCT imaging significantly
enhances patient comfort by avoiding the discomfort associated with pupil dila-
tion, such as increased light sensitivity and glare. This improvement in comfort
can lead to better patient compliance, which is crucial for the regular monitoring
required in RP management.

2. Clinical efficiency: Non-mydriatic imaging reduces the overall time required for
examinations, eliminating the need for pupil dilation and the associated recov-
ery period. This can increase patient throughput in clinical settings and enhance
operational efficiency.
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3.Enhanced diagnostic accuracy: While non-mydriatic OCT imaging provides
good-quality images for mild to moderate stages of RP, clinicians should be
aware of the increased incidence of artifacts in advanced stages. Identifying and
accounting for these artifacts can prevent diagnostic errors and improve the reli-
ability of monitoring disease progression.

10.3 Final thoughts on improving diagnostic accuracy and monitoring in RP
patients

1. Artifact management: Developing and implementing advanced algorithms to
detect and correct artifacts can significantly improve image quality and diagnos-
tic accuracy. Techniques like Projection-Resolved OCTA (PR-OCTA) and faster
image acquisition can help reduce the presence of artifacts.

2. Technological advancements: Continued innovation in OCT technology, such
as higher resolution imaging and enhanced depth imaging, can provide better

visualization of retinal structures, aiding in the early detection and monitoring
of RP.

3. Patient-centric approaches: Tailoring imaging protocols to minimize discom-
fort and accommodate the specific needs of RP patients can improve the overall
patient experience. This includes using non-mydriatic techniques and managing
glare and photophobia during imaging sessions.

4.Research and development: Future studies should explore the impact of non-
mydriasis across different stages of RP and other retinal diseases. Longitudinal
studies and the integration of genetic data can provide deeper insights into dis-
ease progression and treatment efficacy.

5.Clinical guidelines: Establishing clear guidelines for using non-mydriatic OCT
imaging in RP, including recommendations for managing artifacts and opti-
mizing image quality, can standardize practices and improve patient outcomes
across clinical settings.

By addressing these areas, clinicians can enhance the accuracy and reliability of
OCT imaging, leading to better diagnosis, monitoring, and management of RP.
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Appendices and nomenclature

OCT optical coherence tomography

RP retinitis pigmentosa

OCTA OCT angiography

RPE retinal pigment epithelium

RGCs retinal ganglion cells

ERG electroretinogram

VF visual field

ELM external limiting membrane

EZ ellipsoid zone

CME cystoid macular oedema

HF hyperreflective foci

ERM epiretinal membrane

FTMH full-thickness macular hole

LMH lamellar macular hole

BCVA best-corrected visual acuity

IOP intraocular pressure

FAF fundus autofluorescence

tfERG full-field electroretinography

MP microperimetry

FA fluorescein angiography

AOSLO adaptive optics scanning laser ophthalmoscopy
ONL outer nuclear layer

IS/0S photoreceptor inner/outer segment junction
SCP superficial capillary plexus

DCP deep capillary plexus

CCP choriocapillaris plexus

SD spectral domain OCT

SS swept-source OCT

CRT central retinal thickness

GCIPL ganglion cell inner plexiform layer thickness
CCT central choroidal thickness

RNFLT retinal nerve-fiber layer thickness

MAS motion artifact score

PR-OCTA projection-resolved OCTA

CNV choroidal neovascularization

SSI Signal Strength Index

PS-OCT polarization-sensitive optical coherence tomography extends
SW-AF short-wavelength AF
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NIR-AF near-infrared AF

HSI hyperspectral imaging

ARMD age-related macular degeneration
Al artificial intelligence

ML machine learning

DL deep learning

AUC area under the curve
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Chapter 10

OCT-A Choroidal and Retinal
Findings in Patients with Retinal
Vein Obstruction

Miguel Angel Quiroz-Reyes, Erick Quiroz-Gonzalez
and Miguel A. Quiroz-Gonzalez

Abstract

This chapter provides an overview of various retinal abnormalities, pathophysi-
ologies, structural and vascular findings, and therapeutic modalities used to address
retinal vein obstruction (RVO) and its associated consequences, which includes vision
loss due to macular edema, retinal bleeding, and neovascular glaucoma (NVG). RVO
encompasses central retinal vein occlusion (CRVO) and branch retinal vein occlusion
(BRVO). Recent research has highlighted the significance of optical coherence tomo-
graphic angiography (OCT-A) imaging in managing retinal complications stemming
from venous occlusion. Among the primary causes of vision impairment due to RVO
complications are perfused and nonperfused macular edema, with the latter being
the most prevalent. OCT-A imaging has been instrumental in identifying altera-
tions in vascular blood perfusion and vessel density. Treatment options for macular
edema resulting from RVO include laser photocoagulation therapy, which has shown
inconsistent results. Additionally, macular edema can be addressed with an implant
that releases corticosteroids directly into the eye. Current treatments for RVO involve
antivascular endothelial growth factor (anti-VEGF) drugs, such as ranibizumab and
aflibercept, as well as the recently approved dual-acting faricimab. Furthermore, the
port delivery system with ranibizumab (PDS) can enhance outcomes and compli-
ance in RVO management. RVO treatment plays a critical role in preventing sight-
threatening complications.

Keywords: choroidal vascularity index, ischemic index, macular ischemia,
nonperfused macular edema, optical coherence tomography angiography, port delivery
system, retinal neovascularization, retinal perfusion markers, retinal vein occlusion
1. Introduction

The human retina is one of the most metabolically demanding tissues and

requires a rich nutritional arterial supply. When the venous drainage complex
is obstructed, capillary hypertension is generated in different venous plexuses,
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resulting in ischemic tissue suffering, edema, and neovascularization, leading to
loss of visual acuity. Research of blood flow in the eyes of primates has provided
the groundwork for the knowledge of blood supply to the retina. The visual acuity
of primate eyes is notably similar to human eyes [1]. Various investigations have
shown that the retina receives blood from four types of capillary plexuses: the
superficial, intermediate, deep, and radial peripapillary capillary plexus (RPCP)
[1-5]. Ex vivo confocal microscopy has validated the presence of these capillary
plexuses in the human eye [6, 7]. Optical coherence tomography angiography
(OCT-A) imaging has revealed three-dimensional macular and retinal blood vessel
features [4].

Proper blood circulation to the macular portion of the retina is crucial for supplying
oxygen and nutrients to cells involved in vision, such as photoreceptors and neurons.
Reduced retinal blood flow is a risk factor for neovascularization (NV) and macular
edema [8]. Systemic cardiovascular diseases, including atherosclerosis and hyperten-
sion, can increase the likelihood of developing NV [9, 10].

Chronic conditions such as compression, inflammation, and atherosclerosis
can reduce retinal venous blood return with hypertension in the capillary venous
plexus and consequently cause retinal vein occlusion (RVO) [11, 12]. The distinc-
tion between branch and central RVO is significant. Figure 1 illustrates obstructions
within the retinal branches, while Figure 2 highlights obstructions within the optic
nerve. It is worth noting that central RVO is more prevalent in both types, as investi-
gated by Ip etal. [13].

d

Figure 1.

OCT-A image of superior branch retinal vein occlusion (BRVO) with a red arrowhead pointing to nonperfusion
regions and a blue arrowhead pointing to the abnormal FAZ. The Retina Image Bank® website first released this
picture. The writer is Manish Nagpal, M.D. Gayathri Mohan who is the photographer. Retinal Vein Occlusion in
a Branch Case of OCTA. Retinal image bank. 2019; 34,186. © American Society of Retina Specialists.
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Figure 2.

Ischemic (nonperfused) CRVO using OCT-A imaging. An arteriovenous shunt, neovascularization, and retinal
ischemia were observed in a 63-year-old patient with CRVO. The original version of this photo was posted to the
Retina Image Bank® website. © American Society of Retina Specialists; Jorge I. Soberanes, M.D. Central Retinal
Vein Occlusion by OCT Angiography, Retina Image Bank, 2022, 94,589.

Figure 3.

A sweeping wide-field source of hemi-retinal vein occlusion on OCT-A (HRVO). In the inferior hemi-quadrant,
a 59-year-old patient’s OCT-A revealed significant artery loss along with a branching out neovascular frond
inferior to the disc with terminal loops. The Retina Image Bank® website first veleased this picture. The Barren
Field, Sandeep Kumar, MBBS, Retina Image Bank, 2022; 59,123. © American Society of Retina Specialists.
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Hemiretinal RVO (HRVO) is another type of RVO that can occur in large forks
(Figure 3). Macular edema, ischemia, and neovascularization are complications of
RVO [14]. Further complications, such as optic neuropathy, vitreous hemorrhage,
and retinal detachment, may occur [13].

Atherosclerosis, diabetes, arterial hypertension, and thrombophilia are among
the most prominent risk factors for RVO [13]. Central RVO (CRVO) and branch RVO
(BRVO) can be categorized into ischemic and nonischemic types based on the extent
of the capillary nonperfusion area (NPA). Notably, up to 30% of eyes initially diag-
nosed with nonischemic central RVO may eventually develop the ischemic subtype.
This is typically accompanied by a subsequent rapid decline in visual acuity and
necessitates further evaluation [14-16].

Using OCT-A imaging, we provide a comprehensive overview of blood perfusion
in healthy and RVO patients, including its effects on macular perfusion and visual
complications. We discuss all possible treatments for RVO and their associated side
effects.

Superficial
Vascular
Plexus
(SvP)

Interconnecting
Layer

Intermediate
Capillary
Plexus
(icp)

Interconnecting
Layer

Deep
Capillary
Plexus
(DCP)

¥
W oy

Figure 4.

Im%zges depicting the macular vetinal vascular plexuses and the layers that link them. The middle bottom panel
displays a color fundus image, with the white square representing a 2 x 2 mm scan area. The entive face can

be seen in the left panels. The PR-OCT-A images were ovdered from the deepest to the most superficial. In the
color fundus image, a dividing venule extends from the SCP to the DCP (solid blue-notched arrow), and the
surrounding blue hollow triangles can be observed in the middle top panel of the cross-sectional PR-OCT image.
Pink squares with holes surround a dividing arteriole in the SCP, ICP, and DCP and the connecting layer between
the ICP and DCP. At every amplification, pink squares with holes surround a separating arteriole. At every
magnified en-face PR-OCT-A (right panels) slab, the diving venule is encased in empty blue squares. All three
plexuses receive capillary networks from their venules. The central panel of the image shows the interconnected
layers of the three vascular plexuses and the anatomical links between the venous and arterial systems. They ave
copied from Campbell et al. [4] with permission under a CC BY 4.0 license.
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2. Macular perfusion in control eyes

The four main capillary plexuses—the superficial capillary plexus (SCP), interme-
diate capillary plexus (ICP), deep capillary plexus (DCP), and RPCP—are the retinal
and choroidal arteries that nourish the optic nerve, photoreceptors, and ancillary
cells. Campbell et al. used projection-resolved OCT-A (PR OCT-A) in normal human
eyes to study blood flow in different retinal areas [4]. Figure 4 shows that, compared
with two-dimensional (2D) color fundus photos, this method is far better for evaluat-
ing the intricate vasculature of the blood supply. Consistent with other primate stud-
ies, its results shed light on the SCP, ICP, and DCP structures with an interconnecting
layer linking these capillary plexuses.

OCT-A imaging provides a more detailed visualization of the blood vessels in the
retina than was previously achievable. It has proven highly effective in diagnosing
retinal vascular diseases such as RVO, diabetic retinopathy, and AMD. Compared
with fundus fluorescein angiography (FFA), which has been utilized for over five
decades, OCT-A can visualize the microvasculature of both the superficial and deep
retinal plexus without needing dyes. Only the SCP is observed when FFA is employed
for retinal vasculature imaging, while the deeper retinal layers remain unobservable
(Figure 5). Compared with FFA, OCT-A provides superior delineation of the foveal
avascular zone (FAZ). The drawbacks of OCT-A include the absence of standardized
patient data, challenges related to projection artifacts, and difficulty in identifying
low-flow lesions or pathologies [13, 14].

Figure 6 displays further findings from the OCT-A investigation, which sheds light
on the vessel density quantification and binarizing processing to calculate the CVI.

Autoregulation, whether static or dynamic, controls blood flow to the retina.
Endothelial cells and the surrounding extraretinal tissue secrete local mediators that
allow the retina to self-regulate blood flow. The sympathetic nervous system regulates
blood flow to choroidal blood vessels, affecting blood flow to the retina [17]. Dynamic
autoregulation allows for more rapid changes in ocular blood flow and pressure than
static autoregulation, which takes a long time to alter blood pressure in the retinal
arteries [18, 19]. Nitrous oxide, oxygen, carbon dioxide, endothelin-1, adenosine,

Figure 5.
(a) The FAZ is nicely depicted in the middle. (b) A binarized image displaying the blood vessel skeleton and an
OCT-A image of healthy retinal vasculature. Kyle Green, M.D., kindly supplied the picture with permission.
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Figure 6.

OCT-A imaging showing vascular plexuses of a healthy eye. (a) SCP and (b1) DCP. (a1) and (b1) show vessel
density quantification, with the values displayed at the superior border of the image. (a2) Corresponding 9-mm
SD-OCT line, and (b2) binarizing processing to calculate the CVI in a selected subfoveal area of choroidal flow
delineated by the white-yellow dotted line. —multipanel pictures from the Authors’ collection.

and angiotensin-2 are mediators [20]. In normal eyes, autoregulation is crucial for
responding to environmental and internal variables affecting blood perfusion and
maintaining a good blood supply to the retina [21].

Even in healthy eyes, there can be significant individual variations in retinal blood
flow. Garhofer et al. reported notable variations in retinal blood flow among 64 young
and healthy individuals with normal blood pressure (BP) or intraocular pressure
(IOP) and a refraction error of less than three diopters [22]. There may be racial dif-
ferences in ocular perfusion pressure (OPP) and several other risk factors for ocular
diseases [23]. A recent meta-analysis included 72 studies examining the relationships
between OPP and different patient features to determine the risk of ocular disease.
This meta-analysis revealed that a reduced OPP may increase the likelihood of devel-
oping eye disorders [24].
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Macular thickness has been the subject of substantial research because of its
potential link to ocular perfusion. Milani et al. [25] studied the effects of visual dis-
eases, including glaucoma and ocular hypertension, on macular thickness. Compared
with healthy eyes, eyes with ocular hypertension/glaucoma presented a linear rela-
tionship between increased macular thickness and vessel density in the SCP. Similarly,
Ayhan et al. [26] investigated the effects of smoking on macular perfusion in healthy
individuals. A possible explanation for the reduced blood flow to the choriocapil-
lary area in the eyes of smokers is the influence of nicotine and other chemicals in
cigarettes. Yoga has exciting benefits, such as lowering IOP and increasing average
macular thickness in healthy individuals [27]. A Turkish study comparing males and
females revealed that the parafoveal vessel density and FAZ area were considerably
more significant in females [28].

Overall, the retina’s health, visual function, and general well-being depend on
adequate blood flow to the area. The network of capillaries branching from the retinal
and choroidal arteries supplies blood to the optic nerve, photoreceptors, ganglion cells,
and neurons. In response to internal and external stimuli, the OPP is autoregulated
through static and dynamic processes to maintain good blood flow. Because there may be
significant individual differences in retinal blood flow, and in OPP, macular thickness,
smoking status, and lifestyle may affect retinal blood circulation and eye health.

3. Macular perfusion in obstructive venous disease of the retina

Reduced venous return of retinal blood is known as RVO. This ailment affects
millions worldwide, and BRVO is five times more common than CRVO [29]. BRVO
and CRVO can be further categorized as either nonischemic (using blood perfusion)
or ischemic (with no perfusion) (Figure 7) [31]. The most common consequence
of RVO is macular edema, which can cause visual loss. Visual loss due to vitreous

Figure7.

Retinal nonperfusion and vitreous hemorrhage imaging by OCT-A. (a) SD-OCT-A (8 x 8 mm) montage showing
aveas of nonperfusion (+). (b and c) Neovascularization that involves breaching the ILM and entering the
vitreous. (d) Intrarvetinal neovascularization within the ILM. The image is unchanged from Ref. [30]. (used under
CC BY 4.0 license).
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hemorrhage, retinal detachment, or neovascular glaucoma can occur as a result of
NV, another common consequence of RVO [31]. A patient’s level of vision loss is often
proportional to their macular perfusion status, and vision loss typically occurs sud-
denly and painlessly in patients with RVO [31].

OCT-A has become a prominent noninvasive method for studying macular
perfusion in patients with RVO [32]. Vessel density and blood perfusion can help
identify and distinguish RVO-affected areas, distinguishing between BRVO and
CRVO [33-36]. According to Coscas et al. [37], the DCP is more affected than the
SCP, which is especially crucial in assessing qualitative and quantitative changes
in RVO. Their study found more grayish lesions that correspond to NPAs of the
retina, increased capillary network dilation or disruption, and greater involve-
ment in the DCP than in the SCP. Additionally, cystoid spaces that produce DROL
alterations were more commonly found in the outer retinal layer, coinciding with
extensive areas of vascular alteration in the DCP. Martinet et al. [38] utilized an
experimental retinal microcirculation mouse model to demonstrate that transverse
venules establish direct connections between the more prominent retinal veins
in the SCP and the DCP. A decrease in perfusion in the retinal tissues supplied by
the DCP is likely to occur when hydrostatic pressure in the DCP increases rapidly
and significantly due to elevated IOP from RVO in the large veins. The retinal
arterioles, characterized by elevated oxygen supply and perfusion pressure, are
directly linked to the SCP. This anatomical characteristic may be associated with
the superior preservation of the SCP in RVO compared to the DCP.

NPAs, vascular tortuosity, collateral vessels, perifoveal capillary plexus disruption,
capillary plexus dilation and venous dilation, microaneurysms, cystoid spaces, intra-
retinal hemorrhages, nonperfused ghost vessels, optic disc venous collaterals (OVCs),
neovascularization of the disc (NVD), and neovascularization elsewhere (NVE) are
qualitative changes [33, 34, 37-43]. These changes can be quantified by measuring
parameters such as OPP, vessel density, and NPAs according to ETDRS subfields [28,
39, 40, 44].

Koulisis et al. [45] used OCT-A to study capillary plexus alterations caused by RVO
by comparing healthy eyes with those with RVO. Vessel density was substantially
lower in eyes with CRVO and BRVO than in healthy eyes. Furthermore, the vascular
diameter index (VDI) was significantly greater in RVO-affected eyes than in healthy
ones. Figure 8a-d shows the healthy eye, and Figure 8e-h shows the afflicted eye used
to compare the OCT-A images.

Additionally, Mousa et al. [33] analyzed a case series of patients with ischemic
RVO to determine the best method for grading macular perfusion. They reported that
OCT-A was better than FFA was. According to their findings, SCP or DCP ischemia
can result in poor visual outcomes. Additionally, macular perfusional consequences
and sequelae of impaired vision include an increase in central macular thickness
(CMT), disruption of the retinal outer layers (DROL), and a disorganized retinal
inner layer (DRIL) [33]. Khodabandeh et al’s [46] study revealed that OCT-A can
accurately differentiate nonperfused from perfused CRVO. The results of this investi-
gation support the idea that OCT-A can be used to study the effects of RVO on retinal
perfusion in the different capillary plexuses of the retina, as well as accompanying
structural retinal alterations, as shown in Figure 9.

Paracentral acute middle maculopathy (PAMM) is caused by blockage of the
DCP in the lesion area. Researchers have investigated PAMM via OCT-A. [47, 48].
Dansingani et al. published a case study that contrasted OCT-A with near-infrared
(nIR) imaging to detect lesions at the location of venous occlusions. OCT-A detected
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the lesions, changes in retinal layer thicknesses at the occlusion location, and abnor-
malities in blood flow to the affected area; however, nIR failed to identify the lesion
1 month after the initial detection. The parafoveal region showed a flow void in

Figure 8.

(a) B-scan of a healthy fellow eye showing purple dotted lines depicting the vascular layers of interest:
nonsegmented retina layer (NS-RL) (a-d), superficial vetina layer (SRL) (a-b), and deeper retina layer (DRL)
(b-c). OCT-A map depth-encoded image (b), binarizing processed image (c), and digitally skeletonized image
(d), (e) through (h) Images of the RVO eye analyzed via NS-RL (copied from [45] Koulisis N. et al. PLOS ONE.
2017;12(4) with permission under CC BY 4.0 license).
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Figure 9.

A patient with superotemporal RVO of 4 months of evolution complained of distortion and vision drop. (a) SCP
and DCP showed multiple vascular altevations with NPAs and vascular segment abnormalities. The horizontal
OCT showed DROL and foveal thickening. The vertical OCT showed significant macular edema with large cysts
and DRIL and DROL structural altevations. OCT-A imaging of the vascular density showed lower than average
values in the SCP, and inner and full-retina thickness were abnormally thicker—multipanel pictures from the
Authors’ collection.
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Figure 10.

(a)g Initially, neovascularization was observed on OCT-A with an area of 0.653 mm’. (b) Even after one year of
PRP treatment, OCT-A still revealed an abervant vascular shape with an avea of 0.272 mm’. (c¢) No evidence of
fluorescein leakage is observed at the FFA (right) (copied from [49] He F. et al. Eye. 2020 Aug 12;34(8):1413-8
with permission under CC BY 4.0 license).

addition to thinning of the ganglion cell layer (GCL), inner nuclear layer (INL), and
inner perivascular layer (IPL) and thickening of the outer nuclear layer (ONL) [48].
He et al. compared FFA with OCT-A to determine whether the retinal vasculature
improved after pan-retinal photocoagulation (PRP) treatment [49]. OCT-A helps
reveal mild vascular alterations, and the vessel density can be quantitatively evaluated
as long as the inner and full thickness of the different retina layers, as depicted in
Figure 10.

OCT-A assessment of macular blood flow provides valuable insights into retinal
perfusion from both qualitative and quantitative perspectives. This method is par-
ticularly effective for studying arterial and venous occlusions and determining the
severity of perfusion-related consequences and their subsequent developments.

4. Effective treatment strategies

Here, we discuss the various treatment options for RVO complications and their
effects on macular perfusion. The most common treatment methods for RVO vary
according to the severity of the problem, the degree of ischemia, and the presence or
absence of macular edema.

4.1 Laser therapy

Laser treatment is one of the most commonly used options in developing countries
to treat macular edema due to RVO, the second most common macular condition after
diabetic retinopathy in terms of prevalence [29], selective or focal, and grid pattern
photocoagulation or PRP. In the Central Vein Occlusion Study, researchers followed
up with 155 patients for up to 3 years after undergoing laser photocoagulation treat-
ment. The results of this study demonstrated that visual acuity did not improve
noticeably in these patients after laser treatment [50].

On the other hand, the Branch Vein Occlusion Study Group used laser photoco-
agulation therapy in 139 eyes and monitored patient outcomes for as long as 3.1 years.
According to this study, those who underwent laser treatment had significantly
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improved visual acuity compared with those with untreated eyes [51]. Researchers

in the Branch Vein Occlusion Study Group investigated how laser photocoagulation
therapy could help patients with BRVO with less neovascularization and retinal hem-
orrhage. To assess the efficacy of laser treatment in decreasing neovascularization,
319 eyes were subjected to laser treatment. A comparison of the treated and untreated
eyes revealed that neovascularization was significantly lower in the treated eyes than
in the untreated eyes. The risk of vitreous hemorrhage was also much lower in eyes
that received laser treatment than in those that did not [52]. Laser photocoagulation
therapy can help patients with BRVO in the long term; however, better alternatives
are more widely used.

4.2 Glucocorticoids

Research on using intravitreal glucocorticoids to alleviate macular edema
and enhance visual acuity in patients with RVO is ongoing. Dexamethasone has
received the most attention among the glucocorticoids examined for treating
BRVO. The SCORE study compared laser therapy with triamcinolone intravitreal
injections to enhance visual acuity in patients with BRVO [53]. Patients who
received standard treatment (laser therapy) or an intravitreal injection of triam-
cinolone (1 or 4 mg) were randomly assigned to one of the two groups, and 411
patients were randomly assigned to the other two groups. Twelve months after
baseline, there were no statistically significant differences between the groups
treated with laser therapy and those treated with triamcinolone via intravitreal
injection. Patients who received higher doses of triamcinolone were more likely
to experience high IOP [53]. Another trial that examined 271 patients with CRVO
compared observation (no treatment) with intravitreal triamcinolone injections
(1 or 4 mg) [54]; after 12 months of therapy with triamcinolone, patients’ visual
acuity significantly improved. Although a 1 mg injection of triamcinolone had a
better safety profile, there was no discernible difference in effectiveness between
1 and 4 mg of triamcinolone [54].

Owing to the approval of a tiny intravitreal implant that slowly releases
dexamethasone over time without the need for repeated injections (Ozurdex®,
0.7 mg dexamethasone), dexamethasone has recently become famous for the
treatment of macular edema resulting from RVO. CRVO and BRVO patients can
benefit from using this type of implant to treat macular edema [55]. Haller et al.
examined dexamethasone implants in 1267 individuals with RVO (CRVO or
BRVO) vision loss in two seminal trials. Patients were selected to receive one of
three doses of dexamethasone intravitreally implants at random: 0.7 mg, 0.35 mg,
or placebo. Compared with the sham group, the group that received dexametha-
sone contained a significantly greater number of patients with >15 letters of
improvement in BCVA from baseline. After 180 days of monitoring, there were no
discernible differences in IOP between the sham and dexamethasone groups [55].
These results support the effectiveness and safety of dexamethasone implants
in addressing RVO-related macular edema. After injecting RVO patients with
dexamethasone implants, Mastropasqua et al. [41] studied alterations in the
macular region and the clearance of edema. The resolution of macular edema led
to an improvement in vessel perfusion, as shown in Figure 11, which, in turn, led
to a decrease in vascular density following dexamethasone treatment.
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Figure 11.

(a)g SD-OCT structural aspect of a 72-year-old female patient with sudden loss of vision to 20/200, suffering
from RVO with ischemic macular edema and large intraretinal cystic spaces, along with DRIL and DROL retinal
abnormalities. (b) The SCP shows extensive areas of capillary dropout. (c) The DCP reveals an irregular and
enlarged FAZ. (d) Binariging processing of the subfoveal choroidal vasculature (red-dotted square), where the
CVlI is calculated at 54.3%. (e) The structural aspect of the macula after three anti-VEGF injections. (f) Final
OCT evaluation after 8 months of evolution and eight injections of anti-VEGE, with resolution of macular edema,
a decrease in vascular density, and improvement in perfusion. The last BCVA was 20/50. —multipanel pictures
from the Authors’ collection.
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5. Intravitreal injectable approach

Currently, anti-VEGF drugs are utilized to treat RVO-related disorders such
as nonperfused and perfused macular edema. Qian et al’s recent meta-analysis
highlights their use in enhancing patients’ visual acuity and addressing other issues
[56]. In terms of enhancing BCVA and decreasing CMT, injectable interventions
such as anti-VEGF treatment appear to outperform laser therapy or corticosteroids.
Furthermore, anti-VEGF drugs are considered safer because of their reduced
likelihood of increasing IOP. According to the same meta-analysis, anti-VEGF drugs
had a more significant and longer-lasting effect on improving BCVA and reducing
central retinal thickness (CRT) than corticosteroid and laser treatment in eyes with
RVO. Anti-VEGF drugs are associated with a reduced likelihood of IOP. Moreover,
anti-VEGF drugs have greater efficacy in treating BRVO than CRVO [56]. An
increase in the VEFG signaling after RVO could contribute to macular edema by
increasing the vascular permeability in the macular region and causing pathological
neovascularization [57, 58].

Ranibizumab (Lucentis®) was the first anti-VEGF drug approved for treating
perfused and nonperfused macular edema caused by venous obstructive disease.
Intravitreal ranibizumab was the subject of two seminal investigations that examined
its potential for treating BRVO and CRVO [59, 60]. Three hundred ninety-seven
patients with BRVO-related macular edema were included in the BRAVO study,
whereas 392 patients with CRVO-related macular edema were included in the CRUISE
study. Both trials used a random assignment system to determine whether the patients
would receive sham treatment, ranibizumab (0.3 mg) or 0.5 mg. Within 6 months of
starting treatment, patients treated with ranibizumab (at a dosage of 0.5 mg) showed
amarked improvement in BCVA and decreased CMT [59, 60]. The results from the
12-month follow-up showed that ranibizumab was safe and effective for patients
with CRVO and BRVO in the long term [61, 62]. In addition to BRAVO and CRUISE,
HORIZON is a follow-up trial that offers more evidence and recommendations for the
use of ranibizumab to treat RVO. After 12 months of treatment, patients with CRVO
should be customized according to the study’s advice, which further supports the
utility of ranibizumab in treating BRVO and CRVO [63].

Lida-Miwa et al. recently investigated how macular edema improved in patients
treated with ranibizumab after BRVO. Interestingly, neovascularization was also
observed as a problem following BRVO. The results of this prospective study indi-
cated that older age, lower initial visual acuity, and greater central subfield thickness
(CST) are linked to a poorer final BCVA in eyes with macular edema associated
with BRVO treated with ranibizumab (administered with 3+ pro re nata injections).
However, the macular NPA or the total NPA may not correlate with functional out-
comes or the treatment burden. Hence, the clinical BRVO subtype may be linked to
an increased likelihood of neovascular alterations, irrespective of the administration
of ranibizumab injections for macular edema. Gaining knowledge about the cor-
relation in the size of the NPA will aid in creating a more efficient treatment plan for
each case of BRVO [64], and Figure 12 shows the presence of ischemic macula edema
despite ranibizumab treatment in a patient with extensive areas of NPA not shown in
the image.

Additional uses of bevacizumab (Avastin®) beyond its approved label include
the treatment of macular edema. Zhang et al. reported that compared with sham
surgery, bevacizumab improved visual acuity over 18 months by increasing BCVA and
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Figure 12.

Sia%ty-four—ymr-old uncontrolled hypertensive male patient who developed a sudden drop in vision in his right
eye. This image corresponded to his first examination, which showed a vision of 20/300; the SD-OCT revealed the
presence of DRIL and DROL with severe ischemic macular edema due to superotemporal BRVO with macular
involvement. Extensive capillary abnormalities and NPA areas were found (not shown in the image). The bottom
picture shows the binarizing processing of the choroidal vasculature to calculate the CVI in the subfoveal choroid.
The CVI was 56.4%, lower than the 63.4% estimated in the fellow eye. —multipanel pictures from the Authors’
collection.

decreasing CMT [65]. Choi et al. investigated whether bevacizumab reduces retinal
edema in patients with BRVO. This study highlights the effectiveness of OCT-A in
measuring vascular irregularities, particularly the NPAs in two capillary networks in
eyes with macular edema recurrence due to BRVO. These findings indicated a clear
correlation between the NPAs and the recurrence of macular edema, particularly

in the central foveal and parafoveal areas. Figure 13 shows that the macular region
recovered in a 56-year-old patient with no recurrence of ischemic macular edema
(non-perfused macular edema). As Choi et al. reported, off-label use of bevacizumab
injections benefits OCT-A visual outcomes in BRVO [66]. Figure 13 shows sequential
OCT and OCT-A improvement after the serial anti-VEGF injection approach.

In 2014, for the treatment of macular edema and other RVO consequences, the
COPERNICUS trial was a pioneering investigation of the safety and effectiveness of
aflibercept (Eylea®) in patients with CRVO and randomized 189 patients to receive
2 mg of intravitreal aflibercept or placebo. After the first 6 months of treatment,
visual acuity improved significantly in the aflibercept treatment group compared
with the sham group. Additionally, this trial confirmed that aflibercept is safe and
well tolerated [67]. Another seminal trial that investigated the use of aflibercept for
treating macular edema after BRVO was the VIBRANT study. The participants in this
trial were randomly assigned to receive laser photocoagulation therapy or 2 mg of
intravitreal aflibercept. None of the patients had previously undergone treatment.
The enhanced visual acuity and decreased CMT results showed that aflibercept
was noticeably better than laser photocoagulation therapy [68]. Ghashut et al. used
OCT-A to study macular edema in patients with CRVO-related macular edema.
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Figure 13.

(. u)g OCT image and (b-d) OCT-A images of the fellow eye in a 69-year-old male patient in the nonrecurrence
group. OCT-A image of (d) the DCP showing a move prominent FAZ than in (b) the SCP. Single-layered
capillaries were shown to adhere to the FAZ within (c) the inner retinal capillary plexus layer (IRCP) and (d)
the DCP but not (b) the SVP (copied from [66] Choi KE. et al. Scientific Reports. 2019 Dec 2;9(1):14153 with
permission under CC BY 4.0 license).

Aflibercept treatment restored macular area alterations and increased visual acu-
ity in individuals without foveal photoreceptor impairment and with minor NPAs.
Although aflibercept effectively reduces macular edema, it does not enhance visual
acuity in individuals with moderate foveal photoreceptor impairment or relatively
large NPAs [69]. Amer et al. [70] reported a significant reduction in the CST after
investigating improvements in macular edema secondary to CRVO following afliber-
cept treatment. Figure 14 shows retinal sequels of severe RVO with profound isch-
emic abnormalities due to extensive capillary dropouts and abnormal thick CST.

Two phase 3 clinical trials, BALATON and COMINO, have investigated the use of
faricimab (Vabysmo®), the most recently approved anti-VEGF and anti-angiopoi-
etin-2 (anti-Ang?2) drugs, respectively, to treat macular edema resulting from BRVO
and CRVO [71, 72]. It appears that patients with RVO have higher levels of Ang-2
in their retinas, according to a recent literature analysis by Heier et al. [73], which
examined the angiopoietin-tie route and the possible use of faricimab to treat RVO.
As faricimab is a combination of anti-VEGF and anti-Ang-2 drugs, it is anticipated to
improve RVO treatment significantly.

Finally, the US FDA recently approved the Port Delivery System with ranibi-
zumab (PDS) (commercially available as Susvimo®). This new device can deliver
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Figure 14.

(a) CST significantly decreased over time (at baseline [570.7 + 59 Um], six months [388.5 + 80 Um], and (b)
12 months [328.2 + 72 Um], p < 0.001) (copied from [70] Amer AA et al.30 March 2022 with permission under
CC BY 4.0 license).

ranibizumab to the retina for an extended period (6 months or more) [74, 75].

As it offers sustained delivery of anti-VEGF drugs, this groundbreaking drug
delivery system can treat macular edema and other consequences of RVO in addi-
tion to neovascular AMD. Recent literature reviews have focused on intravitreal
dexamethasone-slow tiny implants for approval and usage OZURDEX®, suggest-
ing that PDS could treat RVO by continuously delivering anti-VEGF drugs [75]. To
further explore the potential benefits of targeting the VEGF and Ang-2 pathways
and prolonging the delivery of medications, PDS was also used for the sustained
administration of faricimab [76].

The authors included a selected group of RVO patients treated with anti-VEGF
and analyzed the structural and quantitative outcomes. All statistical analyses
were performed using GraphPad Prism version 9.2.0 software and R environment
version 4.1.1, with statistical significance set at p < 0.05. The Kruskal-Wallis test
with Benjamini and Hochberg correction was used to determine the differences in
BCVA after injection, postinjection CVI, and CFA between the study and control
groups. The two-tailed Wilcoxon matched-pairs signed-rank test assessed BCVA
changes after injection at the final visit. No significant difference in age was found
among the two study groups (p = 0.642). Perfused and nonperfused groups had
significantly worse baseline BCVA than the control group (p < 0.0001); however,
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no difference in BCVA was identified between the two study groups (p = 0.53).
Patients in the nonperfused group had approximately 1 week less time with an
ischemic macula before anti-VEGF therapy, and this difference was statistically
significant (p = 0.005). No difference in the postoperative follow-up time was
found between the two study groups (p = 0.912). In both study groups, the post-
operative BCVA was significantly better than the preoperative BCVA (p < 0.0001).
The logMAR BCVA improved by an average of —0.76 in the nonperfused group
and — 0.62 in the perfused group. However, the final BCVA remained worse than

SD-OCT and OCT-A findings Perfused RVO eyes Nonperfused Fellow eye
BRVO with macular involvement RVO eyes (control)
Number of patients (eyes) 18 12 30
Mean age 6272 +76 64.06 + 8.2 63.39+79
Mean baseline BCVA 1.05 (p = 0.644) 1.22 (p = 0.346) 0.00
Mean time before anti-VEFG 6.6 + 1.5 weeks 5.7 + weeks N/A
Mean final BCVA (logMAR) —-0.62 (p < 0.001) —-0.76 (p < 0.001) N/A
Mean follow-up (months) 84 (p=0912) 74 (p = 0.822) N/A
SD-OCT marker n (%)
CST abnormalities 9 (75%) 11(91,6%) none
DRIL 10 (55.6%) 10 (83.3%) none
DROL 14 (778%) 12 (100%) none
Final OCT-A outcomes
Whole vessel density in SCP 16.22 +2.47 1722 +2.04 17.52 £ 2.30
(p = 0.036%) (p = 0.036%)
Whole vessel density in DCP 14.48 + 247 15.20 + 241 18.21+1.56
(p = 0.044%) (p = 0.044%)
Whole PD in SCP (%) 0.39 + 0.07 0.40 £ 0.12 0.43 + 0.04
(p = 0.039%) (p = 0.039%)
Whole PD in DCP (%) 0.39 + 0.07 041:0.12 0.43 + 0.04
(p = 0.032%) (p = 0.032%)
Mean macular CVI (%) 53.16% 51.32% 63.35%
(p <0.001) (p <0.001)
CVI, 95% CI (%) 64.07,67.44 62.10,64.44 55.61,59.08
Mean macular CFA (mm?) 1.38 (p < 0.001) 1.48 (p < 0.001) 2.28

Correlation coefficients between BCVA and
choroidal perfusion markers

CVI -0.117 -0.120 -0.124

CFA -0.355 -0.378 -0.211

Note. BRVO, branch retinal vein occlusion; CFA, choriocapillaris flow arvea; CST, central subfield thickness; CVI,
chovoidal vascularity index; CI, coefficient interval; DCE, deep capillary plexus; DRIL, disorganization of the
retinal inner layers; DROL, disruption of vetinal outer layers; OCT-A, optical coherence tomography angiography;
PD, perfusion density; SD-OCT, spectral-domain optical coherence tomography; RVO, retinal vein occlusion; SCB,
superficial capillary plexus; VD, vessel density. Bold values indicate statistical significance: p < 0.05.” Wilcoxon test.

Table 1.
Demographic data and macular structural and quantitative perfusion outcomes.
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the control eyes in both study groups (p < 0.0001). The final binarized OCT
images were analyzed to obtain LA and TCA values, which were used to calculate
the CVI values in percentages. The average CVI was 59.35% in the control group,
53.66% in the perfused group, and 54.32% in the nonperfused group. The differ-
ences in the CVI between the control and study groups were statistically significant
(p = 0.002 for the control and nonperfused groups, p = 0.049 for the control and
perfused groups). Between the study groups, a negative correlation was found
between the last CVI and final BCVA (Pearson’s correlation = —0.292); eyes with

a higher CVI tended to have a lower logMAR (i.e., better vision) and vice versa.
This negative correlation was observed in the perfused and nonperfused groups
(Pearson’s correlation = —0.265 for the perfused group and — 0.232 for the nonper-
fused group). The CFA was significantly lower in both patient groups than in the
control group. Patient demographic data, macular structural, and perfused clinical
characteristics are summarized in Table 1.

6. Discussion

Concerning choroidal perfusion in patients with CRVO and BRVO, the choriocap-
illaris becomes more permeable because of soluble VEGF and inflammatory media-
tors [77, 78]. VEGF increases the permeability of blood vessels in the choroid, leading
to an increase in choroidal thickness.

Additionally, the thickening of the choroid is caused by the formation of nitric
oxide, which is stimulated by VEGF [78]. In eyes with macular edema due to RVO, the
absence or reduction of the inflammatory response may prevent choroidal thickening
[79]. Previous investigations have validated this notion via binarized enhanced depth
imaging (EDI) SD-OCT images, which revealed only an elevated choroidal vascular-
ity index (CVI) in eyes with significant macular edema. The CVI has been widely
debated and internationally acknowledged as a dependable and encouraging instru-
ment for examining choroidal perfusion. A certain level of proficiency in the program
is necessary to binarize the EDI SD-OCT slabs. The CVI could offer valuable insights
as a predictive measure for effectively managing eyes with RVO [77].

To summarize, recent advancements in intravitreal pharmacological treatments
have demonstrated the effectiveness of VEGF inhibitors and intravitreal cortico-
steroids in treating macular edema associated with RVO. The treatment options for
different types of macular edema due to RVO have been significantly widened and
improved by the intravitreal administration of the FDA-approved ranibizumab and a
sustained-release dexamethasone implant (Figure 15), as well as the off-label use of
bevacizumab, preservative-free triamcinolone, and the newly developed PDS with
ranibizumab and faricimab. Aflibercept combined with ranibizumab significantly
improved the BCVA and reduced the CRT. Therefore, aflibercept might be more
effective than ranibizumab. These treatments have replaced the previous standard
of care for RVO-associated macular edema. Although anti-VEGF agents can lead to
rapid regression of neovascularization, scattered laser photocoagulation remains an
established treatment for preventing neovascular complications. Intravitreal pharma-
cotherapy has revolutionized the treatment of retinal vascular diseases such as RVO.
Although intravitreal agents demonstrate efficacy, our understanding of their precise
indications and long-term functions is still evolving.

Moreover, while the fundamental occlusive pathophysiology of RVO remains
unresolved, our treatment options are restricted to temporary measures for
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Figure 15.

(a) Image that shows severe macular edema due to CRVO. (b) Multipanel pictuve showing the SCP with capillary
dropouts in the different ETDRS subfields, cystoid macular edema on the en face image, and other values of
quantified vessel densities in the SCP. Horizontal and vertical crossline OCT showing large cystic spaces and
binarized images of the SCP on the left with reduced vessel density values. (c) After three monthly intravitreal
injections of aflibercept and Ozurdex implant, the macular edema has vesolved, and the disruption of vetinal
outer layers (DROL) and disorganized inner vetinal layers (DRIL) defects have recovered, as did the ellipsoid
zone (EZ) biomarker. (d) The high-resolution B scan through the center of the fovea, and choroidal vascularity
index (CVI) obtained after binarizing processing revealed 68.3%. —multipanel pictures from the Authors’
collection.
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managing persistent conditions. Current investigations have verified that anti-
VEGF drugs offer more significant benefits than corticosteroids in the treatment
of retinal edema resulting from CRVO. A more substantial percentage of patients
who were administered intravitreal anti-VEGF injections experienced an improve-
ment of at least 15 letters compared with those who received corticosteroid treat-
ment at 6-month and 12-month intervals. Among these anti-VEGF medicines,
aflibercept and ranibizumab have shown better efficacy in improving BCVA and
reducing CRT. A network meta-analysis revealed that, compared with afliber-
cept and ranibizumab, dexamethasone was more likely to cause increased IOP.
Compared with ranibizumab, dexamethasone had a greater probability of causing
cataract formation. Aflibercept was superior in reducing the occurrence of signifi-
cant vitreous hemorrhage. Aflibercept demonstrated marginal superiority over
ranibizumab regarding benefit risk, but no statistically significant difference was
detected. Every patient must have an individual evaluation to determine the most
suitable treatment regimen [75, 76, 80, 81].

Finally, another essential retinal perfusion marker used to evaluate patients with
RVOs is the ischemic index (ISI), which is the ratio of the area of the nonperfused
retina to the total fundus retina area for evaluating perfusion status. Traditionally,
ultrawide field FFA (UWFFA) sequence imaging should be used in patients with
RVOs to assess and quantify ISIs, which represents another potential way to treat
and prevent abnormal neovascularization. This method compares a single image
that best illustrates retinal nonperfusion to a summarized UWFFA image gener-
ated by the computerized superimposition of angiograms. Then, nonperfused and
ungradable retinal areas are outlined, and the ISIs between the single and sum-
marized images are compared. The computer-generated summarized images are
similar to single images for grading the ISI in BRVO and CRVO, thus facilitating
surveillance and management [82].

Patients with an association between RVO and glaucoma have been reported
previously. Recent studies in patients with unilateral RVO have shown that the
peripapillary retinal nerve fiber layer (pRNFL) is thinner than in healthy patients.
This finding indicates the possible existence of shared systemic risk factors for RVO
and glaucoma [83]. Additional well-designed RCTs should be conducted to elucidate
the causes of functional and structural alterations in the pRNFL and GCC in patients
with unilateral BRVO and unaffected and affected eyes [84].

Extensive research has been dedicated to identifying potential treatments that
could affect NPAs because of their importance in evaluating RVO progression and
determining appropriate therapies based on the importance of biomarkers. This is
crucial for preventing retinal complications such as bleeding, macular edema, and
rubeosis iridis. These efforts involve the use of anti-VEGF therapy to slow the pro-
gression of NPA. Consistent and frequent dosing of anti-VEGF therapy may be effec-
tive for achieving this outcome in certain patients. However, it is essential to note that
reperfusion, a phenomenon not usually observed with anti-VEGF treatment, is the
desired outcome. Furthermore, several different molecular entities that employ novel
modes of action, such as the modulation of the semaphorin-3 pathway, are currently
being investigated in ongoing clinical trials [85, 86].

The utilization of artificial intelligence (AI) has significantly expanded and
deepened, particularly in the domain of retinal vascular disorders. Al-based research
studies offer significant potential for the early detection and treatment of retinal
vascular illnesses [87].
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7. Goals for the future

Continuous research on choroidal perfusion in patients with RVO is required to
provide crucial insights into novel pharmacological molecules for treating this condi-
tion. Additionally, further exploration is necessary to address knowledge gaps and
enhance patient care.

Developing animal models that can assess choroidal perfusion through the CVI,
CFA, and other perfusion markers to simulate and better comprehend the patho-
physiology of retinal venous obstructive disease could lead to developing new drugs
to treat or prevent the disease process and reduce vision loss.

The natural history of vascular obstructive disease and the potential risk factors
for its progression can be better understood through longitudinal investigations
that track the evolution of the disease and its correlation with perfusion changes
over time.

Emerging imaging methods, including enhanced indocyanine green angiography
(ICGA), ultrawide-field OCT-A, and CVI assessment through binarizing processes,
offer promising avenues for studying choroidal and retinal perfusion, as well as their
relationship with vision rehabilitation and recovery.

Collaborative large-scale studies that combine multiple sites and patient cohorts
could produce larger sample sizes, greater statistical significance, and more generaliz-
able results.

More research is required to create methods that can speed up the restoration of
blood flow to RVOs occurring in areas where blood vessels are obstructed. This is
important for preventing the pathological development of new blood vessels on the
retina’s surface. Pharmacological inhibition of the semaphorin-3 pathway produced
by neurons may aid in encouraging the natural regrowth of blood vessels in the retina.

The development and utilization of artificial intelligence (AI) programs with deep
learning models should continue to be explored to recognize RVOs early and reduce
vision damage.

8. Concluding remarks

Proper circulation in the retina, particularly in the macular area, is crucial for
good eye health. We used nIR, FFA, and OCT-A, among other methods, to learn about
and evaluate changes in retinal blood flow mechanisms. Researchers have utilized
OCT-A to determine the retinal blood vasculature and look for racial, age-, sex-, and
lifestyle-related variations. The ability of OCT-A to noninvasively produce a detailed
image of retinal blood vessels and perfusion makes it a valuable tool for the nonin-
vasive diagnosis of illnesses affecting retinal blood flow, such as RVO. The current
focus of RVO studies includes the quantitative assessment of the ISI, the FAZ and
NPA areas, vascular density, perfusion in the SCP and DCP, CVI, and CFA, and their
correlation with macular function and response to treatment. The use of OCT-A will
not only enhance our understanding of alterations in the intricate microvasculature
of the macula following vein occlusion but also undoubtedly play a crucial role in the
treatment of patients with RVO in the future.

According to the current studies, compared with other imaging and visualization
techniques, such as nIR or FFA, OCT-A can offer a clearer picture of the conse-
quences and effects of RVO on blood perfusion. This is because no other imaging
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technique can match the depth and resolution of OCT-A. This chapter discusses cases
where other methods fail to detect the retinal blood vasculature specific to OCT-A.
Furthermore, OCT-A does not cause cataracts, unlike nIR, which harms eyesight in
another way. Additionally, unlike OCT-A, FFA requires fluorescein dye. By mapping
and measuring the retinal vascular network and blood flow, OCT-A has dramatically
enhanced our understanding of RVO processes. OCT-A allows the visualization and
investigation of various qualitative and quantitative changes in retinal blood flow.
Studying and quantifying any increase in retinal blood flow can also help determine
therapeutic outcomes in addition to diagnosis. Glucocorticoids and anti-VEGF drugs
have been approved for RVO treatment. Dexamethasone implants are a standard
glucocorticoid option for treating RVO and improving visual acuity. Anti-VEGF
medications are the most effective treatments for RVO. Currently, the most common
first-line treatments for RVO are aflibercept and ranibizumab.

Future therapeutic alternatives, such as the recently approved dual-acting farici-
mab, may offer further benefits for RVO treatment. Furthermore, PDSs can improve
treatment outcomes and patient compliance when used to treat RVO. Advances in our
knowledge and ability to treat RVO may result in a general increase in patient’s visual
acuity and the prevention of blindness.
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Chapter11

Optical Coherence Tomography
and Optical Coherence
Tomography Angiography
Biomarkers in Diabetic Retinopathy

Ceren Durmaz Engin

Abstract

Optical Coherence Tomography (OCT) and Optical Coherence Tomography
Angiography (OCTA) are essential tools for the diagnosis, treatment, and prognosis
of diabetic retinopathy (DR) and diabetic macular edema (DME). OCT biomarkers,
such as retinal thickness, intraretinal cystoid spaces, hyperreflective retinal foci, and
disorganization of retinal inner layers, provide critical insights into disease severity
and treatment response. OCTA offers a detailed understanding of retinal microvascu-
lar alterations, utilizing metrics like vessel density and choriocapillaris flow deficits.
This chapter emphasizes the predictive value of these biomarkers, highlighting their
role in early detection, precise monitoring, and selecting appropriate therapeutic
strategies. By integrating OCT and OCTA, clinicians can enhance visual outcomes
and optimize the management of DR and DME.

Keywords: diabetic retinopathy, diabetic macular edema, optical coherence tomography,
optical coherence tomography angiography, biomarkers

1. Introduction

Diabetes mellitus (DM), a disease marked by elevated blood glucose levels due to
metabolic dysfunction, affects 537 million adults aged 20-79 years globally, a figure
projected to rise to 643 million by 2030 and 783 million by 2045 [1]. Diabetic retinop-
athy (DR), a vascular complication of DM, is the leading cause of blindness among
adults of working age. A recent meta-analysis revealed a global prevalence of 22.27%
for DR, 6.17% for vision-threatening DR, and 4.07% for clinically significant diabetic
macular edema (CS-DME) among diabetic individuals [2].

The pathophysiology of DR involves capillary endothelial cell proliferation, base-
ment membrane thickening, and pericyte loss, leading to microaneurysms (MAs),
increased vessel permeability, blood-retinal barrier (BRB) destruction, and neurode-
generation due to chronic hyperglycemia [3]. This results in diabetic macular edema
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(DME), the primary cause of vision loss among diabetic patients. Without treatment,
about 50% of DME patients lose more than two lines of visual acuity (VA) within
two years [4]. In advanced stages, capillary blockage and ischemia lead to new blood
vessel formation, resulting in proliferative diabetic retinopathy (PDR).

Clinically, DR is identified by the presence of MAs, intraretinal hemorrhages,
cotton wool spots, and venous beading. Advanced stages may exhibit neovasculariza-
tion (NV), vitreous hemorrhage (VH), and tractional retinal detachment (TRD).
Diagnostic modalities for detecting DR include fundus fluorescein angiography
(FFA), which is essential for visualizing retinal microvascular abnormalities, NVs,
and areas of retinal non-perfusion. Fundus autofluorescence (FAF) aids in diagnos-
ing DR by detecting changes in the retinal pigment epithelium (RPE) and providing
information on metabolic stress within the retina. Ultra-widefield (UWF) imag-
ing captures a comprehensive view of the peripheral retina, detecting lesions that
conventional methods might miss. However, in contemporary practice, Optical
Coherence Tomography (OCT) and Optical Coherence Tomography Angiography
(OCTA) play a more significant role in the screening and diagnosis of DR, offering
high-resolution images and detailed views of retinochoroidal vasculature without any
dye injection [5].

OCT has become essential in assessing DR due to its non-invasive, reproducible,
high-resolution, cross-sectional retinal imaging capability. It does not require skilled
operation or pupil dilation and can detect subtle retinal changes not visible during
clinical examination [6]. OCT is valuable for both the quantitative and qualitative
assessment of structural changes in DR, specifically DME. Various imaging bio-
markers have been identified to determine severity, prognosticate, assess treatment
response, and detect disease recurrence [7-9].

OCTA is an advanced imaging modality that provides detailed visualization of the
retinochoroidal circulation. It separates capillaries at three different levels, identify-
ing MAs, capillary non-perfusion areas (NPAs), and neovascularization before they
are clinically apparent [10]. Morphological and qualitative assessment of vascular
changes via OCTA aids in understanding the pathophysiological processes, treatment,
and follow-up of DR.

This chapter will discuss OCT and OCTA-related biomarkers in the diagnosis,
treatment, and prognosis of DR.

2. OCT biomarkers of diabetic retinopathy
2.1 Retinal biomarkers
2.1.1 Retinal thickness

In DME, increased retinal thickness can be present secondary to a breakdown of
the BRB and extravasation of fluid into and beneath the retina. The most common
terms indicating retinal thickness measurements in OCT are given in Table 1.

Numerous studies have examined retinal thickness measurements using OCT.
Markan et al. [11] showed that central subfield thickness (CST) might not be reliable
for prognosis in DR patients, as the location, extent, and pattern of DME, along with
other OCT-related parameters, should be considered. Contrarily, Saxena et al. [12]
identified three OCT biomarkers, mean CST, cube volume (CV), and central area
thickness (CAT), as valid diagnostic and predictive factors for DME. Their study
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Retinal thickness Definition

Central retinal thickness (CRT)/ Central The mean retinal thickness within the circular field of 1-mm

subfield thickness (CST) diameter surrounding the foveola

Central foveal thickness (CFT) / Center The retinal thickness at the intersection of the six radial OCT

point thickness (CPT) scans

Macular volume (MV) The sum of all volumes of all nine sections defined by the ETDRS
grid

Cube average thickness (CAT) The average thickness for the tissue layers between ILM and RPE

over the entire 6 x 6 mm square area

Cube volume (CV) The average volume of the tissue layers between ILM and RPE
over the entire 6 x 6 mm square area

ETDRS, Early Treatment Diabetic Retinopathy Study; ILM, internal limiting membrane; OCT, optical coherence
tomography; RPE, retinal pigment epithelium.

Table 1.
Definitions of retinal thickness measurements in optical coherence tomography.

found that significant increases in CST, CAT, and CV were correlated with the sever-
ity of DR. Despite these controversial results, failure to achieve a CST of <300 pm or
areduction of <10% in CST is generally seen as a suboptimal anatomical response to
anti-vascular endothelial growth factor (anti-VEGF) therapy [13, 14].

Although retinal thickness is a major follow-up criterion in most of the studies,
evidence has shown differing correlation between retinal thickness values and
both initial and final VA. A subanalysis of the Study of Ranibizumab Injection
in Subjects with CD-DME with Center Involvement Secondary to DM (RIDE
and RISE) trials revealed that patients with non-significant changes in central
foveal thickness (CFT) after anti-VEGF therapy showed similar VA gains and DR
improvement as those with early retinal thinning [14]. Similarly, in the Protocol
T study, people with 20/40 or better vision who were given bevacizumab (BVZ)
treatment had the same functional improvements as those who were given other
anti-VEGF drugs, even though they had thicker retina [15]. The study also indi-
cated that while a single CST measurement might modestly correlate with VA,

CST fluctuation between visits could be a prognostic indicator. On the other hand,
Zhang et al. [7] used machine learning to predict DME patient outcomes after anti-
VEGF treatment, identifying CST as a critical predictive factor for VA prognosis.
The reason for these contradictory results could be due to the fact that edema can
stretch the retina beyond its capacity, causing damage to bipolar axons and perma-
nent changes to the RPE. This, in turn, can lead to VA recovery that does not align
with edema resolution. Also, a decrease in CST is not always desirable, as central
foveal atrophy, defined as CST below 200 pm, can occur in about 4% of treated DR
eyes. In a study by Karst et al. [16], the patients who developed atrophy initially
had higher CST and lower VA and received both intravitreal injections and laser
treatments for DME.

Macular volume (MV), though strongly correlated with CST, is unlikely to be a
reliable prognostic marker due to conflicting results of its relationship with vision
in eyes with DRP. Hannouche et al. [17] found that MV is correlated with VA, while
Maheswary et al. [18] found no significant correlation. The poor correlation between
MYV and VA may be due to MV considering extra-foveal thickness, whereas VA reflects
foveal function.
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2.1.2 Intravetinal cystoid spaces

Intraretinal cystoid spaces (ICS) around the fovea stem from inner BRB disruption
due to elevated VEGF levels and Miiller cell dysfunction. The prognostic significance
of ICS depends on their location, size, and the presence of hyperreflective mate-
rial within. ICS are classified as small (<100 pm), large (101-200 pm), and giant
(>200 pm) according to their size. Larger cysts are shown to be related to macular
ischemia, which is an unfavorable prognostic factor for VA [19]. Large as well as giant
intraretinal cysts may lead to irreversible visual loss by affecting the outer nuclear
layer (ONL) and damage the inner segment/outer segment (IS/OS) junction. In long-
standing cases, large coalescent macrocysts may indicate retinal cystoid degeneration
(RCD), an end-stage result linked with Miiller cell dysfunction or death [20]. A
representative OCT image of a large retinal cyst is shown in Figure 1.

VEGEF levels are crucial in ICS formation, and anti-VEGF therapy effectively
reduces vessel permeability and ICS size and number. The location and size of ICS, as
well as presence of hyperreflective material—likely fibrin and inflammatory by-
products—within the cysts correlate with baseline VA, and improvement in macular
anatomy as well as function during intravitreal anti-VEGF therapy [21]. ICS in the
inner nuclear layer (INL) respond better to anti-VEGF or corticosteroids than those in
the ONL. The inflammatory nature of ICS involves cytokines like Intercellular adhe-
sion molecule 1 (ICAM-1), Interleukin-6 (IL-6), Interleukin-8 (IL-8), and Monocyte
chemoattractant protein-1 (MCP-1) [22]. Improvement in ICS after dexamethasone
(DEX) implant, related to inflammation reduction, has been reported in previous
studies [9, 23].

2.1.3 Subretinal fluid

Subretinal fluid (SRF), resulting from outer retinal layer disruption and RPE dys-
function, leads to extracellular fluid accumulation. SRF is generally considered asso-
ciated with worse VA than ICS at baseline. Although SRF usually responds quickly to
treatment in DME cases, it is generally indicative of more severe disease [24].

There are contradictory results about the significance of SRF in DR. A recent
study by Park et al. [25] found that the baseline SRF is both a valuable marker for a
greater reduction in CST and an indicator of improvement in VA in DME cases. In the
post hoc analysis of the Bevacizumab and Ranibizumab in Diabetic Macular Edema
(BRDME) trial, eyes with SRF exhibited greater letter gains at 6 months compared

Figure 1.
The presence of a central large retinal cyst with hyperreflective retinal foci on its wall (Courtesy of Mahmut
Kaya, MD).
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to eyes without SRF, despite no significant difference in the reduction of CST [26].
On the other hand, in the Study of Intravitreal Aflibercept Injection in Patients With
DME (VISTA) and Intravitreal Aflibercept Injection in Vision Impairment due to
DME (VIVID) studies, although patients with baseline SRF had a greater treatment
effect from aflibercept (AFL), SRF status did not significantly impact overall treat-
ment outcomes with AFL [27]. In the Diabetic Retinopathy Clinical Research Network
(DRCR) Protocol T, eyes with centrally located fluid had a mean of 23-ym greater
reduction in CST, although no significant VA change was observed [28]. The mor-
phology of retina in terms of edema type may affect the visual and anatomical results.
The cystoid macular edema (CME) morphology was found to be favorable in achiev-
ing at least a 20% reduction in CST, followed by serous retinal detachment (SRD)

and diffuse retinal thickening (DRT) in eyes treated with ranibizumab (RBZ) or
AFL; however, morphology was not associated with visual outcome [29]. Similarly, a
retrospective study reported that the CME subtype showed the greatest improvement
in VA and reduction in CST in eyes treated with intravitreal triamcinolone acetonide
(TA) compared to DRT and SRD subtypes [30].

The exact reasons for the association between SRF and improved outcomes are
unclear. One hypothesis is that SRF acts as a physical barrier, protecting retinal struc-
tures from further damage. Additionally, SRF may contain protective substances,
with anti-VEGF injections enhancing this effect. This is supported by studies indicat-
ing that eyes with SRF have a lower risk of developing geographic atrophy (GA) [31].

2.1.4 Disorganization of the vetinal inner layers

Disorganization of the retinal inner layers (DRIL) is marked by the loss of clear
boundaries between the ganglion cell complex (GCC), INL, and outer plexiform
layer (OPL). This novel biomarker appears in various retinal diseases as a response
to retinal stress and may represent disruptions in the neural transmission pathway
involving bipolar, amacrine, and horizontal cells [32]. These disruptions impair the
transmission of visual signals from photoreceptors to ganglion cells and the nerve
fiber layer. Therefore, it’s not surprising that DRIL has been associated with abnor-
malities in multiple measures of visual function, such as VA, contrast sensitivity,
multifocal electroretinography (mfERG), and standard automated perimetry (SAP),
even in the absence of DME [32, 33].

The exact pathophysiology of DRIL remains unclear, but it is proposed that
mechanical stretching of bipolar axons due to chronic retinal thickening may cause
damage, as Pelosini et al. [34] found that the neurosensory retina (NSR) has a degree
of elasticity that if exceeded, leads to snapping of bipolar neurons. Also, macular
ischemia may contribute to DRIL formation, as studies have found a correlation
between DRIL and capillary non-perfusion on both FFA and OCTA [35].

DRIL is more frequently identified in eyes with increasing DR severity and is
associated with worse visual outcomes. It is more likely to occur in mild to moderate
non-proliferative diabetic retinopathy (NPDR) compared to diabetic patients without
retinopathy, with the risk increasing with the duration of diabetes [32]. According to the
study by Nadri et al. [36], there was a significant positive correlation between DRIL and
CAT, CST, and the level of ellipsoid zone (EZ) disruption, while there was a negative
correlation between DRIL and retinal nerve fiber layer (RNFL) thickness. Correlation
has also been made between DRIL and other OCT findings, including enlargement of the
FAZ and disruption of the external limiting membrane (ELM) [37, 38]. Moreover, DRIL
can have a VA-predictive value independent of macular thickness [29, 39].
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The change in DRIL extent is an important predictor of vision change after intra-
vitreal anti-VEGF and steroid treatment. A greater baseline DRIL extent in the 1-mm
foveal area and an early worsening in DRIL were predictive of worse VA at long-term
follow-up after anti-VEGF treatment [40]. In a study by Vujosevic et al. [41] compar-
ing the response of OCT signs to RBZ and DEX implant in eyes with DME, a greater
reduction in DRIL extent was observed in eyes treated with DEX implant. Several
other studies also reported better outcomes with steroid and proposed that in case
DRIL does not adequately improve, an early switch from anti-VEGF treatment to
intravitreal steroids may be preferred [29, 42]. These observations may be explained
by the neuroprotective effect of corticosteroids, as they may promote neuronal
survival via Miller cells and by suppressing microglial reactivity. Figure 2 shows the
presence of disorganization of the retinal inner layers in a patient with DR, which is
observed during the first week of anti-VEGF treatment.

2.1.5 Hyperreflective vetinal foci

Hyperreflective foci (HFs) in DME are small, well-circumscribed dots not visible
on biomicroscopy or fundus photography, often appearing before clinically detectable
DR or DME [43]. HF is not specific to DR; it is also observed in conditions like age-
related macular degeneration, central serous chorioretinopathy (CSC), retinal vein
occlusions (RVOs), and Coats disease, and occasionally in normal individuals [44].
Initially, HF is detected in the inner retinal layers on OCT and may later move to the
outer layers. Vujosevic et al. [43] identified three types of HFs based on the appear-
ance and location:

* HF <30 pm in diameter, reflecting like the nerve fiber layer and located in both
the inner and outer retina, likely represents activated microglial cells

* HF >30 pm in diameter, reflecting like the RPE-Bruch membrane complex with
back shadowing, located in the outer retina, likely represents hard exudates

* HF >30 pm in diameter, similar reflectivity to the RPE-Bruch membrane com-
plex with back shadowing, located in the inner retina, may indicate MAs.

Figure 2.
The presence of disovganization of the vetinal inner layers (ved circle).
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Initial descriptions suggested that HFs could be lipid-laden macrophages or
extravasated lipoproteins, early indicators of subclinical BRB breakdown, but later
evidence proposed that HFs could be markers of chronic inflammation and activated
microglia in DR [45]. A significant correlation between small HF numbers and
subclinical neurodegeneration supports the inflammatory hypothesis [46].

Studies show that DEX implants reduce HFs more effectively than anti-VEGF
treatments, though some studies found similar reductions with both treatments
[47, 48]. While some studies found a correlation between HF and better VA after
treatment, others show no such association or even poorer outcomes [49, 50].

2.1.6 Pearl necklace sign

First defined by Gelman etal. [51], the pearl necklace sign refers to HF forming a con-
tinuous ring around the inner wall of cystoid spaces in the retina. These dots often become
hard exudates as the edema resolves, suggesting the pearl necklace sign is a precursor to
hard exudates. Generally, the presence of this sign does not affect the visual prognosis
or the response to intravitreal treatment, except when located subfoveally. In such cases,
irreversible photoreceptor damage can lead to poor visual outcomes [52]. Figure 3 shows
the presence of a pearl necklace sign in a patient with poorly controlled DM.

2.1.7 Bridging retinal processes

Bridging retinal processes are vertical remnants of neuroretinal tissue, primarily
composed of Miiller and bipolar cells, stretched between cystic cavities, connecting
the inner and outer retinal layers. Their presence helps in transmitting visual impulses
to the optic nerve axons; therefore, it is associated with better visual outcomes post-
treatment, serving as a reliable biomarker for visual prognosis. Moreover, Markan
etal. [11] showed that the lack of bridging processes leads to retinal thinning and
atrophy. Figure 4 illustrates the presence of bridging retinal processes.

2.1.8 Integrity of external retina

The cone outer segment tip (COST), also known as the interdigitation zone (IZ),
appears as a hyperreflective band between the EZ and RPE on OCT. It is a marker of

Figure 3.
The presence of pearl necklace sign (ved arrow), epiretinal membrane (yellow arrow), and subretinal fluid
(white asterisk) in a patient with poorly controlled DM.
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Figure 4.
The bridging retinal processes (yellow arrows) between intravetinal cystic cavities.

photoreceptor integrity. The EZ, previously termed the inner segment/outer segment
(IS/0OS) junction, represents the photoreceptors’ mitochondria-rich zone, essential
for their high-energy consumption. The ELM comprises zonula adherens connecting
photoreceptor inner segments and Miiller cell apical processes, acting as a barrier for
macromolecule movement between these cells. In diabetic eyes, elevated VEGF levels
can decrease occludin, a tight junction protein, compromising the ELM’s barrier and
increasing vascular permeability [53]. The mechanism of photoreceptor dysfunction
in DME is multifactorial and involves impaired energy metabolism, inflammation,
and microvascular ischemia [54].

Damage or disruption of photoreceptors is commonly visualized on OCT as a loss of
integrity in the ELM, EZ, and IZ bands. Although the correlation between photorecep-
tor damage stages and OCT findings is not yet clearly established histopathologically,
OCT studies of retinal degenerative diseases show that the lengths of the ELM, EZ, and
IZ bands are highly correlated [55]. Disorganization appears to occur sequentially: first
in the IZ, then in the EZ, and finally in the ELM. Qualitatively, each outer retinal layer
is classified as absent (not visible), disrupted (partially visible), or intact (fully visible)
in the foveal region [20]. A more recent approach involves a quantitative assessment of
the EZs relative intensity. This method expresses the EZ’s relative intensity as a ratio
compared to the ELM on OCT [56]. On the other hand, Borrelli et al. [57] developed an
algorithm using the vitreous and RNFL intensities as references to normalize EZ inten-
sity to better evaluate its status. The photoreceptor outer segment (PROS) is defined as
the distance between the RPE and the junction of the photoreceptor IS/OS. In patients
with DR, the PROS length is shorter compared to those without DR and correlates bet-
ter with VA than macular thickness, serving as a more reliable prognostic marker [58].

Achiron etal. [59] first reported the association between treatment and EZ/COST
integrity, demonstrating that the recovery of EZ/COST defects correlated with VA
improvement following intravitreal BVZ injections in treatment-naive DME patients
over a 3-month follow-up. Similarly, Serizawa et al. [60] found that in 41 DME eyes
treated with laser therapy, anti-VEGF, and/or vitrectomy, the restoration of retinal
outer layers, especially the COST, was a sensitive marker of treatment outcome. On
the other hand, Koc et al. [61] proposed that EZ and ELM integrity may be more reli-
able than COST, as COST fragmentation artifacts are not uncommon in healthy eyes.
Longitudinal studies show that disrupted foveal EZ, ELM, and COST predict worse

218



Optical Coherence Tomography and Optical Coherence Tomography Angiography Biomarkers...
DOI: http://dx.doi.org/10.5772/intechopen.1007953

subsequent VA and less VA gain in eyes treated with anti-VEGF and DEX implants,
with this association observable up to 24 months [29, 62]. Post hoc analysis of the
VISTA study showed that AFL treatment improved EZ integrity, which was main-
tained through week 100 follow-up [63].

2.1.9 Retinal pigment epithelium thickness

RPE thickness is a biomarker for predicting the functionality of the outer BRB.
Eyes with PDR and DME exhibit decreased RPE thickness, indicating degenerative
changes, likely due to ischemia disrupting the RPE-photoreceptor complex [64].
Boynton et al. [65] found that untreated patients with PDR had diffusely thinned RPE
layers compared with healthy controls. On the other hand, Tavares Ferreira et al. [66]
reported no significant change of RPE in subjects with or without diabetes.

2.1.10 Foveal eversion

A completely convex central fovea, known as foveal eversion, is linked to a higher
rate of persistent DME compared to a normal foveal profile, regardless of treat-
ment with intravitreal anti-VEGF or corticosteroids. It is also associated with higher
retreatment rates in eyes treated with intravitreal steroids and a higher frequency of
persistent DME. The underlying cause may involve Miiller cell impairment, although
the precise mechanism is not yet understood [67].

Figure 5 illustrates various OCT biomarkers observed in a patient undergoing
anti-VEGF therapy.

2.1.11 Pavallelism
SD-OCT introduced the parameter “parallelism,” which refers to the integrity of

retinal layers and serves as a potential biomarker for predicting visual outcomes in
DME [68]. This parameter encompasses the continuity of the ELM, the EZ of the

. 4

4th month 9th mont.h

Figure 5.

Thge initial OCT image displays subvetinal fluid (white asterisks), intraretinal cystoid spaces (ved dashed arrows),
hyperreflective dots (yellow circle), bridging retinal processes (yellow arrow), and foveal eversion (blue arrow).
Follow-up OCT images at 2, 4, and 9 months post anti-VEGF treatment show a reduction in vetinal thickness
and improvement in subretinal fluid and intravetinal cystoid spaces. The 9-month OCT image reveals a few
hyperreflective dots and disruption in the integrity of the outer vetinal layers. (Courtesy of Taylan Ozturk, MD).
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inner segment, as well as the presence of HF in the outer retinal layers. Parallelism
is notably reduced in eyes with DME compared to normal eyes and shows a positive
correlation with VA. A lack of HF in the outer retinal layers is significantly linked to
increased parallelism and improved VA.

2.2 Vitreomacular interface biomarkers

The vitreomacular interface biomarker is crucial in the pathogenesis and pro-
gression of DR. Metabolic factors in diabetes can cause early vitreous liquefaction
and cross-linking, leading to incomplete posterior vitreous detachment (PVD) and
vitreoschisis. This can result in vitreous instability and macular traction. Studies
have shown elevated levels of inflammatory and angiogenic factors, such as VEGF,
IL-6, IL-8, ICAM-1, and MCP-1, in the vitreous fluid of patients with DME and PDR,
implicating these molecules in retinal vascular permeability and macular edema [69].

Early studies, such as those by Nasrallah et al. [70], highlighted the importance of the
vitreous in DME. A significant relationship between PVD and the absence of macular
edema was found, suggesting that vitreous detachment plays a key role in DME resolu-
tion. Further research indicated that spontaneous resolution of macular edema occurred
in a higher percentage of eyes with PVD compared to those without PVD. However, in
eyes requiring anti-VEGF treatment, those with vitreomacular adhesion (VMA) showed
greater VA improvements than those with complete PVD, possibly due to prolonged
clearance of anti-VEGF molecules in eyes with VMA [71]. The posterior hyaloid’s separa-
tion from the macula during PVD formation improves retinal oxygenation and reduces
the reservoir of cytokines and angiogenic mediators near the macula.

The posterior hyaloid acts as a scaffold for neovascular growth due to its tight
adhesions with retinal blood vessels, while the internal limiting membrane (ILM)
supports glial proliferation, contributing to persistent macular edema and recurrent
epiretinal membrane (ERM). According to Kang et al. [50], the incidence of new
ERM formation is approximately 9.5% in DR. Significant vitreomacular traction
(VMT) may necessitate pars plana vitrectomy (PPV) and ERM removal for eyes
with suboptimal response to anti-VEGF or DEX implants, as recommended by the
European Society of Retina Specialists (EURETINA) guidelines for DME eyes with
anteroposterior traction [72]. Vitrectomy has been shown to reduce central subfield
thickness and improve VA in such cases. The DRCR Protocol D offered vitrectomy to
patients with DME and VMT, achieving a reduction of central subfield thickness to
less than 250 pm in almost half of the eyes and a mean gain of 5 letters in visual acuity
at 6 months [73]. Figure 6 shows the thick posterior hyaloid and ERM formation in
diabetic eyes.

Figure 6.
(a) The presence of a thickened posterior hyaloid (ved arrow) and (b) the formation of an epiretinal membrane
(yellow dashed arrow) in patients with diabetic retinopathy.
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2.3 Choroidal biomarkers

The choroid plays a critical role in supplying blood to the photoreceptor cells and
the RPE, receiving approximately 95% of ocular blood flow and serving as the primary
source of oxygen and nutrients for the outer retina. The involvement of the choroid in
DR was first evidenced through histopathological studies, which revealed increased
arteriosclerosis and periodic-acid Schiff (PAS) positive material within the arterial and
capillary walls of diabetic eyes [74]. The term “diabetic choroidopathy” was later intro-
duced by Hidayat et al. [75] in 1985, based on their description of histopathological find-
ings in seven enucleated eyes suffering from late complications of diabetes. Choroidal
impairment in DR can lead to photoreceptor dysfunction and death, as well as damage to
the choriocapillaris (CC), which impairs the clearance of waste products from the RPE
cells, resulting in their accumulation at Bruch’s membrane.

The advent of advanced imaging technologies, such as enhanced depth imaging
(EDI)-OCT and swept-source (SS)-OCT, has significantly improved the visualization
and measurement of the choroidal vasculature. These technologies enable detailed
examination of choroidal structure and provide reproducible measurements of
choroidal thickness. Recently, investigations have focused on the subfoveal choroidal
thickness (SFCT), choroidal vascularity index (CVI), and hyperreflective choroidal
foci (HCF) as potential biomarkers for DR. These biomarkers offer new insights into
the pathophysiology of DR and could contribute to the development of more effective
diagnostic and therapeutic strategies.

2.3.1 Subfoveal choroidal thickness

Subfoveal choroidal thickness (SFCT), measured from the outer edge of the RPE to
the inner sclera on EDI-OCT, may serve as a potential marker for choroidal vascular-
ity. However, there is consensus about the SFCT findings in DR. While some studies
found thicker SFCT in diabetic patients compared to controls, regardless of DR or DME
severity, others linked thicker SFCT with increased DR severity and DME presence [76].
Conversely, some studies noted reduced SFCT associated with DME and DR severity
[77, 78]. The relationship between choroidal thinning and DR is unclear, as it is not
known whether choroidal thinning occurs before the onset of DR or is a consequence of
DR-related alterations. Choroidal vasculature alterations may precede DR in diabetes
[79, 80]. Choroidal thickening in diabetic eyes may result from vascular hyperperme-
ability due to elevated nitric oxide (NO) and VEGEF levels [81]. SFCT reduction following
anti-VEGF therapy supports VEGF’s role in choroidal thickening [82]. These discrepan-
cies between the studies may stem from differences in study design, patient demograph-
ics, and racial backgrounds. Various confounding factors, including age, sex, axial length
(AL), and treatment history, influence choroidal thickness [83]. Standardizing measure-
ment times in future studies is crucial due to significant diurnal variation [84].

The predictive value of SFCT for treatment response in DME is inconclusive.
A thicker baseline SFCT was shown to be correlated with favorable functional and
anatomical results with DEX implant and anti-VEGF treatment [85]. On the other
hand, Campos et al. [86] showed that baseline SFCT decreased with anti-VEGF treat-
ment but did not predict DME outcome. Moon et al. [85] reported that greater SFCT
reduction with DEX implant was associated with greater VA gain and CST reduction.
Several other studies also showed that anti-VEGF and DEX treatments consistently
reduce choroidal thickness, though the extent of reduction does not correlate with
treatment outcomes [87, 88].
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2.3.2 Choroidal vascularity index

Given the numerous confounding factors and diurnal variations affecting SFCT,
areproducible quantitative analysis of choroidal vascularity is necessary. CVIisa
newly developed metric in OCT that quantifies the vascular condition of the choroid
and has been recently presented as a novel biomarker for monitoring the course of
DR [89]. Studies have shown that while choroidal thickness is unaltered in DR, CVI
correlates with progressing DR [90]. Comparing diabetic eyes and healthy ones, a
study by Keskin et al. [91] found that CVI tends to be lower in diabetic patients with
or without DR compared to healthy controls. CVI can be affected by the severity of
DR. According to Kim et al. [92], CVI declined as DR advanced to PDR. In the mild/
moderate NPDR group, SFCT was higher, and CVI was significantly lower compared
to the no DR group. The status of CVI also affects the treatment response, as DME
eyes with higher baseline CVI are more likely to achieve at least a 5-letter gain in VA
with anti-VEGF treatment [93].

2.3.3 Hyperreflective choroidal foci

Hyperreflective choroidal foci (HCF) are typically dot-like or round, regular
lesions in the choroid. According to a study by Roy et al. [94], the first to define HCF,
these lesions are likely composed of migrated hyperreflective retinal foci (HRF), as
all eyes with HCF also had HRF. In that study, eyes with HCF had significantly worse
VA and higher mean CFT compared to those without HCF, indicating that HCF is
associated with greater severity of DR and poorer visual outcomes. Another study by
Saurabh et al. [95] found that the presence of HCF is associated with poorer initial VA
and may also be indicative of worse final visual outcomes. In a retrospective longi-
tudinal study, Szeto et al. [29] found that nearly half of the eyes with baseline HCF
experienced a decrease in HCF numbers following treatment, with greater improve-
ments in VA compared to those without a reduction in HCF.

3. OCT angiography biomarkers of diabetic retinopathy

OCTA functions by monitoring the movement of red blood cells (RBCs) over time
through volumetric OCT scans. Repeated scans at each B-scan position enable the
detection of motion contrast, which corresponds to blood flow, the primary expected
motion in retinal vessels [5]. Unlike FFA, OCTA does not reveal vascular leakage.
Also, the limited field of view restricts OCTA’ utility as a screening tool. On the other
hand, it has several advantages, such as being non-invasive, having more rapid data
acquisition, and thus facilitating more frequent and faster monitoring. Furthermore,
OCTA can generate three-dimensional (3D) images that reveal the depth of struc-
tures, allowing for the observation of specific capillary networks. This capability pro-
vides important quantitative information about the microvasculature of the retina.
Enhanced software algorithms generate images of the superficial capillary plexus
(SCP) and deep capillary plexus (DCP), and users can further refine segmentation
to visualize additional layers, such as the intermediate capillary plexuses (ICPs), thus
revealing pathologies not detectable with traditional dye-based angiography.

Various OCTA scan protocols cater to different clinical and research needs, utiliz-
ing a consistent 304 x 304 B-scan framework. The 3 x 3 mm scan, due to its increased
density in comparison to the 6 x 6 mm and 12 x 12 mm scans, provides enhanced
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resolution, leading to a more accurate identification of findings. Hirano et al. [96]
conducted a study in which they analyzed three different scan sizes (3 x 3 mm,

6 x 6 mm, and 12 x 12 mm) to compare retinal parameters between patients with

DR and individuals without the disease. DR patients exhibited markedly reduced
perfusion density (PD), vascular length density (VLD), and fractal dimensions (FDs)
across all scan sizes and retinal layers. The swept source (SS)-OCTA images, sized 3 x
3 mm, clearly showed notable variations in these measurements between NPDR eyes
with and without DME in the deeper layers of the retina. The discrepancies were not
detected in the 6 x 6 mm and 12 x 12 mm SS-OCTA images. Another study compar-
ing 3 x 3 mm and 6 x 6 mm OCTA scans for evaluating NPDR found that 3 x 3 mm
scans better delineated the FAZ and detected vascular remodeling due to higher scan
density [97]. Conversely, 6 x 6 mm scans were more sensitive in detecting MAs due to
their larger scan area (Table 2).

3.1 Foveal avascular zone

The human foveola, characterized by its absence of rods and maximum density
of cone photoreceptors, is crucial for central vision. This region, known as foveal
avascular zone (FAZ), lacks vasculature and overlying inner retinal tissue, which
minimizes light scattering and enhances optical quality. In healthy eyes, the FAZ area
varies widely, ranging from 0.071 mm? to 0.527 mm” [98].

In DR, the FAZ is shown to be enlarged due to capillary loss in adjacent vessels,
with a larger FAZ linked to thinner SFCT, lower body mass index (BMI), shorter AL,
and more severe DR [99]. In addition to the FAZ area, metrics, such as FAZ perim-
etry, radius, and circularity, are employed for the evaluation of FAZ. FAZ circularity,

OCTA metric

Description

Foveal Avascular Zone
(FAZ) area

Measurement of the FAZ size in mm?

Foveal Avascular Zone
(FAZ) circularity

A quantitative representation of the extent to which the FAZ resembles a perfect
circle

Non-perfusion Area
(NPA)

Area of absent blood flow

Vessel Density (VD) Total area of perfused vasculature per unit area indicating the extent of blood flow
within a given area. Similar to perfusion density

Vessel Length Density Percentage of the total vascular length divided by the total area

(VLD)

Vessel Skeleton
Density (VSD)

Density of binarized vessel network evaluating the density of the simplified,
skeletonized representation of the vessel network

Vessel Diameter Index
(VDI)

The average vessel caliber of blood vessels is represented by the area occupied by a
blood vessel from the binarized picture throughout the entire length of the vessel
from the skeletonized image

Fractal Dimensions

(FDs)

A mathematical parameter used to describe the complexity of blood vessels

Intercapillary Spaces

Space between adjacent capillaries

Table 2.
The detailed explanation of the metrics used in Optical Coherence Tomography Angiography for evaluating
vetinal vascular health.
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which refers to its similarity to a perfect circle, can provide more informative insights
into disease-induced microvascular changes compared to merely considering the FAZ
area. Obstruction of the innermost capillaries around the fovea causes the FAZ to
become irregular, making FAZ circularity a marker for capillary dropout and macular
ischemia. A study by Tang et al. [99] found that worsening DR is significantly associ-
ated with an enlarged FAZ area, decreased FAZ circularity, lower vessel density (VD),
and reduced FD in the SCP, as well as an enlarged FAZ area and lower VD in the

DCP. A larger FAZ correlates with the presence of DRIL and poorer visual outcomes
[100]. Furthermore, abnormalities in the FAZ have been observed in diabetic patients
without clinical DR. De Carlo et al. [101] demonstrated significant FAZ enlargement
in these patients compared to non-diabetic individuals. Nevertheless, the evidence
remains equivocal, since several studies validate the FAZ enlargement as a biomarker
in DR, while others indicate no significant correlation between FAZ and the severity
of DR [102, 103]. Figure 7 shows the enlarged FAZ area with decreased FAZ circular-
ity as well as presence of MAs.

3.2 Non-perfusion areas

Non-perfusion areas (NPAs) are markers of vascular damage and retinal ischemia,
and although not currently included in the grading of DR, they hold predictive
potential for the progression from NPDR to PDR [104]. As DR advances, the extent
of NPA increases. OCTA appears to outperform FFA in visualization of these regions,
frequently detecting non-perfusion in areas that FFA identifies as perfused, probably
attributed to slow blood flow.

NPA in all three retinal plexuses, including SCP, ICP, and DCP, has a correlation
with intraretinal microvascular abnormalities (IRMAs) and neovascularization
[105]. A study involving 122 individuals with NPDR from type 2 DM (T2DM) found
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Figure?7.
Enlavged FAZ avea with decreased FAZ circularity (ved dashed circle) and the presence of MAs (yellow arrows)
(Courtesy of Ali Osman Saatci, MD).
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a significant association between retinal neurodegeneration, thinning of the retinal
GCC, and increased retinal NPA [106]. This highlights the clinical value of NPA asa
marker for tracking DR progression.

3.3 Vessel density

Vessel density (VD) is a measure of retinal microvasculature perfusion, calculated
by dividing the area of blood vessels by the total measured area in binarized images.
VD is influenced by age, gender, retinal layer thickness, and is highly correlated with
signal strength [107, 108].

Notably, diabetic patients without DR exhibit a decrease in VD in both SCP and
the DCP. Santos et al. [109] reported that eyes with preclinical retinopathy show early
retinal capillary closure, predominantly within the SCP, resulting in decreased VD. These
findings suggest that initial retinal microvascular changes in type 2 DM are characterized
by capillary closure or reduced blood flow, primarily within the SCP, corroborating the
results of de Carlo et al. [101] Conversely, some studies emphasize a significant decrease
in VD in the DCP more than in the SCP. Veiby et al. [110] found that lower VD in the DCP
was the only significant OCTA factor associated with the progression of NPDR. The sus-
ceptibility of DCP to ischemic damage, due to its location in a watershed zone adjacent
to the high oxygen demands of the OPL, is supported by histologic studies indicating its
vulnerability to injury [111]. Tang et al. [99] observed that lower VD was associated with
shorter AL, worse VA, and more severe DR, with decreased VD in the DCP correlating
with VA deterioration, implying that DCP VD reflects capillary loss in patients with
DME. Additionally, the ICP VD and flow index decrease, and the area of non-perfusion
increases with DR progression, paralleling changes in the DCP [112].

The extent of DCP loss and OPL disruption in DME can predict responsiveness to
anti-VEGF treatment, with decreased VD in the DCP indicating worse VA and reflect-
ing capillary loss in patients with visual impairment due to DME [113].

3.4 Choriocapillaris

Choroidal circulation supplies oxygen and nutrients crucial for the choroid
and outer retina. Traditional dye-based angiography has limitations in measuring
choroidal blood flow. OCTA offers promise in visualizing and quantifying choroidal
vasculature, particularly the CC. Nevertheless, commercial OCTA systems frequently
do not possess adequate resolution to quantify the highly packed CC in the posterior
pole, where the distances between capillaries (5-20 pm) are greater than the lateral
resolution of OCT (15-20 pm). To address this, researchers propose using flow deficit
analysis to assess CC perfusion, where flow deficits indicate areas with inadequate or
below-detectable CC flow by OCT systems [114]. Studies, such as by Dai et al. [103],
have noted increased CC flow deficits in diabetic eyes without retinopathy compared
to age-matched healthy controls. This reduction in CC flow may precede macular flow
changes, suggesting it could serve as an early marker for microvascular dysfunction
in diabetes. Histopathological studies have similarly observed more pronounced CC
dropouts postmortem in diabetic individuals compared to non-diabetic subjects [115].

3.5 Vessel length density

Vessel length density (VLD), also known as skeleton density (SD), enhances VD
by quantifying the total length of vessels without regard to their diameters [116].
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Unlike VD, which assesses vessel presence per unit area, VLD assigns equal weight to
large vessels and small capillaries, each represented as single-pixel lines. Therefore,
VLD is particularly sensitive to changes in capillary-level perfusion compared to VD.
Therefore, VLD is considered a more refined metric for evaluating microvascular
perfusion dynamics [96].

3.6 Vessel tortuosity

Retinal vessel tortuosity quantifies the curvature integral normalized by the
vessel’s total path length. Initially assessed via computer-assisted programs on fundus
photographs, increased vessel tortuosity has been observed in diabetic patients
compared to healthy controls [117].

3.7 Microaneurysms, intraretinal microvascular abnormalities, and
neovascularization

Microaneurysms, clinically identified as deep-red dots ranging from 25 to
100 pm in diameter on ophthalmoscopy, are often the earliest visible signs of DR.
Studies have linked increased MA count and turnover with higher risks of DR pro-
gression and DME [118]. Using OCTA, Thompson et al. [119] demonstrated supe-
rior detection of MAs compared to dilated clinical examination alone, highlighting
OCTA’s depth-resolved capability in precisely localizing these lesions. However,
OCTA may not detect all MAs seen on FFA, possibly due to slow blood flow rates
or turbulence within MAs [120]. Parravano et al. [121] integrated OCT and OCTA
parameters to study MA progression and its impact on retinal extracellular fluid
accumulation over one year in NPDR patients. They found that hyperreflective
MAs at baseline were significantly associated with increased fluid accumulation,
emphasizing OCTA’ potential for predicting disease progression and guiding
treatment timing in DME. Studies, including those by Park et al. [122], have
identified MAs across all retinal plexuses, with a predilection for originating from
the DCP over the SCP. This suggests that initial DR changes may originate more
frequently from the DCP [121].

In severe NPDR, IRMA is a hallmark according to the Early Treatment Diabetic
Retinopathy Study (ETDRS). OCTA, combined with conventional OCT B-scan,
provides both en face and cross-sectional views, aiding in the differentiation of
IRMA from NV [123]. IRMAs appear on OCTA as anomalous, branched, dilated
retinal vessels that remain confined within the retina without protruding into the
vitreous [124]. On the other hand, NV typically shows supraretinal flow crossing
membranes and extending into the posterior hyaloid, thereby enhancing diagnos-
tic accuracy. Recent studies demonstrate OCTA’ capability to detect early N'Vs,
classify lesions, and understand their morphological patterns in PDR [123, 125].
Longitudinal studies using OCTA, such as by Motulsky et al. [126], monitor
NV progression and treatment response in PDR, noting decreased flow within
NV post-treatment with anti-VEGF and/or panretinal photocoagulation (PRP).
Comparisons with FFA, as seen in a study by Russell et al. [127], reveal OCTA’s
superior visualization of NV dynamics pre- and post-PRP treatment [128, 129].
These findings suggest OCTA could become the primary imaging tool for manag-
ing NV in PDR, showcasing its potential in assessing treatment outcomes following
PRP. Figure 8 presents an OCTA image of the optic disk, revealing severe NV in a
patient with PDR.
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Figure 8.
OCTA image of the optic disk in a patient with PDR demonstrating the presence of an extensive NV (Courtesy of
Ali Osman Saatci, MD).

3.8 Fractal dimension and lacunarity

Fractal dimension (FD) quantifies vascular complexity by analyzing skeleton-
ized images through the box-counting method. Studies by Bhardwaj et al. [130] and
Kim et al. [131] reveal significantly lower FD values in DR eyes compared to healthy
controls, particularly in the SCP, with FD decreasing as DR severity worsens. Serra
etal. [132] demonstrate that eyes with peripheral NPAs exhibit lower FD and higher
lacunarity (LAC) in both SCP and DCP, correlating with the extent of NPAs.

Reduced FD values are associated with increased LAC, suggesting compromised
perfusion in the peripheral retina. This condition may contribute to diabetic micro-
angiopathy, promoting NPAs and triggering inflammatory responses via cytokine
release and VEGF activity. Higher LAC values indicate larger and more irregularly
distributed lacunae, characteristic of severe DME observed on OCTA [133]. Fan et al.
[134] found that FD of the entire retina correlates strongly with the extent of periph-
eral retinal ischemia in DR. These findings underscore the utility of fractal analysis
in objectively assessing microvascular changes and their systemic implications in
diabetic retinal diseases.

3.9 Intercapillary spacing

Intercapillary spacing has emerged as a sensitive indicator for early capillary drop-
outs and ischemic regions in DR. Bhanushali et al. [135] showed intercapillary spacing
as more sensitive parameter than VD and FAZ to detect NPA. Mendes et al. [136]
demonstrated that abnormal intercapillary spaces effectively distinguished eyes with
DR from controls across different ETDRS severity stages. However, the reliability of
this metric is influenced by the quality of binarized en face slab images, exhibiting
greater variability compared to measures such as VD and FAZ.
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3.10 Suspended scattering particles in motion

Suspended scattering particles in motion (SSPiM) are OCTA detected signals
found within retinal fluid pockets near vascular-avascular junctions, predominantly
in the Henle fiber layer [137]. These signals are not exclusive to DME but are also
present in other exudative maculopathies. Their formation is attributed to extrava-
sated lipids, and their presence may decrease as hard exudates develop in some
patients [138].

3.11 Diabetic macular edema

OCTA metrics associated with DME include lower VD in the SCP, diminished per-
fusion in the DCP, increased flow deficit in the CC, as well as altered FAZ character-
istics, such as increased area and decreased circularity [139]. ICS, visualized as round
black flow voids on OCTA, are more prominent in the DCP than in the SCP. These
cystic areas, often surrounded by NPA in chronic DME, suggest underlying ischemia
preceding the development of edema. MAs within the DCP are also implicated in
DME pathogenesis [140]. OCTA-based biomarkers, including FAZ dimensions and
VD across multiple capillary plexuses, aid in diagnosis, prognosis, and monitoring of
VA in response to treatment. Studies indicate that a higher number of MAs within the
DCP and alarger FAZ area correlate with poorer response to anti-VEGF treatment in
DME cases [141].

OCTA has practical limitations in evaluating DME, such as segmentation errors
due to retinal edema and signal intensity reduction due to fluid accumulation in
deeper retinal layers [142]. Furthermore, discrepancies between OCTA flow voids
and actual cystic spaces are noted, as fluid may compress vessels, reducing flow below
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Figure 9.

OCTA image of a patient with severe diabetic macular edema (DME) showing intraretinal cysts (ICS) in
both the superficial capillary plexus (SCP) and the deep capillary plexus (DCP) (Courtesy of Ali Osman
Saatci, MD).
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OCTA detection limits [143]. Lee et al. [144] addressed segmentation challenges by
manually adjusting the SCP/DCP boundary in severe DME cases, revealing significant
DCP damage, particularly in poor responders to anti-VEGF therapy. This underscores
the critical role of DCP integrity as a biomarker for treatment response prediction in
DME. Longitudinal studies, such as those by Sun et al. [139], highlight the predictive
value of SCP VD in identifying individuals at risk of developing DME over time. As
OCTA technology advances and more studies are conducted, its role in the compre-
hensive management of DME is expected to expand significantly. Figure 9 shows the
OCTA image of a patient with severe DME.

4, Conclusions

In conclusion, OCT and OCTA provide valuable insights into the pathophysiol-
ogy, diagnosis, and management of DR and DME. OCT biomarkers offer critical
information on disease severity, prognosis, and treatment response. Similarly, OCTA
metrics enhance our understanding of microvascular changes in DR. These biomark-
ers facilitate early detection, precise monitoring, and tailored therapeutic strategies,
ultimately improving visual outcomes for patients with DR and DME. The integration
of OCT and OCTA in clinical practice underscores their indispensable role in advanc-
ing diabetic eye care, offering non-invasive, high-resolution imaging that supports
comprehensive disease management. Future research should continue to refine these
biomarkers, address current limitations, and explore their full potential in enhancing
patient care and outcomes.
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Zhengwei Zhang and Liang Zhou

Optical Coherence Tomography (OCT) imaging technology has become an essential
component of ophthalmic examinations globally. Its range of applications and analytical
capabilities are continuously expanding and optimizing as the understanding among
ophthalmologists worldwide advances. It is crucial to recognize that OCT technology
is not only exceptionally beneficial for the objective assessment of retinal structure
and function but also plays a significant role in evaluating the anterior segment,
including the anterior chamber angle, lens, and cornea. When integrated with surgical
microscopes, OCT is vital for optimizing surgical decision-making and refining
intraoperative strategies. Nonetheless, every ophthalmologist must be cognizant of
the limitations associated with OCT, such as imaging range, depth, and penetration
capabilities. In this era of rapid technological advancement, integrating multimodal
OCT imaging with artificial intelligence is poised to showcase substantial advantages.
This combination facilitates objective and accurate diagnoses and significantly enhances
diagnostic and therapeutic efficiency, optimizing the overall treatment process.
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