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Abstract

Retinal neurodegenerative diseases such as glaucoma, age-related macular degeneration
(AMD), diabetic retinopathy, and retinitis pigmentosa affect millions of people worldwide
and pose a significant burden on public health and the economy. Glaucoma, impacting
approximately 80 million people globally, is a leading cause of irreversible blindness. In
2019, an estimated 19.8 million Americans (12.6%) were living with AMD, of which about
1.49 million people faced vision-threatening conditions. An estimated 9.6 million people
were living with diabetic retinopathy in 2021, with about 1.84 million of them experiencing
vision-threatening stages. In the United States alone, vision impairments- including those
resulting from these retinal diseases- cost an estimated $139 billion annually.

Retinal neurodegenerative diseases not only cause progressive damage to the retinal
morphology and vascular network, but also cause acute and transient metabolic, phys-
iological, and blood flow changes at the early stages of the disease development which
become permanent and chronic at the advanced stages of the disease. Neurovascular Cou-
pling (NVC) refers to the transient vasodilation and increased retinal blood flow resulting
from the increased metabolic activity of retinal neurons in response to visual stimulation.

Over the past few decades, a range of imaging techniques from clinical ophthalmoscope
and confocal microscopy to adaptive optics scanning laser ophthalmoscope and optical
coherence tomography (OCT) have been used ex vivo and in vivo to study components
of the neurovascular coupling and its underlying mechanisms. Techniques such as Laser
Doppler Velocimetry, Optical Coherence Tomography Angiography (OCTA), and Doppler
Optical Coherence Tomography (D-OCT) have been used to observe the vascular responses
of the retina caused by visual stimulation. Additionally, Electroretinography (ERG) has
been widely used in clinical settings to evaluate the electrical activity of the neuronal retina.
More recently, an optical equivalent to ERG, Optoretinography (ORG) was developed and
OCT technology, imaging protocols, and image processing algorithms were designed to
conduct OCT-based ORG studies in the human and animal retina. However, most of the
Doppler OCT, OCTA, and ORG studies have examined components of the neurovascular
coupling separately, potentially overlooking the dynamic interactions and comprehensive
responses inherent in neurovascular coupling.

OCT, which acquires simultaneously both intensity and phase information, is particu-
larly well-suited for investigating neurovascular coupling in the retina, as it enables a com-
pletely non-invasive approach for simultaneous monitoring of retinal blood flow dynamics
and neuronal responses. The integration of a commercial ERG system with a research-
grade OCT modality adds further value by offering easy control of the visual stimulus,
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use of clinically established ERG protocols designed to elicit responses from specific types
of retinal neuronal cells, and using the ERG recordings to validate the visually-evoked
neuronal responses. The main objectives of this PhD thesis were:

• To develop a combined OCT+ERG imaging system to conduct in vivo and simulta-
neously morphological and functional imaging that can be utilized for investigating
neurovascular coupling in the human retina.

• To evaluate the performance and capabilities of the OCT+ERG system, imaging
protocols, and image processing algorithms by conducting a pilot study on healthy
human subjects.

• To utilize the OCT+ERG technology to explore the neurovascular coupling mech-
anisms in the healthy human retina by extracting vascular and neuronal responses
from different retinal layers simultaneously.

• To examine the effects of different wavelengths and flicker frequencies on the dynamic
retinal blood flow changes evoked by visual stimulation, providing deeper insights into
the mechanisms of neurovascular coupling.

Results from this PhD research have been summarized in three manuscripts that are
either under review or under preparation for submission. Therefore, this PhD thesis was
prepared in such a way that individual manuscripts represent separate thesis chapters.
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Chapter 1

Introduction

1.1 Motivation

The human eye serves as a gateway to the outside world, allowing us to experience the
beauty of our surroundings. The optics of the anterior segment of our eyes focus light
and create an image of the visual world onto a layer at the posterior segment of the eye,
called the retina. In a way, the retina can be considered as the sensor of a high-resolution
camera, converting the optical image into electrical neural impulses that are transmitted
to the brain, creating visual perception.

The retina is a light-sensitive tissue composed of various specialized cells called neurons,
which also serve as the fundamental units of the brain [1]. During embryonic development,
the retina and the optic nerve originate from the same tissue as the central nervous system,
making the retina an extension of our brain [2]. This unique relationship between the
retina and the brain has led to the retina being referred to as ‘the window to our brain’ [3].
The retina is also highly vascularized, with the anterior portion of the retina nourished
by surface blood vessels originating from the optic nerve head and the posterior retina
supported by the choroidal vasculature [4–8].

Functional Hyperemia, first described by Roy and Sherrington in 1890 in the brain [9],
refers to the dilation or constriction of blood vessels and the subsequent increase or de-
crease in blood flow in response to neuronal metabolic demands [10]. In the retina, this
process is referred to as neurovascular coupling, which reflects the relationship between the
stimulus-evoked changes in the neuronal function and the corresponding changes in the lo-
cal blood vasculature (transient blood flow increase or decrease and dilation or constriction
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Figure 1.1: Neurovascular Coupling in the Retina. (A) Neurovascular unit depicting the
different neuronal and glial cells involved in the process; figure prepared in BioRender,
referenced from Haider et. al., Biomolecules, 2022. (B) Schematic showing the process
involved in Neurovascular Coupling: Stimulus causes neuronal activation, leading to in-
creased metabolic activity and increased oxygen and glucose demands in the tissue, which
leads to increased release of vasoactive chemicals causing vasodilation of retinal blood ves-
sels and an increase in the retinal blood flow (RBF).

of the blood vessels) [11–15], as depicted in Figure 1.1, which is referenced from [16, 17].
Neurovascular coupling is crucial for maintaining retina health, ensuring that the metabolic
demands of the neurons are met by providing appropriate amounts of nutrients and oxygen
through blood flow adjustments [7, 18,19].

Retinal neurodegenerative diseases, such as glaucoma [20–22], age-related macular de-
generation [23, 24], retinitis pigmentosa [25–29], and diabetic retinopathy [30–32], are
known to induce both morphological as well as physiological changes in the retina [7].
It is hypothesized that these conditions impair retinal autoregulation and neurovascular
coupling, furthering the disease progression [7, 31].

Over the years, numerous imaging modalities have been employed to visualize and
quantify ocular blood flow in vivo. Techniques such as Fundus Photography [33,34], Laser
Doppler Flowmetry (LDF) [35, 36], Laser Doppler Velocimetry (LDV) [11, 37–39], Scan-
ning Laser Ophthalmoscope (SLO) [40, 41], Fluorescein Angiography (FA) [42–44], and
Indocyanine Green (ICG) Angiography [45, 46] have been instrumental in advancing our
understanding of retinal blood circulation.

Fundus Photography allows for the visualization of the retina and the vasculature nour-
ishing its anterior segment [34]. It can be used to detect changes in the retinal structure
and vasculature, especially evident at the later stages of retinal neurodegenerative diseases.
Retinal Vessel Analyzers, which often utilize a Fundus Camera, enable the measurement of
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retinal blood vessel diameters directly from the fundus photographs, and have been widely
used in past studies [15, 47]. While this imaging technology has a compact and relatively
simple optical design and has been used for clinical examination of the retina for nearly a
century, this technology provides only en face view of the retina with limited spatial resolu-
tion [48]. FA and ICG Angiography techniques are used for retinal examination, and both
techniques utilize a contrast agent- fluorescein and indocyanine green dye, respectively- to
visualize and derive qualitative information about the ocular blood flow and blood perfu-
sion [42]. FA is used to contrast retinal blood vessels [43, 44]. ICG, on the other hand,
absorbs light in the near-infrared (NIR) region where tissue scattering is lower, allowing
for imaging of the choroidal vasculature [45, 46]. While these techniques are effective for
visualizing retinal and choroidal vasculature, they rely on the administration of contrast
agents, making them invasive and not suitable for routine procedures [49, 50]. Moreover,
they lack direct derivation of quantitative information on retinal blood flow, which is an
important marker for some disease detection.

LDF is a non-contact and label-free technique used in ophthalmology to measure retinal
blood flow [37]. This technique is based on the principle of Doppler shift, where the
frequency of light scattered by the moving blood corpuscles in the retinal vessels differs from
that of the surrounding static tissue. By analyzing these frequency shifts, LDF provides
relative quantitative information about particle concentration and blood flow, often used
for assessing tissue perfusion [35, 36]. Similarly, LDV is a technique used for assessing the
local retinal blood velocity [38]. While both of these methods provide valuable quantitative
information, they can be time-consuming and may not be practical for routine clinical use.

Optical Coherence Tomography (OCT), first reported in 1991, has emerged as an al-
ternative imaging modality that offers in-vivo, non-contact, non-invasive, high-resolution,
and volumetric imaging capabilities [51]. With its ability to provide high cellular-level
resolution and high-speed acquisition, OCT technology is being increasingly used in both
clinical practices and research settings for retinal assessment and diagnosis [52,53]. Impor-
tantly, OCT can simultaneously capture neuronal responses and associated blood vessel
changes, making it an ideal tool for studying neurovascular coupling [54]. For almost two
decades, it has been extensively used to measure retinal blood flow in vitro [55–57] and
in vivo [58–64]. Functional extensions of OCT, such as Doppler OCT (D-OCT) [65–67],
and Optical Coherence Tomography Angiography (OCTA) [68–72], enable the observation
of stimulus-evoked retinal blood flow changes, while phase-resolved methods facilitate the
detection of neuronal changes [73–88]. However, most of these studies have relied on se-
quential experiments to examine these neurovascular components separately, potentially
overlooking dynamic, real-time interactions between neuronal and vascular responses.

Optoretinography (ORG) is the optical equivalent of electroretinography(ERG), which
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is a clinically established method for electrical recordings of the responses of retinal neu-
rons to visual stimulation. The use of OCT for non-invasive, optical recording of visually
evoked neuronal changes was first proposed by Bizheva and the proof-of-principle was
demonstrated in vitro in animal tissue where OCT and ERG data were acquired syn-
chronously [89]. With advances in camera and laser technologies, over the past 20 years
different OCT system designs were developed for ORG recordings of visually evoked neu-
ronal activity in the human and animal retina: point scanning Spectral Domain OCT [81],
AO-OCT [76,77], Full-Field SS-OCT [74,83,85,88] and Line-Field -SD-OCT [78,84]. While
majority of the ORG data was acquired mostly from healthy retinas, most recent studies
have explored changes in the ORG signal related to retinal diseases [28].

The primary objective of this thesis research is to explore the applications of OCT to
investigate neurovascular coupling in healthy human retina. With its high resolution and
ability to provide volumetric information, OCT enables the recording of stimulated neurons
as well as the associated vascular response from the same dataset, thus offering invaluable
insights into neurovascular coupling. The specific goals outlining this PhD research are:

• To investigate neurovascular coupling in the healthy human retina using a combined
OCT and electroretinography (ERG) system.

• To measure retinal blood flow changes in the optic nerve head in the healthy human
retina in response to white-light flicker stimulation.

• To characterize the cone and rod responses and the related retinal blood flow changes
in the human retina using colored flicker stimulation (red, green, and blue).

To fully understand the mechanisms of neurovascular coupling and the stimulus-evoked
blood flow changes in the retina, it is crucial to appreciate the intricate structure of the
retina. Each of the retinal layers performs different functions and is composed of different
cell types, which together contribute to the complex process of visual perception. The
interaction between cells in these layers plays a key role in regulating blood flow in response
to increased neuronal activity due to visual stimulation. A detailed understanding of
these retinal layers and the complex retinal vascular supply is, therefore, fundamental to
understanding how neuronal stimulation and vascular responses are coordinated within the
retina.
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1.2 Retinal Layers

The human retina, the innermost layer of the vertebrate eye, contains photosensitive pig-
ments essential for the detection of light [90, 91]. It is a highly organized, multi-layered
tissue, as shown in Figure 1.2, that transforms light into neural signals [1,92]. The neural
retina is composed of several layers of neuronal cells interconnected by synapses and is
supported by an outer layer of pigmented epithelium. Each layer of the retina plays a
specific role in visual processing and interaction with blood vessels [91]. From the farthest
to the closest from the vitreous body, they are [90]:

1. Retinal pigment epithelium (RPE): This is the outermost layer of the retina
and the closest to the choroid. It is formed of a single layer of cuboidal epithelial
cells and provides support and nourishment to the neural retina. The pigment in this
layer prevents light reflection throughout the globe of the eyeball, thereby playing an
important role in clear vision. RPEs also play a crucial role in recycling the cellular
debris from the photoreceptors via the choroidal blood vessels. Damage to the RPEs
in diseases like AMD leads to the accumulation of cellular waste in the retina, causing
degeneration of photoreceptors.

2. The inner segment and outer segment (IS/OS) of the photoreceptors: This
is the layer where the inner and the outer segments of the photoreceptors, the rods
and the cones, lie. The rods are mainly responsible for night vision and are easily
saturated in the daylight or any bright light, whereas cones provide color vision.

- The outer segments of the photoreceptors contain a specialized photopigment
called the rhodopsin. Rhodopsin consists of a protein ‘Opsin’ and a chromophore
‘Retinal’. Retinal absorbs photons of light and triggers a biochemical process
called phototransduction. Humans have four different opsins, one found in the
rods and the other three found in cones responding to small, medium, and long
wavelengths, corresponding to the S, M, and L cones.

- The inner segments of the photoreceptors contain the densely packed mito-
chondria that generate energy for the photoreceptors.

3. External Limiting Membrane (ELM): This layer has a network-like structure
that separates the inner segment portions of the photoreceptors from their cell somas.

4. Outer Nuclear Layer (ONL): This layer contains the cell bodies (somas) of the
photoreceptors, housing their nuclei and essential organelles for cellular function.
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5. Outer Plexiform Layer (OPL): This is a layer of dense network of neuronal
synapses in the retina. Here, the rod spherules and the cone pedicles meet the
dendrites of the horizontal, bipolar, and amacrine cells. Retinal bipolar cells transmit
signals, directly or indirectly (via Amacrine cells), from the photoreceptors to the
ganglion cells. Amacrine cells work laterally and help integrate, modulate, and adjust
the timing of the ganglion cell output of the retina. Horizontal cells integrate and
regulate input from multiple photoreceptors, contributing to the processing of visual
signals through lateral inhibition, which enhances contrast.

6. Inner Nuclear Layer (INL): This layer contains the somas of the bipolar, hori-
zontal, and amacrine cells. Cell bodies of Müller cells also lie in this layer.

7. Inner Plexiform Layer (IPL): This layer, like the OPL, contains synapses between
different types of neurons. Here, bipolar cell axons form synapses with the ganglion
cell dendrites. The IPL is formed of 5 sublayers depending on the different types of
bipolar cells forming synapses with ganglion cells.

8. Ganglion Cell Layer (GCL): This layer contains the cell somas of the ganglion
cells.

9. Nerve Fiber Layer (NFL): This layer is composed of the ganglion cell axons, that
are bundled together and protected with a myelin sheath to form nerve fibre bundles
and the optic nerve head (ONH).

10. Inner Limiting Membrane (ILM): This is a basement membrane layer that also
includes the Müller Cells’ synapses. This layer separates the retina from the vitreous
humor.

In addition to these different types of neuronal cells, there are glial cells like Müller cells,
Astrocytes, and Microglia that are also present in the retina [90]. Müller cells are the
principal glial cells of the inner retina that provide structural and metabolic support to the
retinal neurons by breaking down glycogen to fuel aerobic energy production in the nerve
cells. They also help regulate ion concentrations, participate in removing neural waste
products and cellular debris, and protect neurons from exposure to excess neurotransmit-
ters. They span across almost the entire thickness of the retina, as shown in Figure 1.2,
playing a key role in maintaining homeostasis and aiding in light transmission [91, 92].
Astrocytes are characteristic star-shaped glial cells that support the ganglion cells axons.
Microglia can be found across the retina associated with the blood vessels, lying in a
dormant state, and activated at the time of trauma or inflammation.
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Figure 1.2: (A) The human eye where the blue polygon shows the approximate location
of the zoomed in figures B and C. (B) Structure of human retina and the cells forming
the different layers of the retina; figure prepared in BioRender, referenced from Kolb et.
al., 2005. (C) OCT B-scan showing the different layers in the retina, corresponding to the
layers in figure B.
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Figure 1.3: (A) The human eye and the blue polygon outlines the Optic Nerve region.
(B) Optic Nerve vasculature, showing the central retinal artery and vein nourishing the
anterior retina; posterior ciliary arteries nourishing the posterior retina through choroid.
(C) Capillary networks in the different retinal layers: Superficial Capillary Plexus in the
Nerve Fiber and Ganglion Cell Layers, Intermediate Capillary Plexus in the Inner Plexi-
form Layer, and Deep Capillary Plexus in the Outer Plexiform Layer of the retina; figure
prepared in BioRender.

In addition to serving as the site for neuronal connections, the plexiform layers house
beds of capillaries that nourish the retinal cells [8]. These capillaries branch from larger
retinal blood vessels, forming the basis of the retinal neurovascular network, a crucial
element in neurovascular coupling, which will be explored further in the next section.

1.3 Retinal Blood Flow

The human eye is supported by two primary vascular beds: the Uveal and the Retinal [4].
The uveal vasculature comprises blood vessels from the iris, ciliary bodies, and the choroid,
while the vascular supply through the ONH constitutes the retinal vasculature [90, 93].
Retinal vasculature supplies the inner retina via the central retinal artery, whereas the
outer retina is nourished through the choroid via the posterior ciliary arteries [94], as
shown in Figure 1.3.

When the retina is stimulated by light, ’Retinal’ in the photoreceptors absorbs the
photon and undergoes a conformational change, initiating a cascade of biochemical signals
that transmit visual information to the brain [90, 95]. This activation leads to energy
consumption by the cell, thereby causing an energy deficit. To compensate for this energy
deficit, the local blood supply increases through a process known as autoregulation [4,11].
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This coupling of increased metabolic demand with increased blood flow, referred to as
neurovascular coupling, results in local vasodilation [15, 96]. These vascular changes lead
to structural alterations in the retinal tissue, which can be detected using a phase-sensitive
imaging system such as OCT [55,62,97].

As shown in Figure 1.3, the central retinal artery branches into several large arteries
that emerge from the ONH and further divide into three distinct capillary beds within the
inner retina: the Superficial Vascular Complex (SVC), the Intermediate Capillary Plexus
(ICP) and the Deep Capillary Plexus (DCP) [8,98]. Similarly, the posterior ciliary arteries
form a capillary network to nourish the outer retina.

In this thesis, the focus is on the vascular response in the larger blood vessels around
the ONH, and surface blood vessels located between the ONH and the fovea. Vascular
responses from the posterior ciliary arteries are not discussed in this thesis, since these
vessels lie deeper in the tissue, requiring higher wavelength imaging beams to accurately
extract RBF changes.

1.4 Thesis Organization

This thesis is structured based on three journal articles, which are either under review or in
preparation for submission. The detailed contributions of the thesis author to each article
are listed in the ‘Statement of Contributions’ section of the thesis. Below is an overview
of each chapter:

Chapter 2:

• Provides an overview of the OCT technology, outlining its fundamental principle
based on low-coherence interferometry;

• Highlights the distinctions between Time-Domain OCT and Fourier-Domain OCT;

• Presents the characteristics of Fourier-Domain OCT;

• Concludes with a brief discussion on electroretinography and optoretinography.

Chapter 3:

• Details the development of a research-grade combined OCT+ERG system and its
performance evaluations;
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• Discusses capabilities of the system in measuring both retinal blood flow and neuronal
activity, leveraging the integrated OCT and ERG systems.

Chapter 4:

• Presents findings on changes in retinal blood flow and blood vessel diameter in healthy
human subjects at the Optic Nerve Head in response to 10 Hz white-light flicker
stimulation;

• Showcases the system’s effectiveness in capturing dynamic vascular responses.

Chapter 5:

• Explores the differential retinal blood flow responses to different wavelengths and
flicker frequencies with an aim to isolate responses from specific types of photoreceptors-
both rods and cones, or predominantly cones when rod responses are saturated at
higher flicker frequencies.

Chapter 6:

• Provides summary of the research conducted during the PhD, highlighting key find-
ings and contributions;

• Also offers a brief discussion on potential future research directions and advancements
stemming from this work.
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Chapter 2

Optical Coherence Tomography (OCT)

In 1971, Michel Duguay proposed that optical echoes could be used to visualize biological
tissues, a groundbreaking concept that laid the foundation for modern biological imaging
techniques [99]. Since biological tissues are highly scattering, using an ultrahigh-speed
shutter could effectively capture light echoes from within the tissue while minimizing the
effects of scattered light [100].

Optical Coherence Tomography (OCT) is based on the principle of low-coherence inter-
ferometry, a powerful tool that measures the magnitude and echo time delay of backscat-
tered light [51]. The term ‘optical’ refers to the use of light as the imaging modality;
‘coherence’ indicates the significance of the interference using low-coherence light, and ‘to-
mography’ is derived from the ancient Greek word tomos, meaning ‘section’, and the Latin
word graphia, meaning ‘representation’. In essence, OCT enables cross-sectional imaging
of biological tissues with interference from a low-coherence light source. It is often regarded
as the optical equivalent of ultrasound, where sound waves are used to image biological
structures.

OCT offers non-invasive, high-speed, cellular-level resolution imaging of biological tis-
sues in vivo. It achieves cross-sectional and volumetric imaging by measuring the mag-
nitude and echo time delay of backscattered light [54]. As illustrated in Figure 2.1, the
imaging process begins with an A-scan, a one-dimensional depth-resolved reflectivity pro-
file (Z-axis) of the sample at a specific point. Multiple A-scans across the lateral axis
(X-axis) are combined to form a two-dimensional intensity image known as a B-scan. Fur-
ther combining multiple B-scans across different locations results in a three-dimensional
volumetric dataset (Y-axis).

This chapter briefly reviews the theoretical foundations of OCT, the different OCT
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Figure 2.1: (A) A representative OCT A-scan. (B) An OCT B-scan of a human retina
generated by combining A-scans. (C) A volumetric OCT scan.

imaging modalities, and the specific techniques employed in this PhD study. Addition-
ally, this chapter also reviews Electroretinography (ERG) and its optical counterpart, Op-
toretinography (ORG).

2.1 Optical Coherence Tomography: Theory

Figure 2.2 illustrates a simplified schematic of an OCT system, which is based on a Michel-
son interferometer. In a typical fiber-based OCT system, the light source has an electric
field component characterized by:

Ei = s (k, ω) ei(kz−ωt). (2.1)

Here, s (k, ω) represents the amplitude of the electric field, which is a function of the
wavenumber k = 2π

λ
and the angular frequency ω = 2πν. This electromagnetic field is split

using a fiber coupler into two arms: the reference arm, where a mirror is placed at the end
for back-reflection, and the sample arm, where the sample to be imaged backscatters light
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Figure 2.2: A simplified schematic of a fiber-based OCT system based on Michelson Inter-
ferometer.

from its different layers, forming an interference pattern at the detector [52,54]. Interference
happens when the signal from both arms is within the spatial and temporal coherence. To
ensure that, the reference arm is designed to closely resemble the sample arm in terms of
path length and dispersion.

Assuming a perfect 50:50 split at the fiber coupler between the reference and the sample
arms, the electric field reflected from the reference arm mirror can be expressed as:

ER = Ei
1√
2
rRe

i2kzR , (2.2)

The field reflected from the sample arm, which depends on the depth of the sample layers,
can be expressed as:

ES = Ei
1√
2

(
rS (zS)⊛ ei2kzS

)
(2.3)

In the above equations, zR is the distance of the reflective surface in the reference arm
(the mirror) from the beam splitter and zS is the distance of the multi-layered reflective
surfaces in the sample arm from the beam splitter. The terms rR and rS (zS) represent the
electric field reflectivity of the mirror in the reference arm and the multi-layered sample as
a function of the individual sample layers, respectively, with ⊛ representing convolution
and the factor of 2 in the exponential term accounts for the round-trip path length to each
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sample reflection. If there are n discrete sample reflectors in the sample arm, rS (zS) can
be represented using the equation:

rS (zS) =
n∑

i=1

rS,iδ (zS − zS,i) (2.4)

Here, r(S,i) represents the electric field reflectivity of the i-th layer in the sample at a depth
z(S,i), and δ is the Dirac Delta function, indicating the position of each layer in the sample.

The combined electromagnetic field from both arms is captured by a square-law detec-
tor, which generates a photocurrent proportional to the square of the sum of the electro-
magnetic fields incident on it:

ID (k, ω) =
ρ

2

〈
|ER + ES|2

〉
(2.5)

This can be expanded to:

ID (k, ω) =
ρ

2
⟨(ER + ES) (ER + ES)

∗⟩ (2.6)

In these equations, ρ represents the responsivity of the detector, and the angular brackets
represent the integration over the detector response time. Substituting equations (2.2) and
(2.3) into equation (2.6) and considering only the real part of the resulting equation, the
‘spectral interferogram’ is obtained as:

(2.7)
I (k) = S (k)

{
RR +

n∑
i=1

RS,i + 2
n∑

i=1

√
RRRS,i cos [2k (zR − zS,i)]

+
n∑

i,j=1,i ̸=j

√
RS,iRS,j cos [2k (zS,i − zS,j)]

}

In the above equation, S (k) = ρ
4

〈
s (k, ω)2

〉
, and the power reflectivity for any reflector is

the magnitude of the square of the respective electric field reflectivity, i.e., RR = |r2R|. This
equation can be broken down into three main components:
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1. Constant or ‘DC’ terms: The first two terms (RR and
∑n

i=1 RS,i) represent the
self-interference from the reference and the sample arms, respectively. The reference
arm term, RR is the largest component of the OCT signal and typically forms the
background signal, which is removed from the final data. The sample arm self-
interference term,

∑n
i=1RS,i, is generally negligible due to the lower reflectivity of

the sample tissue layers compared to the reference arm mirror.

2. Cross-correlation term: The term 2
∑n

i=1

√
RRRS,i cos [2k (zR − zS,i)] represents

the interference between the reference arm and the sample arm reflectivity profiles.
This is the primary term used to reconstruct rS (zS) from the low-coherence OCT
signal, providing the depth-resolved information needed for imaging.

3. Auto-correlation term: The term
∑n

i,j=1,i ̸=j

√
RS,iRS,j cos [2k (zS,i − zS,j)] repre-

sents the interference between reflections from different layers within the sample itself.
This term is negligible when the optical setup and power selection in the sample arm
is optimized relative to the reference arm.

2.2 Different designs of OCT systems

Different interpretations of equation (2.7) give rise to the two categories of OCT systems:
Time-Domain OCT (TD-OCT) and Fourier-Domain OCT (FD-OCT).

2.2.1 Time-Domain OCT (TD-OCT)

Early OCT systems incorporated a scanning reference arm delay with a low-coherence
light source and an interferometer, which are collectively known as the Time-Domain OCT
(TD-OCT) systems. In a typical TD-OCT system, the length of the reference arm, zR,
is scanned as a function of time to reconstruct the sample reflectivity profile rS (zS) at
different depths. This is typically attained using a linear stage to translate the reference
mirror, a piezoelectric actuator-based fiber stretcher, or other mechanisms to generate
depth-resolved information along the A-scan direction.

Conventionally, TD-OCT systems achieve A-scan rates on the order of a few kHz, with
the performance limited by the signal-to-noise ratio (SNR) due to reduced exposure time
and the presence of moving mechanical components such as galvanometer scanners and
fiber stretchers [101]. A typical TD-OCT system schematic is shown in Figure 2.3, where
a translational reference mirror is employed to obtain depth information.
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Assuming the incident light has a Gaussian spectral profile given by:

s (k) =
1

∆k
√
π
e−(

k−k0
∆k )

2

, (2.8)

where k0 =
2π
λ0

is the central wavenumber, and ∆k is the spectral half-width at 1
e

intensity.
Integrating equation (2.7) over all values of k, the resulting photocurrent is given by:

ID (zR) =
ρ

4

[
s0

(
RR+

n∑
i=1

RS,i

)]
+
ρ

2

[
s0

n∑
i=1

√
RRRS,ie

−(zR−zS,i)
2
∆k2 cos (2k0 (zR− zS,i))

]
(2.9)

Here, s0 =
∫∞
0

s (k) dk is the spectrally integrated power emitted by the light source. The
first term in the equation corresponds to the ‘DC offset’, while the second term corresponds
to the cross-correlation term or ‘fringe bursts’. The exponential decay term, e−(zR−zS,i)

2
∆k2 ,

suggests that the interference signal peaks when zR = zS,i and quickly diverges as the path
length difference increases. The signal width is determined by the Fourier transform of
s (k).

2.2.2 Fourier-Domain OCT (FD-OCT)/Spectral-Domain OCT (SD-
OCT)

An alternative to TD-OCT is the Fourier-Domain OCT (FD-OCT), which provides much
higher acquisition speeds and improved system sensitivity. In FD-OCT, instead of me-
chanically scanning the reference arm, the reflectivity profile rS (zS) is reconstructed by
applying a Fourier Transform to the measured detector signal ID (k), avoiding the need for
moving components and therefore, the integral over the wavenumbers.

By using the Fourier Transform pair 1
2
(δ (z + z0) + δ (z − z0))

F←→ cos (kz0) and the
convolution property of the Fourier Transforms x (z) ⊛ y (z)

F←→ X (k)Y (k), the inverse
Fourier Transform of equation 2.7 gives:

(2.10)
iD (z) =

ρ

8

[
γ (z)

[
RR+

n∑
i=1

RS,i

]]
+
ρ

4

[
γ (z)⊛

n∑
i=1

√
RRRS,i (δ (z±2 (zR− zS,i)))

]

+
ρ

8

[
γ (z)⊛

n∑
i,j=1,i ̸=j

√
RS,iRS,j (δ (z ± 2 (zS,i − zS,j)))

]

16



Here, γ (z) is the Fourier Transform of the power spectral density function s (k). The
first term corresponds to the ‘DC offset’, the second term is the ‘cross-correlation’ signal
and the third term is the ‘auto-correlation’ signal. The cross-correlation term gives the
desired sample reflectivity profile rS (zS) =

∑n
i=1

√
RS,iδ (zS − zS,i). Taking advantage of

the sifting property of the delta function for the cross-correlation term:

iCC (z) ∝
n∑

i=1

√
RRRS,i {γ [2 (zR − zS,i)] + γ [−2 (zR − zS,i)]} (2.11)

Equation (2.11) contains information from all the discrete sample layers within the scanning
range forming an A-scan, therefore eliminating the need to include mechanical components
to change the optical path.

However, a mirror image of the sample reflectivity profile appears on the other side
of the zero path length, manifested in the terms γ [2 (zZR− zS,i)] and γ [−2 (zZR− zS,i)],
where they differ only in the sign. As long as the sample remains on one side of the zero
path length delay, this artifact is not disabling. Additional image artifacts also arise from
the DC and the auto-correlation terms, which can be best eliminated by subtracting the
background signal and ensuring that the reference reflectivity is sufficient.

FD-OCT requires a resolved interference k-spectrum to obtain the Fourier Transform,
which is typically achieved by two methods:

1. Spectral-Domain OCT (SD-OCT): This approach uses a broadband light source
in combination with a spectrometer and line detector. The spectrometer in front
of the camera separates the continuous emission (CW) from the broadband light
source into individual wavelengths, allowing all spectral components to be detected
simultaneously.

2. Swept-Source OCT (SS-OCT: In this approach, a tunable-wavelength light source
sequentially sweeps a narrow band of the spectrum over time, with the signal detected
using a single detector.

Both of these approaches fall under the FD-OCT category, and a typical system
schematic is described in Figure 2.3.
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Figure 2.3: (A) A simplified schematic for Time-Domain OCT system with a translational
reference mirror. (B) A simplified schematic of the Spectral-Domain OCT system with a
spectrometer and a line detector. (C) A simplified schematic of the Swept-Source OCT
system with a swept-wavelength light source.

2.3 OCT imaging modalities

OCT systems can be classified into three categories based on the scanning types: point-
scan OCT (PSc-OCT), line-scan OCT (LS-OCT), and full-field OCT (FF-OCT). Figure 2.4
illustrates these approaches, highlighting their differences in the beam shapes at the image
plane. For simplicity, we assume that each of these systems uses the FD-OCT approach
with a microscopic objective to focus light on the sample. Although these modalities are
also applicable to TD-OCT, FD-OCT has become the predominant method in recent years
and is also the method employed in this thesis.

PSc-OCT refers to an OCT system that acquires one A-scan (depth scan) at a time
by focusing a narrow, confocal beam at each location in the sample. This point-by-
point scanning reduces cross-talk and enhances image quality compared to other OCT
modalities with similar system SNR. A single camera exposure (in an SD-OCT system) or
full spectrum sweep (for SS-OCT) generates one A-scan, and scanning mirrors (or micro-
electromechanical system (MEMS) mirrors) move the beam in the XY plane to construct
a 3D dataset. The flexibility of two scanning mirrors allows for customizable scanning pat-
terns, such as circular scans, which are valuable in functional studies [62]. However, due
to individual A-scan acquisition, PSc-OCT systems are generally slower in terms of data
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Figure 2.4: (A) Shape of the beam in imaging plane in PSc-OCT system. (B) Beam shape
at the imaging plane in LS-OCT system. (C) Beam shape at the imaging plane in FF-OCT
system.

acquisition as compared to the LS-OCT and FF-OCT systems. Researchers have reported
A-scan rates of up to 600 kHz for an SD-PSc-OCT system [102–104] and 5.2 MHz for an
SS-PSc-OCT [105] using high-speed line cameras and special light sources, respectively.
However, clinical systems typically operate at around 100 kHz, which poses challenges
for larger Field-of-View (FOV) imaging due to potential artifacts from involuntary body
movements.

LS-OCT, also known as Line-Field OCT (LF-OCT), refers to an OCT system that
captures all lateral positions in a cross-sectional image (B-scan) simultaneously. First
demonstrated in 1999, LS-OCT utilizes a 2D lens to convert a circular-shaped beam into
a line-shaped beam [106], limiting the confocality to one direction. This means that the
imaging beam projected onto the sample arm is a straight line, enabling parallel acquisition
of depth data along the line using a 2D sensor (for SD-OCT) or line camera (for SS-OCT).
LS-OCT reduces motion artifacts related to eye or body movements, though its FOV
in the B-scan direction is limited due to energy redistribution along the line. Recent
advancements in LS-OCT methods have enabled data acquisition rates equivalent to A-
scan rates of several MHz [107–112]. While LS-OCT provides faster data acquisition than
PSc-OCT, its beam shape restricts the data acquisition only to volumetric raster scanning

19



and does not allow for circular, Lissajous or radial scanning patterns which maybe useful
for some biomedical applications.

Full-field OCT (FF-OCT) systems acquire one en face image at a time, typically
using TD-system [113]. Unlike PSc-OCT and LS-OCT systems, FF-OCT does not cap-
ture depth information at the same time. A parallel beam is projected onto the sample,
generating a single en face image per exposure. FF-OCT systems are not viable for SD-
OCT systems due to the need for a 3D sensor to simultaneously capture 2D spatial and
1D spectral information. As a result, FF-OCT systems typically employ either TD or SS
configurations to obtain volumetric images. A key advantage of FF-OCT is its indepen-
dence from depth-of-focus limitations associated with beam focusing, allowing the use of
high-numerical-aperture (NA) objectives to achieve cellular-level lateral resolution across
the entire scanning depth. However, cross-talk is a common challenge in FF-OCT due
to the lack of confocality in either direction, therefore techniques such as random phase
modulations and multi-mode fibers (e.g., spatio-temporal optical coherence tomography,
STOC-T) have been developed to address this issue [114, 115]. FF-OCT systems capable
of achieving speeds up to 1.5 million A-scans per second have been reported [116–120].

Given the need for customizable scanning profiles in this research, a PS-OCT system
was used to conduct this PhD study.

2.4 Characteristics of an FD-OCT system

This section outlines key characteristics of a typical FD-OCT system that are necessary
for assessing its performance. The characteristics discussed here are based on a PSc-OCT
system with a normalized Gaussian beam profile. The field amplitude for the beam is given
by equation 2.8. This Gaussian profile provides a foundational model for understanding
the beam behavior and resolution in OCT imaging.

2.4.1 Axial Resolution

The axial resolution of an OCT system represents its theoretical limit to resolve two distinct
points along the axial (depth) direction of a sample. Unlike other OCT system parameters,
axial resolution is solely determined by the profile of the light source and is independent
of the physical setup of the system. Taking the Fourier Transform of the field amplitude
s (k) yields:
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γ (z) = F{s (k)} = e−z2∆k2 (2.12)

This result, known as the ‘coherence function’, defines the coherence length (lc), or axial
resolution, of the OCT system. The axial resolution is given by the full-width at half
maximum (FWHM) of the coherence function:

lc = δz =
2
√

ln (2)

∆k
=

2ln (2)

π

λ2
0

∆λ
(2.13)

Here, λ0 =
2π
k0

is the central wavelength of the light source, and ∆λ is the bandwidth of the
spectrum, defined as the FWHM of the wavelength spectrum. In terms of ∆k, we have:(

∆k =
π√
ln (2)

∆λ

λ2
0

)
. (2.14)

For light sources with non-Gaussian beam profiles, this axial resolution calculation serves
as an estimate; a more precise measure can be obtained by taking the Fourier Transform
of the actual beam profile.

2.4.2 Lateral Resolution

The lateral resolution of an OCT system is typically described as the focused spot size
formed by the beam waist of a Gaussian beam incident on the sample. Since an OCT
system has a confocal component, the theoretical lateral resolution (δx) can be analyzed
by treating the light propagation through a confocal microscope. The intensity detected
at the focal plane can be described by:

I (v) =

(
2 · J1 (v)

v

)4

(2.15)

Here, J1 (v) is the first-order Bessel function of the first kind and v is the normalized lateral
range parameter, which is defined by:

v =
2πx sin (α)

λ0

. (2.16)
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Figure 2.5: (A) Low NA objective creates a larger beam waist. (B) A high NA objective
creates a smaller beam waist. (C) Gaussian beam profile near the focal plane depicting
the beam characteristics.

In this expression, x represents the lateral distance from the optical axis, α is the half-
angular aperture of the objective, and λ0 is the central wavelength. The numerical aperture
of the objective is given by NA = sin (α). The lateral resolution, defined as the FWHM
of the beam width at the focal plane, is given by the following equation:

δx =

√
2ln (2)

π

λ0

sin (α)
≈ 0.37

λ0

sin (α)
= 0.37

λ0

NA
(2.17)

Since the lateral resolution is inversely related to the numerical aperture, higher NA ob-
jectives result in smaller focal spot sizes and improved lateral resolution, shown in Figure
2.5.

It is important to note that lateral resolution depends only on the central wavelength
λ0 and not on the bandwidth. Therefore, for narrow-band systems, calculations based on
the spectral central wavelength provide a reasonable approximation of lateral resolution,
though this may not hold for broadband input spectra.
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2.4.3 Depth of Focus

The Rayleigh range, or the Rayleigh length (zR), is defined as the distance along the
propagation direction from the focal plane to the point where the beam’s cross-sectional
area doubles, or where the intensity falls to 1

e2
of its maximum at the beam waist. It is

given by the following relation:

ZR =
πw2

0

λ
=

1

π

λ0

NA2
. (2.18)

where w0 is the beam waist, λ0 is the central wavelength, and NA represents the numerical
aperture of the objective lens.

Assuming a Gaussian beam with an intensity profile given by:

I (r) = I0e
−frac2r2w(z)2 (2.19)

z in the above equation is the propagation axis, r is the radial distance from the axis, and
w (z) represents the beam radius at which the intensity falls to 1

e2
of I0.

The depth of focus (DOF), also known as the confocal parameter (b), is twice the
Rayleigh range, indicating the depth over which the beam maintains enough intensity to
remain in focus. The DOF is calculated as follows:

DOF = b = 2ZR =
2πw2

0

λ0

=
2λ0

πNA2
(2.20)

For a Gaussian beam, a higher numerical aperture results in a smaller beam waist and
consequently a shorter DOF, while a lower NA results in a longer DOF. This relationship
is illustrated in Figure 2.5.

2.4.4 Digital Resolution

The digital resolution (δ̃) of an OCT system refers to the effective resolution of each pixel,
determined by the ratio of the field of the view (FOV) for an image and the number of
pixels spanning that FOV. Since OCT systems have separate axial and lateral resolutions,
the digital resolutions for each direction are also described independently.

The digital axial resolution (δ̃z) of an OCT system is given by:
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δ̃z =
zmax

N
2

=
1

2
(

1
λmin
− 1

λmax

) (2.21)

where zmax represents the maximum depth range, N is the total number of camera pixels
used for spectral detection, and the 1

2
factor accounts for the mirror artifact from the

Fourier Transform.

The digital lateral resolution (δ̃x) is defined by:

δ̃x =
FOVx

Nx

(2.22)

where FOVx represents the lateral field of view in the (x) direction and Nx is the number
of pixels in that direction (i.e., the number of A-scans). Similarly, the digital resolution in
the y-direction is defined by the FOV in the y-direction divided by the number of B-scans.

According to the Nyquist-Shannon sampling theorem, the digital resolution of the OCT
system should be at least half the actual resolution to prevent aliasing and accurately
capture the image detail.

2.4.5 Scanning Range

From equation 2.7, it can be seen that the auto-correlation term exhibits a sinusoidal
function in the form cos [2k (zR − zS,i)]. As the difference in optical path length increases,
so does the frequency of the interference fringe. In OCT systems, where the detector has a
finite number of pixels, the Nyquist-Shannon sampling theorem applies, which states that
the sampling frequency should be at least twice the detected frequency to avoid aliasing.

For an OCT system with an N -pixel detector and a broadband light source with spectral
width ∆k, the Nyquist-Shannon theorem sets the following condition to avoid aliasing:

2∆k (zR − zS,i) ≤
N

2
× 2π (2.23)

Setting both sides of the above inequality equal yields the maximum scanning range
(zmax) for the OCT system:

2 (kmax − kmin) zmax = Nπ (2.24)
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Rearranging this equation gives:

Zmax =
Nπ

2 (kmax − kmin)
=

N

4

1(
1

λmin
− 1

λmax

) (2.25)

Here, kmax and kmin denote the upper and lower limits of the wavenumber range of the
light source, while λmin and λmax represent the corresponding minimum and maximum
wavelengths. This expression defines the maximum achievable depth range for an OCT
system given its pixel count and spectral properties.

2.4.6 Signal to Noise Ratio (SNR)

As the name implies, the Signal-to-Noise Ratio (SNR) is the ratio of the actual signal to
the noise detected by the detector. For an OCT system, it is defined as:

SNR =
⟨ID⟩2

σ2
(2.26)

where ⟨ID⟩2 is the power of the mean-square peak signal on the detector, and σ2 represents
the noise variance. If only the zero-delay signal is considered (i.e., zR = zS), the cross-
correlation intensity term from equation 2.7 can be expressed as:

ID ∝ ρ (k) s2 (k)
√
rRrS (2.27)

If the detector has a quantum efficiency η and an integration time τ , this equation can be
further rearranged as:

ID =
ητ

hν
s2 (k)

√
rRrS (2.28)

where h is the Planck’s constant, and ν is the frequency of the photons. Assuming a shot-
noise-limited system, the noise at the detector is dominated by the back-reflection from
the reference arm mirror, and the noise variance follows Poisson distribution as:

σ2 =
ητ

hν
s2 (k) rR (2.29)

Combining these equations yields the following expression for the SNR:
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SNR =
ητ

hν
s2 (k) rS =

ητPS

hν
(2.30)

The above equation describes the SNR of an OCT system, assuming a perfect detector
with no additional noise sources. However, according to the Nyquist-Shannon sampling
theorem, high-frequency interference fringes may not be detected as effectively with a
detector that has a limited number of pixels, thereby reducing the system’s SNR, the
phenomenon known as ‘SNR roll-off’.

In typical imaging systems, sensitivity is defined as the smallest signal that can be
distinguished from noise. However, in this thesis, the terms ‘SNR’ and ‘sensitivity’ will be
used interchangeably.

2.5 Doppler OCT

When an electromagnetic wave interacts with moving particles, the backscattered wave
experiences a frequency shift, a phenomenon known as Doppler frequency shift. This shift
in frequency occurs due to the relative motion between the incident optical beam and the
moving particles and can be expressed by the following relation:

fD =
1

2π
(k⃗i − k⃗s) · v⃗ (2.31)

Here, v⃗ is the velocity of the moving particles, and k⃗i and k⃗s are the wavevectors of the
incident and the reflected beams, respectively. Since the Doppler frequency shift is directly
proportional to the velocity of the moving particles, rearranging the above equation allows
the determination of velocity from the measured frequency shift.

Doppler OCT utilizes this principle to measure the velocity of blood corpuscles, with
the electromagnetic field generated by the imaging light source [61, 66], as depicted in
Figure 2.6. In FD-OCT, the Doppler frequency shift, fD, manifests as a phase shift ∆ϕ in
the spectral interference pattern detected by the line-scan detector. A Fourier Transform
is then applied to calculate the Doppler Shift by measuring the phase difference between
sequential A-scans at each pixel [60, 121]. This shift in the detected signal can be used to
measure the velocity of the blood particles, while the morphological images from OCT can
help determine the blood vessel diameter. Since blood flow is the product of blood velocity
and the cross-sectional area of the blood vessel, Doppler OCT enables the quantification
of blood flow in vivo.
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Figure 2.6: A schematic of back-scattering geometry for Doppler OCT, depicting the
Doppler angle θ between the incident beam and the blood corpuscle velocity.

Simplifying equation 2.31 gives the following relation for Doppler frequency shift:

fD =
2nvz
λ0

(2.32)

Here, n is the refractive index of the medium, λ0 is the central wavelength of the imaging
beam, and vz is the blood velocity component along the propagation direction of the
incident beam. This velocity component vz is given by:

vz = |v⃗|cos θ (2.33)

θ, here, is the Doppler angle, defined as the angle between the incident beam and the
direction of blood flow. Accurate determination of this angle is essential for calculating
absolute retinal blood flow (RBF). In vivo, a double circular scanning protocol around the
Optic Nerve Head (ONH) can be employed to estimate this angle, as described in the next
section.

Alternative scanning protocols, such as the rectangular scanning method [122], allow
for manual selection of scan positions from volumetric or en face images to avoid vessel
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bifurcations or pronounced vessel curvatures. However, this method may not always permit
accurate retinal blood flow extraction due to the Doppler angle’s variability. Furthermore,
human error can affect the accuracy of this protocol. System modifications that introduce
an additional imaging beam to the system have been developed to make RBF measurements
independent of the Doppler angle. While promising, these approaches require specialized
hardware to obtain total retinal blood flow (TRBF) [64].

The application of the Doppler effect in measuring retinal blood flow has an inherent
limitation, as the maximum determinable Doppler shift is given by [55,57,61]:

fD =
1

2τ
(2.34)

where τ is the time resolution of the sequential A-scans. Substituting this value into
equation 2.32 gives the maximum detectable velocity as:

vmax =
λ0

4nτ cos θ
(2.35)

The minimum detectable velocity, on the other hand, is limited by the phase noise of the
OCT system.

2.5.1 Double circular Scanning protocol

To accurately determine absolute RBF and measure changes in response to external stim-
ulation, the angle between the imaging beam and the blood vessels plays a crucial role.
If the beam is perpendicular to the blood vessel, no Doppler shift would be detected as
governed by the cos θ dependence.

The double circular scanning protocol, developed by Wang et. al., acquires OCT data
using two concentric circles around the ONH [62]. This ensures that the imaging beam
intersects through all major blood vessels supplying the inner retina. Because this protocol
does not require any additional equipment or system modifications, it is highly adaptable
to point-scan OCT systems, which are widely used in clinical settings.

When the OCT imaging beam scans in a circular pattern on the retina, it traces a
cone. By scanning in double concentric circles with radii r1 and r2, two cones are pro-
jected onto the retina, cross-sectioning each blood vessel at two locations with co-ordinates
S1(r1,Θ1, z1) by the inner cone and S2(r2,Θ2, z2) by the outer cone as shown in Figure 2.7.
The blood vessel vector R⃗b can be described as:
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Figure 2.7: Schematic depicting the geometry of the concentric circular scanning protocol
across the retina, cross-sectioning a blood vessel at two locations.

R⃗b = (r1 cosΘ1 − r2 cosΘ2, r1 sinΘ1 − r2 sinΘ2, z1 − z2), (2.36)

This vector describes the orientation of the blood vessel between the two circular scans.
The Doppler angle θ can then be calculated using geometry. Setting a coordinate system
such that the nodal point of the cone has coordinates (0, 0, h+ z0) and at a scanning point
P on the retina with coordinates (r cosΘ, r sinΘ, z0), the vector of the scanning beam S⃗
would be given by:

S⃗ = (r cosΘ, r sinΘ,−h), (2.37)

where z0 is the distance between the origin of the coordinate system and the retinal plane,
and h is the distance from the nodal point of the cone to the retina. Therefore, the Doppler
angle θ between the OCT imaging beam and blood vessel can be determined by:

cos θ =
(R⃗b · S⃗)
|Rb||S|

(2.38)
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Here, the magnitudes |Rb| and |S| represent the lengths of the blood vessel and the beam
vectors, respectively. By choosing a small difference between the radii r1 and r2, the radius
r for the scanning point P is approximated as r = (r1+r2)

2
.

Once the Doppler angle is determined, the absolute value of retinal blood velocity can
be used to calculate the average volumetric flow F̄ over the period (T ) of one cardiac cycle
as:

F̄ = |cosα|
∑
S

rAp∆Θ∆D · 1
T

∫ T

0

P (t)dt (2.39)

Here, cosα = S⃗·R⃗b

|Rb|
, α is the angle between the blood vessel cross-section and the OCT plane,

Ap is the speed distribution of blood flow in the vessel, ∆D = D1 − D2 is the difference
between the z-axis locations of the blood vessel cross-sections in the two unwrapped circular
scans, and k = 1

T

∫ T

0
P (t)dt represents the cardiac pulsation factor.

2.6 Electroretinography (ERG)

Electroretinography (ERG) measures the electrical response of the retinal neurons to visual
stimulation. The first ERG was recorded in 1865 by Swedish physiologist Alarik Holmgren
on an amphibian retina [90,123]. Today, ERG is a routine clinical practice used to diagnose
various eye diseases and study retinal function, with the potential to isolate individual cell-
type responses. Although minimally invasive, ERG can distinguish cellular responses based
on the type of stimulation used and the environmental conditions to a certain extent.

A typical ERG setup has a recording electrode, a reference electrode, and a ground
electrode. The recording ERG electrode is placed on the surface of the cornea to measure
the retinal electrical activity, while the reference and ground electrodes are positioned on
the forehead and behind the ear lobe, respectively, after adequately prepping the skin.
These electrodes are connected to an amplifier, that amplifies the difference between the
recording and the reference electrodes. In this thesis, ERG traces were obtained in vivo
from healthy human eyes by gently placing a positive electrode under the eyelid, ensuring
no obstruction to the simultaneous OCT imaging.

When a photoreceptor in the retina is stimulated, it generates an electrical current due
to fluxes (K+, Na+ and Ca2+) through a process called phototransduction [95]. Since
vertebrate photoreceptors are stacked in parallel, the horizontal component of the current
cancels out, leaving only the radial component of the current, which is transmitted through
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Figure 2.8: (A) Neuronal unit of the retina, showing from left the retinal pigment epithe-
lium cell, a cone photoreceptor, a bipolar cell and a retinal ganglion cell; figure prepared
in BioRender. (B) A standard ERG trace showing a-wave, b-wave, and the oscillatory
potentials and the cells these responses originate from.

the inner retinal cells, such as bipolar cells, retinal ganglion cells, horizontal cells, amacrine
cells, and Müller cells. This radial current is detected by the ERG electrode.

A typical ERG response triggered by a single short flash consists of a fast negative
deflection called the A-wave, followed by a positive peak called the B-wave, and a slower
positive wave called the C-wave. Longer visual stimulation elicits an additional response,
the D-wave, which arises from different types of cell responses as described below.

A-wave: This fast negative response originates from the photoreceptors (both rods and
cones) in the outer retina, as the flash interrupts the dark current. The A-wave reflects
the function of the outer retina.

B-wave: The first positive peak following the A-wave arises from the integrated re-
sponse from different types of cells in the Inner Nuclear Layer such as the Müller cells
and the ON bipolar cells. The B-wave reflects on the function of the middle retina. Its
amplitude is measured as the voltage difference between the A- and the B- waves.

C-wave: A slower positive wave that arises from the basal cells of the Retinal Pigment
Epithelium in the outer retina. It is associated with the regeneration of photoreceptors
and appears after the B-wave as shown in Figure 2.8.
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D-wave: This response occurs in ERG traces with longer stimulation (typically >
100ms) and reflects the activity of the OFF bipolar cells in response to the cessation of
visual stimulation.

Oscillatory Potentials (OPs): High-frequency oscillations superimposed on the ris-
ing B-wave, OPs typically originate from the inner retinal cells such as the amacrine cells,
and provide insight into the inner retinal health as well as vascular supply. OPs can be
isolated from the ERG response by applying a band-pass or a high-pass filter.

Although ERG is the clinical gold standard and is routinely used to assess retinal func-
tion, it has some limitations. It is invasive, lacks a clear distinction between the different
cell responses, and requires extensive protocols to isolate responses from specific cell types.
Moreover, ERG only provides the electrical response of the tissue. In contrast, OCT is
non-contact, non-invasive, and offers high-resolution imaging that can capture structural,
functional, and physiological responses simultaneously. Given the complementary strengths
of ERG and OCT, obtaining simultaneous functional OCT and ERG responses can provide
a more comprehensive view of retinal cellular responses.

In this thesis, small-duration single flashes (< 10ms) or flicker stimulation at 10Hz or
30Hz for a duration of 1s are used to study the functional retinal responses in healthy
human subjects. Therefore, the analysis focuses on the negative A-wave and the first
positive B-wave.

2.7 Optoretinography (ORG)

Optoretinography (ORG) refers to a group of optical imaging techniques that detect light-
evoked intrinsic optical changes, such as the optical path length (OPL) and/or intensity
variations, in the light backscattered from the retinal tissue. ORG is considered the optical
analog of ERG, as both measure retinal activity, though ORG captures optical rather than
electrical responses [82].

In the early 1990s, Stepnoski et. al. demonstrated that neuronal impulses initiate
an electrical activity in tissues, leading to changes in the refractive index [124]. These
refractive index changes alter the optical properties of the tissue, which can be measured
using optical systems such as OCT and SLO.

The first reports of intrinsic optical signal (IOS) changes in the retina came from Bizheva
et. al. [89] about two decades ago in 2006. They initially called the technique ‘Optophysi-
ology’, which later evolved into what we now call ‘Optoretinography’ (ORG). Early studies
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were conducted ex vivo using Time-Domain OCT to detect intensity-based IOS changes in
frog [125] and rabbit retinas [89]. More recent advances have enabled in vivo ORG studies
in both animal models and human subjects through the use of Fourier-Domain OCT, which
allows for more detailed and rapid data acquisition [73,75–81,83,84,86–88,126–128].

The adoption of Line-Scan OCT and STOC-T has made a significant improvement in
phase stability and motion artifacts due to the parallel acquisition of B-scans. Integrating
Adaptive Optics (AO) has further enhanced the spatial resolution, allowing more precise
imaging of the retinal layers and structures [76,78,83,84,88].

Typically, the retinal intrinsic signals can be categorized into fast signals and slow
signals. Slow signals are generally associated with slow physiological processes such as
cell swelling, blood flow changes, or metabolic responses, happening on the scale of a
few seconds to minutes. Fast signals, in contrast, correspond to rapid neuronal activity
such as phototransduction in photoreceptors and the generation of action potentials, which
occurs on time courses of hundreds of milliseconds [129].

IOS changes in ORG can be derived using either intensity-based or phase-based mea-
surements:

2.7.1 Intensity-based ORG (iORG)

Intensity-based ORG (iORG) relies on morphological changes triggered by neuronal acti-
vation that affect optical properties of the tissue- refractive index, scattering, birefringence,
or reflectivity [75, 89, 124, 125, 128]. The iORG signal can be detected by either analyzing
the relative intensity variation in the local pixel values in response to a light stimulus or by
examining the appearance of hyper- and hypo-reflective bands in the retina under different
lighting conditions. Typically, the iORG is quantified by measuring the relative intensity
variation as:

iORG =
Iabs − Ibaseline

Ibaseline
=

∆I

I
(2.40)

where, Iabs refers to the average intensity value of a retinal layer ine one B-scan, Ibaseline de-
notes the mean intensity of the tissue layer before the onset of stimulus, and ∆I represents
the difference in the two values in one B-scan.
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2.7.2 Phase-based ORG (pORG)

Phase-based ORG (pORG) is the most prevalent method used to study retinal neuronal
dynamics due to its higher sensitivity compared to intensity-based measurements. High-
speed OCT systems, particularly those with adaptive optics, can capture fast intrinsic
signals that happen in the scale of a few milliseconds. pORG evaluates phase changes to
assess optical path length (OPL) variations in the retina [28,74–78,80,81,83–85,87,88,130].
For a typical photoreceptor pORG, the change in OPL (∆OPL) is given by:

∆OPL =
λ0

4π
× (ϕCOST − ϕISOS) (2.41)

where λ0 is the central wavelength of the light source used in the imaging system, and
(ϕCOST − ϕISOS) represents the phase difference between the Inner Segment-Outer Segment
(ISOS) junction and the cone outer segment tip (COST) layer. Several studies have shown
that the magnitude of these OPL changes is strongly correlated with the intensity of the
light stimulus [76, 83, 84, 88]. This method can also capture responses from other retinal
layers, provided there are distinguishable peaks with a high SNR value.

However, pORG is highly sensitive to motion artifacts and typically requires high-
speed acquisition systems with high phase stability. Additionally, pORG signals often
require extensive post-processing, including sub-pixel registration, to reduce noise and
improve accuracy. The establishment of normative data for ORG responses in healthy
human population is crucial to compare results from diseased subjects. Moreover, clinical
application would require simplification of data acquisition and analysis. Although current
studies capture responses across retinal layers, further research into the nature of signals
and the origin is needed to deepen our understanding of the phenomenon of neurovascular
coupling.

In this thesis, both intensity- and phase-based intrinsic optical signals are studied in
response to a short-duration single flash (< 10ms). Responses are extracted from both
inner retinal layers, such as the Nerve Fibre Layer and Inner Plexiform Layer, as well as the
outer retinal layers, including the Photoreceptor layer, Outer Plexiform Layer, and Retinal
Pigment Epithelium. This approach helps elucidate the distinct activation patterns of
these structures in response to visual stimulation.
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Chapter 3

Combined optical coherence
tomography and electroretinography
(OCT+ERG) system for imaging
neurovascular coupling in the human
retina

Notes and Acknowledgments
This chapter describes the optical design of a combined OCT+ERG system developed for
simultaneous data acquisition of the OCT morphological images, Doppler OCT blood flow
data, ORG responses from neuronal cells of the retinas well as the ERG recordings. The
OCT+ERG system was used to image a healthy human retina in response to a single
flash summarizes the results from a study that aimed to under the effect of stimulating
different types of photoreceptors on retinal blood flow in healthy humans, measured with
a combined OCT + ERG system. The content of this chapter is based on the following
submitted manuscript:

Dhaliwal K, Wong A, Wright T, Bizheva K. "Combined optical coherence tomography
and electroretinography (OCT+ERG) system for imaging neurovascular coupling in the
human retina", submitted to Neurophotonics, 2024.
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3.1 Introduction

The retina, often called ‘the window to the brain’, is an extension of the central nervous
system (CNS) designed for detection of visual information and its transmission to the
visual cortex of the brain [131]. Retinal neurons of highly specialized function such as
photoreceptors which detect light and filter it by spectral content, bipolar and horizontal
cells which filter the photoreceptors responses spatially and temporally, and the ganglion
cells which amplify the visual information and transmit it to the brain, are organized is
well defined layers [1, 90–92]. Furthermore, the retina is highly vascularized with oxygen
and nutrition delivered to the retinal neuron in the anterior retina by the inner retina
vasculature, and to the photoreceptors by the choroidal vasculature [4, 94]. Neurovascular
coupling in the retina is referred to as a temporary increase in the retinal blood flow
and vasodilation of retinal blood vessels in response to the increased metabolic demand
of retinal neurons. This phenomenon was first observed in the brain [9] and later, in the
retina [11,12] using non-invasive optical imaging methods.

Potentially blinding retinal diseases such Age-related Macular Degeneration (AMD) [23,
24], Diabetic Retinopathy [27,30,31], Retinitis Pigmetosa [25,26,28] and Glaucoma [20–22]
affect a large portion of the world’s aging population and amount to > $1.5B in direct costs
to the Canadian Health Care system annually [132]. These diseases cause progressive loss
of normal function and eventually irreversible cell death of retinal neurons that in the later
stages of disease development are registered as morphological changes. As these diseases
cause metabolic and physiological changes in the retinal neurons, studies have reported
blood flow changes with the progression of these retinal diseases [7, 18]. However, the
dynamic relationship between neuronal and blood flow changes (neurovascular coupling)
is still not fully understood in the healthy and diseased human and animal retina partly
due to the fact that functional and vascular studies have been conducted separately.

Optical Coherence Tomography (OCT) is an imaging modality that can generate non-
invasively volumetric images of the retina with micrometer scale resolution, sufficient for
visualization of the fine layered structure of the human retina [117, 120, 133–135]. When
combined with Adaptive Optics, OCT is also able to visualize individual retinal neurons
[76,77,136]. Doppler OCT can be used to measure retinal blood flow [57,60,61] while optical
microangiography (OMAG) can used to map the retinal vasculature in 3D over a wide field-
of view [69,137,138]. All of these OCT-based technologies have found valuable applications
in ophthalmology for clinical research of various ophthalmic diseases [28,63,69,139]. Both
Doppler OCT [64–66] and OMAG [70,72] technologies have been used in the recent past to
evaluate blood flow changes in the human retina evoked by visual stimulation. However,
these studies utilized very long stimuli (> 5 seconds) and did not record the retinal blood
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flow (RBF) changes continuously [64,65,71,122]. Therefore, they were not able to provide
information of the transient behaviour of the RBF with high temporal resolution.

Optoretinography (ORG) is the optical equivalent of electroretinography(ERG), which
is a clinically established method for electrical recordings of the responses of retinal neu-
rons to visual stimulation. The use of OCT for non-invasive, optical recording of visually
evoked neuronal changes was first proposed by Bizheva and the proof-of-principle was
demonstrated in in-vitro in animal tissue where OCT and ERG data were acquired syn-
chronously [89]. With advances in camera and laser technologies, over the past 20 years
different OCT system designs were developed for ORG recordings of visually evoked neu-
ronal activity in the human and animal retina: point scanning Spectral Domain OCT [81],
AO-OCT [76,77], Full-Field SS-OCT [74,83,85,88] and Line-Field -SD-OCT [78,84]. While
majority of the ORG data was acquired mostly from healthy retinas, most recent studies
have explored changes in the ORG signal related to retinal diseases [28].

Here we present the design of a novel, combined OCT+ERG system, imaging protocols
and image processing algorithms that were developed for simultaneous probing of visually
evoked changes in the human retina neuronal function and RBF with high spatial and high
temporal resolution. The OCT+ERG imaging modality can serve as a new research tool
for exploring neurovascular coupling in the human retina.

3.2 Methods

The following paragraphs describe the optical design of the OCT system, the imaging
protocols for the data collection and the image processing algorithms for analysis of the
neuronal and vascular responses of the living retina to visual stimulation.

3.2.1 OCT+ERG system

A combined OCT+ERG system was developed for non-invasive probing of neurovascular
coupling in the living human retina. The optical design of the compact, fiberoptic, spectral-
domain OCT system is shown in Figure 3.1, while a photograph of the OCT imaging probe
integrated with a custom visual stimulator is presented in Figure 3.1B. The output of a
femtosecond laser (Femtolasers GmbH, Austria) was connected to a spool of a 100 m long
fiber to stretch the femtosecond pulses and mimic CW emission over a broad spectral
range (∼ 670 nm to 920 nm). The output from the spool was interfaced with a fiberoptic
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Figure 3.1: (A) Schematic of the combined OCT+ERG system. (B) Photograph of the
OCT+ERG imaging probe. (C) Laser spectrum measured from the reference arm of the
OCT system. (D) Axial OCT PSF after hardware (red color) and software (black color)
dispersion compensation. (E) Sensitivity roll-off with imaging depth.
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coupler (60/40 split ratio, Gould Fiberoptics, USA) that served as the core of the OCT
interferometer.

In the imaging arm of the OCT system, a parallel optical beam of 2.8 mm diameter was
generated with a fiber collimator (CL1 - achromat doublet, f = 10 mm, Thorlabs, USA).
A pair of galvanometric scanners (Cambridge Technologies, USA) were used to scan the
imaging beam over the retinal surface. A telescope comprised of 2 achromat doublet lenses
(L1 (f = 75 mm) and L2 (f = 60 mm), Thorlabs, USA) was used to generate a parallel
optical beam of 2.24 mm diameter and optical power ∼ 1.1 mW that was projected onto the
human cornea. The mechanical design of the telescope allowed for easy adjustment of the
distance between lenses L1 and L2 to compensate for myopia and hyperopia in the imaged
subjects and fine-tune the focusing of the imaging beam within the retina. A custom visual
stimulator comprised of a wheel with 4 LEDs (white, blue, green and red) was integrated
with the OCT imaging probe through lens L3 (f = 50 mm, Thorlabs, USA) and a pellicle
beam splitter (T/R ratio of 92/8, Thorlabs, USA). This design allows for the light from one
of the LEDs to be focused at the pupil plane of the human eye in order to generate wide
field of view illumination of the retina with almost uniform intensity (Maxwellian view).
The custom visual stimulator was interfaced with a commercial electroretinography (ERG)
system (Espion 2, Diagnosys LLC, USA), which served two purposes: a) precise control
of the timing, duration, intensity and frequency of visual stimulus; and b) simultaneous
collection of ERG and OCT recordings, so that the ERG recordings are used as a “gold
standard" to validate the ORG traces extracted from the OCT images.

The reference arm of the OCT interferometer was comprised of a fiber collimator (achro-
mat doublet, f = 10 mm, Thorlabs, USA), a custom-built 1 cm long water cell (WC) for
crude compensation of water dispersion of the OCT imaging beam within the human eye, a
custom dispersion compensation (DCP) unit comprised of BK7 prisms mounted on minia-
ture translation stages (Edmund Optics, USA), a telescope (L4 and L5, achromat doublets
(f4 = f5 = 60 mm), Thorlabs, USA), a focusing lens (L6, achromat doublet (f = 10 mm),
Thorlabs, USA) and a mirror mounted on a miniature translation stage (Edmund Optics,
USA). The telescope and the focusing mirror were mounted on a manual translation stage
(Edmund Optics). Polarization controllers (PC) were used in both arms of the interferom-
eter.

The detection end of the OCT system was comprised of a commercially available spec-
trometer (Cobra-S 800, Wasatch Photonics, Durham, USA), interfaced with a line-scan
CMOS camera (OCTOPLUS, Teledyne, USA) with a readout rate of 250 kHz.

Figure 3.1C shows the spectrum of the optical beam measured at the detection end
of the OCT system, which accounts spectral changes induced by the optical transmission
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function of the OCT system. Figure 3.1D shows the axial PSF after hardware dispersion
compensation only (red line) and after additional software dispersion compensation (black
line), based on previous publications [52, 53]. The OCT system’s maximum sensitivity
measured for 1.1 mW imaging power which is well below the maximum permissible exposure
(MPE) as specified by the ANSI standard [140] and camera speed of 250 kHz was 98 dB
with a roll-off of ∼ 10 dB over a scanning range of 1.5 mm (Figure 3.1E).

3.2.2 In-vivo imaging of the human retina

A pilot study to test the clinical viability of the OCT+ERG system was conducted on 2
healthy subjects (2 males, age range 25 yo ± 5 years). The study received full ethics clear-
ance from the University of Waterloo’s Office of Research Ethics and a written consent
was obtained from all participants. The study participants underwent standard clinical
examination prior to the OCT imaging sessions and only subjects with no ocular diseases
or a history of epilepsy and nearly perfect vision (minor correction up to -1 Diopters) were
included in the study. A DTL type ERG electrode was inserted under the lower eyelid of
the imaged eye, while reference and ground ERG electrodes are applied to the participant’s
temple and behind the ear respectively (Figure 3.1B). Both pupils were dilated by appli-
cation of 1 drop of Tropicamide in each eye followed by ∼ 30 minutes dark adaptation. A
faint red LED was used as fixation target for the contralateral eye.

3.2.3 Visual stimulation and image acquisition protocols

In this study, the retina was stimulated with white-light single flashes of 4 ms duration
and different intensities ranging from 0cd.s/m2 (dark recordings) to 43.4cd.s/m2. OCT and
ERG data were acquired over a period of ∼ 6 seconds (1 second pre-stimulus and 5 seconds
post-stimulus), as shown in Figure 3.2A. Table 3.1 shows the percentage of photoreceptor
bleaching for each stimulus intensity used in this study, calculated based on the method
described by Rushton and Henry [86,141].

Large field-of-view, volumetric morphological OCT images of the retina (1,000 A-scans
× 1,000 B-scans, corresponding to ∼ 7 mm × 7 mm) were acquired prior to acquisition
of the functional OCT recordings, to map the vasculature on the retinal surface. Next, a
series of 1,200 OCT B-scans, each composed of 1,000 A-scans spanning over 1 mm (Figure
3.2B), were acquired from the same place in the retina located approximately midway
between the fovea and the optic nerve head (red line in Figure 3.2C).
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Figure 3.2: Image acquisition protocol for the optoretinography and functional blood flow
recordings. (A) Timeline of the visual stimulus. (B) A sequence of 1,200 repeated B-scans
acquired over duration of ∼ 6 seconds from a location in the retina approximately midway
between the fovea and optic nerve head (C, red line).

Stimulus Intensity Photoreceptors Bleaching
(cd.s/m2) (%)

1.4 1.4
14.5 13.8
43.4 36

Table 3.1: Bleaching percentage for different stimulus intensities.
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Figure 3.3: Protocol for extracting ORG traces from the repetitive B-scans. (A) A repre-
sentative B-scan showing the layered structure of the human retina and cross-sections of
large blood vessels in the RNFL. (B) Flow chart of the image processing steps to extract
the optical path length difference (OPD) and intensity ORG traces from different retinal
layers. Example ORG traces: OPD (C) and intensity (D) extracted from the OS-2 band
of the photoreceptors layer.

3.2.4 Image processing and data analysis

Custom MATLAB-based algorithms were developed for processing and analysis of the OCT
data. The raw OCT data was first processed to generate dispersion-compensated complex-
valued B-scans (representative intensity image shown in Figure 3.3A). Figure 3.3B shows
a flow chart for the image processing steps designed to measure ORG responses (optical
path length and intensity changes) from different retinal layers. To account for involuntary
eye motion caused by breathing, heartbeat and eye muscle twitching, a sub-pixel phase-
restoring image registration method was utilized to correct for motion-related misalignment
between consecutive B-scans [87,142,143]. Next, a region of interest (ROI) located outside
the shadows of the retinal blood vessels was defined for each B-scan of the time series,
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the retinal layers were segmented automatically based on their intensity profiles using
boundary detection and textural changes [144], and the B-scans were flattened using the
photoreceptors IS-2 layer as a guideline. The segmented data was used to extract optical
path length and intensity changes for each retinal layer in response to visual stimulation.
To generate the intensity traces, the values for all pixels within each segmented layer were
averaged both axially and laterally to reduce speckle noise. Optical path length changes
within the segmented layers were calculated based on the following equation:

∆OPD =
λ0

4π
× (ϕtarget − ϕreference) (3.1)

where, ∆OPD represents the optical path length changes between the reference and the tar-
get layers, λ0 is the central wavelength of the imaging light source, and (ϕtarget − ϕreference)
represents the phase difference between the target retinal layer and the reference layer. IS-
2 was used as the reference layer for OS-2, and Inner Plexiform Layer (IPL) was used as
the reference layer for all the other target layers. Phase stability of the system was char-
acterized by determining the inter-layer displacement sensitivity, measured by employing
methods described by other groups [78, 133]. The calculated inter-layer displacement sen-
sitivity with spatial averaging was found to be about 5 nm.

Representative OPD and intensity traces extracted from the photoreceptors OS-2 layer
are shown in Figures 3.3C and 3.3D, respectively. The high frequency data (black line)
resulting from the OCT speckle pattern and periodic modulations related to breathing and
heart rate were filtered out using a combination of filtering functions, in order to generate
the smooth time traces (red curves) in Figures 3.3C and 3.3D.

A custom algorithm was also developed for quantifying vascular changes (retinal blood
flow and blood vessel diameter) caused by visual stimulation. Figure 3.4A shows a rep-
resentative B-scan, where an ROI including the cross-section of a retinal blood vessel is
marked with the red dashed line. Figure 3.4B shows a flow chart of the algorithm developed
for analysis of the vascular changes.

Bulk registration was used to align all B-scans for eye motion [142]. Next, a blood vessel
was manually selected from the first B-scan in the time series by looking at the shadow cast
by the vessel in the deeper layers of retina as blood cells are highly reflective. The width
of the shadow was correlated to the diameter of the blood vessel as the lumen of retinal
blood vessels has much lower reflectivity. The blood vessel was cropped from all B-scans
in the time series using a semi-automated algorithm. This data was used to extract the
blood velocity information based on the phase shift between the adjacent A-scans [60,121].
The retinal blood flow (RBF) was obtained from each B-scan using:
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Figure 3.4: Protocol for measuring transient changes in the retinal blood vessels. (A) A
representative retinal B-scan with the cross-section of a retinal blood vessel marked with
the red dashed line. (B) Flow chart of the image processing steps to quantify dynamic
vascular responses (blood flow change and dilation / constriction of retinal blood vessels)
to visual stimulation. (C) Retinal blood flow change in response to 4 ms single flash white-
light stimulus. (D) Corresponding blood vessel diameter change.
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F = V × πD2

4
(3.2)

where, F is the retinal blood flow, V is the retinal blood velocity, and D is the diameter
of the blood-vessel cross-section. Therefore, the blood velocity and vessel area information
(in appropriate units) was used to evaluate visually evoked RBF changes over the time
series of B-scans.

Representative RBF and blood vessel diameter (BVD) time traces are shown in Figures
3.4C and 3.4D. The raw data exhibited high fluctuations (black lines) because of the speckle
present in the OCT images. A smoothing filter with a moving window (Savitzky-Golay)
was used to filter out the high frequency component of the data. Next, the filtered data was
zero-padded (∼ 3×) to enable band-block filtering of the pulsatile fluctuations caused by
the participant’s heart rate and to generate smooth traces (red lines) of the time-dependent
changes of the RBF and BVD caused by the visual stimulation of the retina. Fractional
changes in the RBF was computed based on the following relation:

RBFChange (%) =
SignalRBFvalue (A)−BaselineRBFvalue (B)

BaselineRBFvalue (B)
× 100 (3.3)

where, the signal RBF value corresponds to the RBF value obtained for a vessel in each
B-scan and the baseline RBF value corresponds to the mean RBF value during the pre-
stimulus period. A similar analysis was conducted to compute fractional changes for BVD
response in the axial and lateral directions:

BVDChange (%) =
SignalBV Dvalue (A)−BaselineBV Dvalue (B)

BaselineBV Dvalue (B)
× 100 (3.4)

Here, the signal BVD value represents to the value of cross-sectional diameter of a blood
vessel in a B-scan and the baseline BVD value is determined by taking average of the vessel
diameter fluctuations over pre-stimulus recording.

To quantity the RBF and BVD response to visual stimulation, we employed 2 metrics:
‘amplitude’, measured relative to the baseline (pre-stimulus data) and ‘latency’ measured
from the onset of the visual stimulus to the time of the peak response (Figure 3.4C).
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3.3 Results

3.3.1 Morphological human retinal images

Figure 3.5 shows representative cross-sections and en face morphological images of the
healthy human retina. The high axial OCT resolution allowed for clear visualization of the
Bruch’s membrane (Figure 3.5A, green arrow), the retinal pigmented epithelium (RPE,
Figure 3.5A, orange arrow), the posterior end of the photoreceptors outer segment (OS-2,
Figure 3.5A, blue arrow), that contains RPE micro-villi rich in melanin granules, respon-
sible for the high reflectivity of this sub-layer, reflections from cone tips in the anterior
part of the photoreceptor’s outer segment (Figure 3.5A, red arrows) and the highly reflec-
tive posterior end of the photoreceptors inner segment (IS-2, Figure 3.5A, white arrow),
that contains densely packed mitochondria. The high axial resolution also allows for vi-
sualization of three distinct sub-bands in the retinal inner plexiform layer (IPL, Figure
3.5B, yellow arrow) that were previously observed with research-grade visible light OCT
technology with comparable axial resolution [134].

Figure 3.5C shows an en face view of the microvasculature at the inner plexiform layer
(IPL) of the retina. Figure 3.5D shows an en face, maximum intensity projection image of
the photoreceptors IS/OS junction. Figures 3.5E and 3.5F show magnified views of a ROI
located a few degrees away from the center of the fovea, where reflections from cones can
be observed (highly reflective white dots).

3.3.2 Retinal response to a flash with one intensity

Figure 3.6B shows intensity profiles of the human retina generated from a time series of
B-scans (single representative B-scan from the series is shown in Figure 3.6A) for selected
time points before, during and after the single flash stimulus. The intensity profiles were
aligned with respect to each other, using the peak corresponding to the photoreceptors
IS-2 layer as a reference point. A simplified pictorial representation of the retina’s cellular
pathway for generation and transmission of visional information is also shown in Figure
3.6A. The figure shows clearly that visual stimulation causes time dependent increase and
decrease in the intensity of different retinal layers, as well as temporary swelling in some
of the retinal layers, that results is spatial shifts of the intensity peaks corresponding to
those retinal layers (optical pathlength changes).

Figure 3.7 shows a summary of the retinal response to visual stimulation (4 ms dura-
tion and 43.4cd.s/m2 intensity) in terms of physiological changes in the retinal neurons
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Figure 3.5: OCT images of the healthy human retina. The high spatial resolution is
sufficient to resolve the Bruch’s membrane (green arrow), the RPE (orange arrow), the
photoreceptors OS-2 layer (blue arrow) and reflections from individual cone OS tips (red
arrow) (A), the 3 sub-layers in the retinal IPL (B) and the intricate capillary network in
the retinal OPL (C). En face view of the photoreceptors IS/OS junction (D). Magnified
views of the photoreceptors mosaic, where tips of individual cones are resolved (white dots
in E and F).
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Figure 3.6: (A) Representative B-scan of the healthy human retina from a functional OCT
time series with layers labeled. (B) Retina intensity profiles extracted from the series of
B-scans for selected time points before, during and after application of the visual stimulus.
Pictorial representation of the cellular pathway for generation of visual information.
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Figure 3.7: Summary of the healthy human retina response to visual stimulation (white
light, single flash, 4 ms duration and 43.4cd.s/m2 intensity) in terms of physiological
changes in the retinal neurons measured with OCT (intensity and OPD changes) and
ERG, and vascular changes (transient changes in the RBF and BVD). (A) Optical path-
length changes from PR OS-2 layer. Intensity changes measured from retinal layers located
in the posterior (B) and anterior (C) retina. (D) Representative ERG recording. Visually
evoked changes in the retinal blood flow (E) and blood vessel diameter (F).
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measured with OCT (intensity and OPD changes) and ERG, and vascular changes (tran-
sient changes in the RBF and BVD). Figure 3.7A shows phase-based optical path length
changes in the photoreceptors OS-2 band (red line). The photoreceptors show a consistent
expansion, reaching a value of ∼ 250 nm at ∼ 5 seconds after the stimulus onset. The
black line shows the OPD changes during baseline (dark recording).

Figure 3.7B and 3.7C show intensity-based changes in the retinal layers. Figure 3.7B
shows the intensity changes in the outer retina, specifically the IS-2 (red curve), the OS-2
(blue curve), and the RPE (green curve). The intensity changes observed in the IS-2 and
the OS-2 layers are similar in magnitude (∼ 30%), however the peak intensity change for
the OS-2 layer occurs a few milliseconds earlier than the change in the IS-2 layer. The
intensity change in the RPE layer is of significantly lower magnitude and reaches a plateau
almost simultaneously with the change observed in the OS-2 layer. The black curve shows
the baseline (dark recording) response of the PR OS-2 layer.

Figure 3.7C shows intensity changes in the NFL (red curve), the IPL (blue curve) and
the OPL (green curve). The OPL shows the highest change in intensity amongst these
retinal layers, with a maximum change of sim20% plateauing at ∼ 3.5 seconds after the
stimulus onset. The NFL and the IPL both show a similar intensity change of ∼ 10% at
∼ 2 seconds after the stimulus onset with the IPL intensity returning to baseline within
∼ 4 seconds of the stimulus onset. The black curve shows the baseline (dark recording)
response of the IPL layer.

Figure 3.7D shows a representative single flash ERG trace acquired for a stimulus
intensity of 3.44cd.s/m2. The negative a-wave peaks at ∼ 18 ms after the flash onset,
while the positive b-wave peaks at ∼ 35 ms after the flash onset. The gray rectangle in
the plot shows the timing and the duration of the white light, single flash stimulus.

Figure 3.7E shows representative RBF traces from dark recordings (no flash, black
curve) and a single flash recording with intensity of 43.4cd.s/m2 (red curve). The black
curve in the figure shows the blood flow response in the absence of visual stimulation. On an
average an RBF change of < 20% is present in the absence of visual stimulation. However,
a change of as high as 200% is observed with a single flash of 43.4cd.s/m2 intensity (red
curve), which peaked at ∼ 2 seconds after the flash onset. The RBF changes are transient
and the flow returns to baseline within ∼ 5 seconds from the stimulus onset.

Figure 3.7F shows representative changes in retinal blood vessel diameter in response
to a single-flash stimulus of 43.4cd.s/m2 intensity. The black curve shows the response in
the absence of stimulation, where a slight pulsatile behavior is be observed. However, with
the onset of stimulation, the vessel dilates to ∼ 5% reaching a maximum value at ∼ 1.5
seconds after the onset of the flash (red curve).
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Figure 3.8: Different responses at different intensities of single-flash stimuli. (A) ERG
traces; (B) RBF changes; (C) BVD changes; (D) and (H) Optical path length and intensity
changes in the photoreceptor OS-2 layer; (E) and (I) Optical path length and intensity
changes in the outer plexiform layer; (F) and (J) Optical path length and intensity changes
in the inner plexiform layer; and (G) and (K) Optical path length and intensity changes
in the retinal nerve fiber layer.

3.3.3 Retinal response to different intensities

Next, we explored the dependence of the retinal response to visual stimulation of different
intensity by varying the intensity of the 4 ms single white-light flash stepwise in the range
0 − 43.4cd.s/m2. Figure 3.8 shows representative results for 3 stimulus intensity values:
1.4cd.s/m2, 14.5cd.s/m2 and 43.4cd.s/m2. The ERG recordings (Figure 3.8A) showed
progressive increase of the amplitude of the a-wave and b-wave, as well as small changes
in the peak latency of the b-wave.

The retinal blood flow (Figure 3.8B) showed significant increase in the peak magni-
tude of the transient blood flow changes with progressive increase of the stimulus intensity.
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The peak latency decreased initially between recordings with 1.4cd.s/m2 and 14.5cd.s/m2

stimulus intensities, and plateaued for flash intensity of 43.4cd.s/m2. Similar non-linear
behavior of the RBF latency was observed by our research group in retinal veins for mea-
surements conducted at the periphery of the optic nerve head in a different study [145].
The recovery time of the RBF baseline is also affected by the intensity of the visual stim-
ulus and is longer for the highest intensity of the flash. The retinal blood vessel diameter
(RBVD) (Figure 3.8C) showed similar behavior to the RBF. The peak magnitude of the
vasodilation increased progressively while the peak latency decreased with the increase of
the stimulus intensity.

Figures 3.8D and 3.8H show the phase-based (optical pathlength difference – OPD)
and the intensity-based ORG responses for the photoreceptors OS-2 layer respectively.
The OPD traces showed almost linear increase over the 5 seconds time with the onset
of the flash, and the response was proportional with the increase of the flash intensity,
reaching a peak magnitude of ∼ 300 nm for the strongest flash. While the magnitude of
the intensity-based ORG responses also scaled with the increase of the flash intensity, it
plateaued at ∼ 2.5 seconds relative to the flash onset, reaching a peak magnitude of ∼ 30%
relative to the baseline (dark recording).

Figures 3.8E and 3.8I show the phase-based (OPD) responses and intensity-based ORG
responses measured from the retinal outer plexiform layer (OPL) respectively. The optical
path-length increase in this layer is almost 10 times smaller in magnitude compared to the
response measured from the photoreceptors OS-2 layer, reaching peak magnitudes of ∼ 20
nm, 30 nm and 50 nm for the 3 flash intensity values respectively. The peak latency relative
to the onset of the flash also increased with the intensity of the flash in the range of 2s –
4s. For the lower intensity flashes, the response showed tendency for return to baseline,
while the response to the strongest flash (43.4cd.s/m2) plateaued after 4 seconds relative
to the flash onset. The intensity-based responses measured for the lower intensity flashes
showed transient responses of peak magnitudes of ∼ 5% and ∼ 12% and peak latencies of
∼ 1 second and ∼ 2 seconds respectively. The response to the strongest flash plateaued at
∼ 20% and ∼ 3.5 seconds latency relative to the flash onset.

Figures 3.8F and 3.8J show the phase-based (OPD) responses and intensity-based ORG
responses measured from the retinal inner plexiform layer (IPL) respectively. The OPD
traces showed progressive increase of the peak magnitude from ∼ 20 nm to ∼ 40 nm with
increase of the flash intensity, while the peak latency decreased from ∼ 4.3 seconds to
∼ 3.5 seconds respectively. All of the traces showed tendency to return to baseline. The
intensity-based responses showed progressive increase in the peak magnitude from ∼ 5%
to ∼ 13% with increase of the flash intensity, while the peak latency increased from ∼ 1.5
seconds to ∼ 3 seconds respectively.
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Figures 3.8G and 3.8K show the phase-based (OPD) responses and intensity-based ORG
responses measured from the retinal nerve fiber layer (NFL) respectively. For the lowest
stimulus intensity of 1.4cd.s/m2, the phase-based ORG response plateaued at ∼ 20 nm,
with ∼ 2 second peak latency. The OPD response to the stimulus intensity of 14.5cd.s/m2,
peaked at ∼ 30 nm with ∼ 2 second peak latency. The strongest flash resulted in almost
linear OPD change that peaked at ∼ 60 nm with ∼ 3.5 second peak latency. The intensity-
based changes measured from the NFL were of generally smaller magnitude peaking in the
range of 3%− 9% with progressive increase of the peak latency with the stimulus intensity
increase.

3.4 Discussion

The novel OCT+ERG modality (imaging technology and image processing algorithms)
presented here allows for simultaneous high-resolution imaging of the human retina mor-
phology and probing of the retinal neuronal and blood flow responses to visual stimulation.
The OCT system is designed to operate in the same wavelength region (∼ 800 nm) as
commercial OCT systems and has a compact fiberopic design. The high axial resolution
(1.7µm) is sufficient to resolve the multi-layered structure of the posterior human retina
(Figure 3.3A), including the RPE and the Bruch’s membrane, as well as the triple sub-
bands of the inner plexiform layer (Figure 3.5B, yellow arrow) that have been observed in
the past with research-grade, visible light (VIS-OCT) technology of similar axial resolu-
tion [134]. The system’s lateral resolution is sufficient to resolve reflections from the tips
of individual cone photoreceptors in the healthy human retina located a few degrees away
from the fovea (white dots in Figures 3.5E and 3.5F), as well as the fine capillary network
of the outer plexiform layer (Figure 3.5C).

Integration of the OCT system with a commercial ERG technology serves several pur-
poses:

a) Synchronous ORG and ERG recording that allow clinicians access to retinal mor-
phological, functional and vascular data that is acquired simultaneously;

b) Easy, flexible control of the visual stimulus and utilization of clinically approved ERG
protocols for retinal stimulation

As the ORG research field is still relatively new, simultaneously recorded ERG traces can
serve as a “gold standard” to validate the ORG recordings. Note that while the current
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design of the visual stimulator allows for flexibility of choice in terms of timing, duration,
intensity, frequency pattern and color of the visual stimulus, it can only generate a wide-
field, Maxwellian view illumination of the retina. It also does not provide a fixation pattern
for the imaged eye. Future designs of the visual stimulator will include fixation targets for
the imaged eye, as well as ability to project spatial patterns of different sizes on the surface
of the retina.

Results from this pilot study demonstrate that the OCT technology and image pro-
cessing algorithms allow for measurement of both phase-based OPD changes and intensity-
based changes from all major retinal layers, as well as transient changes in the retinal blood
flow caused by visual stimulation of the retina. The simultaneous measurement of both
neuronal responses and transient changes in the blood flow and vasodilation of local blood
vessels allows for conducing of non-invasive studies of neurovascular coupling in the human
retina. Data from this pilot study shows that in general both the phase-based OPD and
intensity-based responses from retinal layers populated by different types of retinal neu-
rons, to visual stimulation increase in magnitude relative to the baseline (dark recordings)
with increase of the stimulus intensity, while the latency of the peak responses decreases or
increases with increase of the stimulus intensity depending on the retinal layer type. The
largest phase-based OPD changes were observed from the photoreceptors OS-2 sub-layer,
which is consistent with results from animal studies and can be explained with transient
water influx following the phototransduction process of rhodopsin located in the photore-
ceptors outer segments [127, 128]. The OS-2 layer also shows the largest intensity change
(∼ 30%) which can be associated with different factors:

a) temporary realignment of electrical dipoles within the double lipid membranes that
form the OS layer, during the phototransduction process, which results in transient
changes of the local refractive index;

b) conformational changes in the opsin protein can alter the scattering profile of the
rhodopsin molecules in the OS layer;

c) water influx can cause transient changes in the reflectivity profile of the OS layer.

Phase-based OPD and intensity-based changes of almost 10× smaller magnitude were
observed from the outer and inner plexiform layers of the human retina in response to the
visual stimulation (Figures 3.7 and 3.8). Since these retinal layers contain dense capillary
networks, these changes are most likely related to transient increase in the retinal blood
flow (retinal blood cells scatter light strongly) and vasodilation of the retinal capillaries.
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The retinal NFL is composed of unmyelinated axons of the ganglion cells that conduct
action potentials in order to transmit information from the retina to the brain. The
transient increase in the NFL reflectivity measured with OCT during and immediately
following the visual stimulation (Figure 3.8K) can most likely be explained by transient
increase in the magnitude and frequency of the action potentials, which will alter the local
electrical field and therefore the local refractive index of the ganglion cell axons. These
changes will result in measurable changes of light reflected and scattered by the NFL [124].
The phase-based OPD changes measured from the NFL (Figure 3.8G) in response to the
visual stimulation are most likely due to transient swelling of Müller glial cells, which are
located in-between NFL fibers.

The visual stimulation of the human retina caused transient changes both in the local
blood flow but also the vasodilation of the retinal blood vessels (Figures 3.8B and 3.8C
respectively). These changes can be explained with the increased metabolic activity of
retinal neurons during and immediately after visual stimulation which increases the demand
for oxygen and nutrition delivered by the retinal blood network.

While we demonstrated that the temporal resolution of the OCT system is sufficient to
measure transient changes in the neuronal activity (ORG recordings) and blood vasculature
(RBF and RBVD) caused by visual stimulation, 10 second long recordings pose difficulties
for both the imaged subjects (keeping the eye fixated and open) and the image processing
algorithms (correction of eye motion artifacts). In this study, subjects tended to blink
and lose fixation after ∼ 7 seconds, which limited the post-stimulus period to only 5
seconds and prevented exploration of the recovery process of the ORG and RBF traces
back to baseline. Eye motion artifacts arising from involuntary eye motion (heart rate,
breathing rate, ocular muscles twitching) also posed challenges to the filtering process of
the ORG and RBF traces and caused the initial increase of the ORG and RBF changes
to appear occurring slightly earlier than the stimulus onset. The limited speed of the
camera in the current design of the OCT system also prevented measurement of initial fast
negative OPD response from the OS-2 layer, corresponding to the ERG a-wave, that was
observed by other research groups that used OCT technology with parallel detection such
as Swept-Source OCT [77,83,88], Full-Field OCT [74], multiple detection channels [76] and
Line-Field OCT [78,84].

3.5 Conclusions

In summary, we have developed a combined OCT+ERG system for in-vivo, simultaneous
high -resolution imaging of the human retina structure and measurement of fast, transient
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changes in the retinal neuronal function (ORG and ERG) and the local retinal blood flow
(Doppler OCT) induced by visual stimulation. Both optical pathlength- and intensity-
based ORG signals were acquired from the major retinal layers (nerve fiber layer, plexi-
form layers, photoreceptor inner and outer segments and the retinal pigmented epithelium).
Data acquired in this study provides insight to the neurovascular coupling in the human
retina. The novel OCT+ERG technology and OCT image processing algorithms presented
here can serve as valuable research tools in future biomedical and clinical studies of poten-
tially blinding neurodegenerative retinal diseases and brain neurodegenerative conditions
that are expressed in the retina.
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Chapter 4

Visual stimulus-evoked transient blood
flow and blood vessel diameter changes
in human retina measured with a
combined OCT+ERG system

Notes and Acknowledgments
This chapter summarizes the results from a study that aimed to investigate the retinal
blood flow in the larger blood vessels around the optic nerve head in healthy humans in
response to 10Hz of white-light flicker stimulation, measured with a combined OCT +
ERG system. The content of this chapter is based on the following submitted manuscript
in preparation:

Dhaliwal K, Simmons J, Wong A, Hudson C, Wright T, Ballios B, Bizheva K. "Visual
stimulus-evoked transient blood flow and blood vessel diameter changes in human retina
measured with a combined OCT+ERG system", to be submitted to IOVS, 2024.

Kostadinka Bizheva conceived the study and provided the study materials. Brian
Ballios, Chris Hudson and Tom Wright contributed to planning of the study.

Khushmeet Dhaliwal acquired the OCT data; Tom Wright acquired the ERG data.

Khushmeet Dhaliwal wrote the algorithm for retinal blood flow detection and James
Simmons and Khushmeet Dhaliwal wrote the algorithm for blood vessel segmentation,
with the help of Alex Wong.
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Khushmeet Dhaliwal and James Simmons processed the experimental data.

Khushmeet Dhaliwal analyzed the experimental results.

Khushmeet Dhaliwal, Kostadinka Bizheva, Chris Hudson, Brian Ballios, and
Tom Wright all contributed to the interpretation of the results.

Khushmeet Dhaliwal wrote the first draft of the manuscript.

All authors contributed to the final version in preparation for publication.
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4.1 Introduction

Functional Hyperemia refers to the phenomenon of increased cellular metabolic demand
leading to temporary vessel dilation in response to external stimuli [9]. First described by
Roy and Sherrington in the brain over a century ago, this mechanism, also referred to as
‘Neurovascular Coupling (NVC)’, has also been identified in the retina. In this context,
neurovascular coupling refers to the transient vasodilation and elevated blood supply to
the retina triggered by the increased metabolic demands of retinal neurons responding to
visual stimulation [11,12].

Potentially blinding retinal neurodegenerative diseases- including age-related macular
degeneration (AMD) [23, 24], glaucoma [20, 21], diabetic retinopathy [30, 31], and retinitis
pigmentosa [25,26]- are associated with significant changes in the ocular tissue that disrupt
neurovascular coupling. These diseases alter the ocular tissue morphology and cellular
structure, affecting cell shape and size, which subsequently impacts the optical scattering
profile of the tissue. Additionally, they impair ocular blood flow and perfusion, impacting
oxygen and nutrient delivery to the retinal tissues. Lastly, these diseases also induce
changes in the metabolic and physiological responses of the tissue to external stimuli,
further disrupting neurovascular coupling by affecting its constituent mechanisms [7, 18].

Several imaging modalities have been employed to image and detect retinal diseases in
human and animal subjects, including fundus photography [33, 34], fluorescein angiogra-
phy [42–44], laser Doppler velocimetry [37–39], retinal vessel analyzer [15,47], laser Doppler
flowmetry [35, 36], scanning laser ophthalmoscopy [40, 41], and optical coherence tomog-
raphy (OCT) [54, 78, 102, 134, 146]. However, most of these techniques pre-dominantly
detect morphological and vascular changes in the retina that typically emerge during the
advanced stages of the disease after irreversible damage to the retina has occurred. There-
fore, measurement of morphological, physiological, or metabolic changes in the retina at
cellular level requires an imaging modality capable of detecting early-stage retinal changes
and transient retinal responses to stimuli.

Doppler Optical Coherence Tomography (D-OCT), a functional extension of OCT,
allows for the visualization of blood vessels and quantification of blood velocity via the
principle of Doppler Shift as described in section 2.5 [56,61,66]. Wang et. al. introduced a
double-circular scanning protocol around the Optic Nerve Head (ONH) to obtain absolute
retinal blood flow values in the retina [62]. In this method, OCT data is acquired from
two concentric circles centered at the ONH, enabling the Doppler angle determination
using the geometric location of the vessel cross-section in the two B-scans. Since blood
flow is the product of blood velocity and vessel cross-sectional area, morphological OCT
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B-scans can be used to determine the area of the blood vessels, allowing for the calculation
of total retinal blood flow (TRBF) around the ONH by summing individual vessel flow
values. Therefore, D-OCT enables dynamic, real-time measurement of retinal blood flow.
This capability allows researchers to capture retinal blood flow responses to visual stimuli,
facilitating a deeper understanding of neurovascular coupling and its role in health and in
disease.

Prior studies have investigated the response of retinal blood flow (RBF) to visual stim-
ulation in both humans and animals. For instance, Wang et. al. observed an increase
in RBF in healthy humans 10 to 15 seconds after a 30-second patterned white-light stim-
ulus [65]; however, the time delay between the stimulation and the measurement likely
obscured the transient peak in the visually-evoked RBF change. Other studies, such as
that by Aschinger et. al., used a prolonged 2-minute stimulation period, which may be
less feasible in clinical settings, particularly for patients who may be sensitive to prolonged
stimulation [122]. Similarly, Warner et. al. reported an increase of up to 22% in RBF
in smaller vessels in response to 2 minutes of full-field flicker stimulation [96]. Kallab et.
al. reported an increase in RBF and retinal blood vessel diameter in arteriovenal pairs
in healthy human subjects in response to 7 Hz of flicker stimulation [71]. However, these
protocols typically involved delayed measurements of RBF relative to the onset of the
stimulus, potentially overlooking the rapid, dynamic blood flow changes crucial for under-
standing neurovascular coupling, as neuronal activity leads to increased metabolic demand
that requires immediate vascular response.

To the best of our knowledge, no studies have been conducted in the past to record
RBF responses before, during, and immediately after flicker stimulation in human subjects
with sufficiently high temporal resolution to map the transient changes in the RBF. Tan
et. al. conducted similar experiments in rats and observed a transient increase in RBF in
response to visual stimulation and the RBF change peaked close to the off-set of the flicker
stimulus [67]. Also, in a rat model of glaucoma, Tan et. al. observed that the transient
RBF changes were suppressed during intraocular pressure (IOP) elevation, though the
response normalized once IOP returned to baseline [147], highlighting the importance of
monitoring dynamic RBF responses in diseased subjects.

In this study, a combined OCT+ERG system was used to simultaneously capture the
transient RBF changes in retinal vessels in the immediate vicinity of the ONH, as well as
electrophysiological responses to 10 Hz white-light flicker stimulation of various intensities
in healthy human subjects.
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4.2 Methods

4.2.1 OCT+ERG system

A custom-built optical coherence tomography (OCT) system, operating at 250 kHz acqui-
sition rate was developed for this study. Briefly, the OCT system, operating in the 800
nm spectral region, was paired with a commercial electroretinography (ERG) system by
Diagnosys LLC (Lowell, MA, USA). Both systems were combined by developing a custom
imaging probe integrated with a custom visual stimulator and synchronizing the OCT and
ERG data acquisition to allow for synchronous recordings of visually evoked changes in
the retinal RBF responses with the OCT and electrical recordings with the ERG.

The fiber-based point-scanning, Spectral-Domain OCT system was powered by a broad
bandwidth superluminescent diode-based light source with λC = 810 nm and ∆λ = 100 nm
(Superlum, Carrigtohill, Co. Cork, Ireland, M-D-810-HP) to ensure no prestimulation of
the retina due to the imaging beam. The output of the light source was connected to a 60/40
fiber coupler (Gould Fiberoptics, USA), which served as the core of a fiberoptic Michelson
interferometer, splitting the light into reference and sample arms. In the imaging arm of
the OCT system, a parallel optical beam of 2.8 mm diameter was generated with a fiber
collimator (CL1 - achromat doublet, f = 10 mm, Thorlabs, USA). A pair of galvanometric
scanners (Cambridge Technologies, USA) were used to scan the imaging beam over the
retinal surface. A telescope comprised of 2 achromat doublet lenses (L1 (f = 75 mm) and
L2 (f = 60 mm), Thorlabs, USA) was used to generate a parallel optical beam of 2.24 mm
diameter and optical power ∼ 1.1 mW that was projected onto the human cornea. The
mechanical design of the telescope allowed for easy adjustment of the distance between
lenses L1 and L2 to compensate for myopia and hyperopia in the imaged subjects and
fine-tune the focusing of the imaging beam within the retina.

A custom visual stimulator comprised of a wheel with 4 LEDs (white, blue, green and
red) was integrated with the OCT imaging probe through lens L3 (f = 50 mm, Thorlabs,
USA) and a pellicle beam splitter (T/R ratio of 92/8, Thorlabs, USA). This design allows
for the light from one of the LEDs to be focused at the pupil plane of the human eye in
order to generate wide field of view illumination of the retina with almost uniform inten-
sity (Maxwellian view). The custom visual stimulator was interfaced with a commercial
electroretinography (ERG) system (Espion 2, Diagnosys LLC, USA), which served two
purposes:

a) precise control of the timing, duration, intensity and frequency of visual stimulus;
and
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b) simultaneous collection of ERG and OCT recordings, so that the ERG recordings are
used as a ‘gold standard’ to validate the optoretinography (ORG) traces extracted
from the OCT images.

The reference arm of the OCT interferometer was comprised of a fiber collimator (achro-
mat doublet, f = 10 mm, Thorlabs, USA), a custom-built 1 cm long water cell (WC) for
crude compensation of water dispersion of the OCT imaging beam within the human eye, a
custom dispersion compensation (DCP) unit comprised of BK7 prisms mounted on minia-
ture translation stages (Edmund Optics, USA), a telescope (L4 and L5, achromat doublets
(f4 = f5 = 60 mm), Thorlabs, USA), a focusing lens (L6, achromat doublet (f = 10 mm),
Thorlabs, USA) and a mirror mounted on a miniature translation stage (Edmund Optics,
USA). The telescope and the focusing mirror were mounted on a manual translation stage
(Edmund Optics). Polarization controllers (PC) were used in both arms of the interfer-
ometer. The detection end of the OCT system was comprised of a commercially available
spectrometer (Cobra-S 800, Wasatch Photonics, Durham, USA), interfaced with a line-scan
CMOS camera (OCTOPLUS, Teledyne, USA) with a readout rate of 250 kHz.

This optical design resulted in axial resolution of ∼ 2.7 µm in retinal tissue,and signal-
to-noise ratio (SNR) of 98 dB, measured for 1.1 mW of power incident on the cornea and
250 kHz acquisition rate. The imaging power was well below the maximum permissible
exposure (MPE) for safe retinal imaging as defined by the ANSI standard [140].

4.2.2 Subjects

This study was conducted on 4 healthy subjects (two females and two males, age 25 +−5
years). The study has received full ethics clearance by the University of Waterloo’s Office
of Research Ethics and a written consent was obtained from all the participants. Prior
to the OCT imaging sessions, all subjects underwent a standard clinical eye examination
and only subjects with nearly perfect vision (minor correction of up to −1 Dioptres) and
no ocular diseases or a history of epilepsy were included in this study. Both pupils were
dilated by application of 1 drop of Tropicamide in each eye followed by ∼ 30 minutes dark
adaptation. A chin-forehead rest frame was used to position the left eye of the participants
relative to the OCT imaging probe and a faint red LED light was used as a fixation target
for the non-imaged eye.
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Figure 4.1: (A) En face projection of the Optic Nerve Head, where red lines show the
approximate location of the OCT double circular scans. (B) Unwrapped circular B-scan,
showing vessel cross-sections. (C) Plot showing raw RBF data (black curve), smoothed
using a moving Savitzky-Golay function (red curve). (D) The smoothed curve is further
band-blocked to remove fluctuations due to pulsatile motion (blue curve). (E) The mean of
the first two seconds of RBF values serves as the baseline value to obtain RBF percentage
change, characterized by Amplitude and Latency.
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Flicker Stimulus Intensity Photoreceptors Bleaching
(cd.s/m2) (%)

0.78 7.7
1.67 15.8
2.52 22.8
3.43 29.7
4.27 35.5
5.16 41.2
6.02 46.1

Table 4.1: Bleaching percentage for different stimulus intensities.

4.2.3 Image acquisition protocols and visual stimulation

A volumetric morphological dataset (1000 A-scans ×1000 B-scans) was acquired around
the ONH from each subject prior to functional imaging to map the blood vessels on en
face projection, as shown in Figure 4.1A. For D-OCT imaging, a double circular-scanning
protocol around the ONH, introduced by Wang et. al. [62], was adapted for this study,
as depicted in Figure 4.1A. Briefly, two concentric circles centered around the ONH of
radii ∼ 1.8mm and ∼ 2.0mm, were acquired over a period of 10 seconds. 3000 A-scans
were acquired per B-scan such that there is an overlap between consecutive A-scans, which
resulted in a total of 800 B-scans, of which 400 B-scans corresponded to the circle with
smaller radii and 400 to the circle with larger radii. Double circle scanning protocol allows
for the measurement of the Doppler angle between the blood vessel and the imaging beam,
which is necessary for determining the absolute retinal blood flow. The imaging protocol
was comprised of 2 seconds of dark (baseline) recording was followed by 1 second of 10
Hz flicker stimulation at a 10% duty cycle, followed by another 7 seconds of post-stimulus
recording to observe the recovery of the blood flow. This stimulation protocol was carried
out for 6 steps of the stimulus intensity. The ERG system was used to control the stim-
ulation parameters such as the intensity, duration, frequency, pattern as well as timing of
the stimulation. An external control box was added to control the LED colour and the
current flowing through the LEDs. Only white stimulus was used to conduct this study.
Table 4.1 depicts the bleaching percentage for the various stimulus intensities used for this
study, calculated based on the method described by Rushton and Henry [141].
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4.2.4 Data analysis

Raw OCT data were processed to generate dispersion compensated cross-sectional images
of the retina from the circular scans. A representative image is shown in Figure 4.1B and
the retinal blood vessels were numbered. Figure 4.1C shows a representative trace of the
RBF measured from one blood vessel from the OCT scan shown in Figure 4.1B (black
line). The high frequency pattern in the traces is due to the presence of speckle since OCT
is based on detection of partially coherent light. To generate a smoother curve (Figure
4.1C) the original data was zero-padded by 3× to enable precise frequency filtering. A
smoothing filter with a moving window (Savitzky-Golay) was used to filter out the high
frequency component of the signal (red line in Figures 4.1C and 4.1D). Subsequently, a
band-block filter (0.4 - 1.3 Hz) was employed to remove the subject’s heart rate-related
pulsatile fluctuations, resulting in the blue curve in Figure 4.1D. The following formula
was used to calculate the change of RBF in percentage:

RBFChange (%) =
SignalRBFvalue (A)−BaselineRBFV alue (B)

BaselineRBFV alue (B)
× 100 (4.1)

Here, the signal RBF value corresponds to the RBF value obtained from each blood vessel
in each B-scan and the baseline RBF value corresponds to the mean RBF value during the
2 second pre-stimulus period. A similar analysis was conducted to characterize the retinal
blood vessel diameter (RBVD) response in the axial and lateral directions, as given by the
following equation:

RBVDChange (%) =
SignalRBV Dvalue (A)−BaselineRBV DV alue (B)

BaselineRBV DV alue (B)
× 100 (4.2)

Here, the signal RBVD value corresponds to the value of the vessel diameter in one di-
rection in a B-scan and the baseline RBVD value is determined by taking average of the
vessel diameter fluctuations over the 2 seconds of pre-stimulus recording. Unpaired t-test
was deployed to verify the statistical significance of the amplitude values relative to the
maximum change in baseline values. All results had p-value < 0.01.

The transient RBF changes were characterized by two quantities: the peak amplitude
(red arrow in Figure 4.1E) and the peak latency measured relative to the onset of the visual
stimulus (blue arrow in Figure 4.1E).
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Figure 4.2: Flow-chart depicting the retinal blood flow and retinal blood vessel diameter
processing algorithm.

4.2.5 Algorithms

Custom image processing algorithms were developed in MATLAB for extracting time de-
pendent RBF and RBVD changes from the OCT B-scans. Figure 4.2 shows the flow chart
for the two measurements. The raw OCT data acquired by the combined OCT+ERG sys-
tem was first processed to generate unwrapped dispersion-compensated circular B-scans
(representative image shown in Figure 4.1B) as well as the phase information for each of
the B-scans [52]. To compensate for the involuntary human eye motion due to breathing,
heartbeat, and ocular muscle twitching which resulted in misalignment between consecutive
OCT B-scans, a sub-pixel image registration method was employed [142].

Blood vessels were manually selected from a tomogram by looking at the shadows cast
by the blood vessels in the deeper layers of the retina as blood particles are highly reflective.
The width of these shadows is correlated to the diameter of the blood vessels and as the
lumen of the blood vessels is not reflective, it is easier to distinguish the blood vessel wall
from the blood particles. Since a fine-tuned alignment of individual blood vessels was
required to effectively extract the blood flow information, each of the blood vessels was
cropped from all B-scans in the time series using a semi-automated algorithm and aligned
based on its surrounding tissue by correlation.

This cropped data was used to generate an intensity-based mask for the blood vessel by
setting a threshold value. Next the mask was fine-tuned this mask using the phase-resolved
information, and its edges were smoothed using a Gaussian filter. The mask, thus obtained,
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was used to extract the blood velocity information based on the phase shift between the
adjacent A-scans and the blood vessel diameter information in the horizontal (lateral) as
well as the vertical (axial) direction were used to calculate the blood vessel’s cross-section.
The coordinates of the blood vessels in these images were used to extract the Doppler angle
between the blood vessel and the imaging beam, and the vessel cross-sectional area was
corrected by the Doppler angle and then used to extract the RBF values for individual
vessels.

4.3 Results

4.3.1 Functional RBF changes

The RBF response of each of the blood vessels labeled in Figure 4.1B was measured and
characterized using the parameters depicted in Figure 4.1E. The vessels exhibited behavior
that was generally classified into two groups: Type 1 and Type 2. This categorization of
vessels also corresponded to the two directions of phase variance exhibited by the vessels.
Therefore they can be characterized into arteries and veins by considering the phase shift
between heart rate related peaks in the RBF traces measured from arteries and veins, with
the veins showing a lag in phase with respect to the arteries. Based on the phase shift
observed between the two vessel types, type 1 was identified as arteries and type 2 as veins.
The blood vessel classification results were confirmed through an independent method.
Coloured fundus photos of the imaged retina were provided to two ophthalmologists who
were asked to identify independently the type of retinal blood vessels (artery or vein) from
the photos. The results from this test matched with the identification of the retinal blood
vessels using the phase method based on OCT images.

Figure 4.3 summarizes changes to the RBF measured from arteries and veins in response
to 10 Hz, white-light flicker stimulation. Figures 4.3A and 4.3D show representative traces
of the fractional RBF changes acquired from arteries and veins respectively at baseline
(dark recordings, black lines) and three different intensities of the visual stimulus (red,
blue and green curves). Transient RBF changes measured from arteries were very fast and
peaked very close to the stimulus off-set. The fractional RBF change showed nearly 100%
peak magnitude increase relative to baseline with small variations of the peak magnitude
as a function of the stimulus intensity. The arterial RBF change dropped to a minimum
value at ∼ 3 seconds relative to the stimulus onset. Afterwards, the RBF oscillated for the
rest of the recording time.

68



Figure 4.3: (A) Fractional RBF change measured from an artery at baseline (black curve)
and in response to 10 Hz white-light flicker stimulation of increasing intensities (red, blue,
and green curves). (B) Average RBF peak magnitude measured in retinal arteries in
response to increasing stimulus intensity. (C) Average RBF peak latency response measured
in arteries in response to 10 Hz white-light flicker stimulation. (D) Fractional RBF change
measured from a vein at baseline (black curve) and in response to 10 Hz white-light flicker
stimulation of increasing intensities (red, blue, and green curves). (E) Average RBF peak
magnitude measured in retinal veins in response to increasing stimulus intensity of 10
Hz white-light flicker stimulation. (F) Average RBF peak latency measured in veins in
response to 10 Hz white-light flicker stimulation.
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Figure 4.4: (A) Summary of the RBF peak change in arteries (red plot), veins (green plot),
and total blood flow behavior (black plot) in response to increasing stimulus intensity of 10
Hz white-light flicker stimulation. (B) RBF peak latency trend in arteries (red curve), veins
(green curve), and overall vessel response (black curve) to increasing stimulus intensity of
10 Hz white-light flicker stimulation. The error bars represent the Standard Error of the
mean values.

Fractional RBF changes measured in retinal veins exhibited different behavior. The
peak magnitude of the RBF change increased with the stimulus intensity, while the peak
latency decreased progressively.

Figures 4.3B and 4.3E show statistical data for the peak magnitude of the RBF change
as a function of the stimulus intensity measured from arteries and veins respectively, and
analyzed from multiple recordings from one subject. The arterial RBF change shows almost
linear increase with the stimulus intensity up to intensity of ∼ 3.4cd.s/m2. Further increase
in the stimulus intensity resulted in almost linear decrease of RBF peak magnitude. In
contrast, the peak magnitude of the RBF changes measured in veins increased non-linearly
up to the maximum flash intensity of ∼ 5.2cd.s/m2 used in this study and showed no trend
for saturation.

Figures 4.3C and 4.3F show statistical data for the peak latency of the RBF change as
a function of the stimulus intensity measured from arteries and veins respectively. There
is no significant trend for the arterial latency, while the latency of the peak RBF change
shows a negative trend with the increase of the stimulus intensity.

Figure 4.4 shows an overview of the RBF behavior of all retinal blood vessels around the
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Intensity Subject 1 Subject 2 Subject 3
(cd.s/m2) (Mean ± SE) (Mean ± SE) (Mean ± SE)

0.777 103.06 ± 5.10 164.24 ± 11.60 167.62 ± 20.55
1.669 124.20 ± 8.18 171.16 ± 21.26
2.524 143.30 ± 4.73 174.9 ± 15.71 199.27 ± 19.33
3.427 189.46 ± 22.14
4.266 205.4 ± 14.17 179.59 ± 23.04 221.59 ± 33.12
5.162 209.74 ± 23.09 173.05 ± 15.57
6.015 171.74 ± 13.92 225.60 ± 47.98

Table 4.2: Peak RBF change values (mean and standard error) for different subjects using
various stimulus intensities in the study.

ONH (black lines) compared to the behavior of arteries (red lines) and veins (green line).
The peak magnitude of the RBF fractional change (Figure 4.4A) initially increases with the
stimulus intensity and plateaus for stimulus intensity > 3.5cd.s/m2. The peak RBF change
measured in arteries shows almost linear initial increase with stimulus intensity, peaks at
intensity ∼ 3.5cd.s/m2 and then decreases linearly. The peak RBF change measured
in veins shows non-linear increase with the stimulus intensity . The RBF peak latency
in both arteries and the average over all vessels shows initial increase with the stimulus
intensity, which peaks for stimulus intensity of 2.5cd.s/m2, then decreases almost linearly.
In contrast, the RBF peak latency in veins decreases non-linearly with the increase of the
stimulus intensity.

Table 4.2 presents statistical values for the peak RBF changes measured from 3 of the
study subjects for different stimulus intensity values. The data was averaged over all retinal
blood vessels in the circular scans and over 4 recordings for each stimulus intensity value.

Table 4.3 presents statistical values for the peak RBF latency measured from 3 of the
study subjects for different stimulus intensity values. The data was averaged over all retinal
blood vessels in the circular scans and over 4 recordings for each stimulus intensity value.

4.3.2 Functional RBV Diameter changes

In addition to RBF changes the visual stimulus induced vasoconstriction and vasodilation
in the retinal blood vessels. Figure 4.5 shows transient changes in the retinal blood vessels
diameter (RBVD) measured in one artery (Figures 4.5A-4.5D) and one vein (Figures 4.5E-
4.5H) in response to flicker stimulation of different intensities. The black curves correspond
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Figure 4.5: (A) Retinal blood vessel diameter changes in the lateral direction in an artery
in response to varying stimulus intensities of 10 Hz white-light flicker stimulation (red
and blue curves). (B) Retinal blood vessel diameter changes in the axial direction in an
artery in response to varying stimulus intensities of 10 Hz white-light flicker stimulation
(red and blue curves); the black curves in these figures represent the response of the blood
vessel in the absence of flicker stimulation. (C) Time-averaged vessel cross-section of an
artery before flicker stimulation. (D) Time-averaged vessel cross-section of an artery during
flicker stimulation. (E) Retinal blood vessel diameter changes in the lateral direction in
a vein in response to varying stimulus intensities of 10 Hz white-light flicker stimulation
(red and blue curves). (F) Retinal blood vessel diameter changes in the axial direction in
a vein in response to varying stimulus intensities of 10 Hz white-light flicker stimulation
(red and blue curves); the black curves in these figures represent the response of the blood
vessel in the absence of flicker stimulation. (G) Time-averaged vessel cross-section of a vein
before flicker stimulation. (H) Time-averaged vessel cross-section of a vein during flicker
stimulation.
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Intensity Subject 1 Subject 2 Subject 3
(cd.s/m2) (Mean ± SE) (Mean ± SE) (Mean ± SE)

0.777 1.57 ± 0.10 1.78 ± 0.12 1.51 ± 0.12
1.669 1.72 ± 0.15 1.71 ± 0.09
2.524 1.90 ± 0.17 1.68 ± 0.10 1.49 ± 0.14
3.427 1.74 ± 0.10
4.266 1.58 ± 0.06 1.6 ± 0.10 1.29 ± 0.11
5.162 1.53 ± 0.06 1.58 ± 0.09
6.015 1.50 ± 0.09 1.63 ± 0.15

Table 4.3: RBF peak latency values (mean and standard error) for different subjects using
various stimulus intensities in the study.

to dark recordings (baseline). The transient changes in the RBVD were evaluated in both
the lateral and axial directions. Figures 4.5A and 4.5B show a fast initial vasoconstriction
of the artery that is initiated with the onset of the visual stimulus, peaks close to the
stimulus off-set and occurs simultaneously in the lateral and axial directions. However,
vasoconstriction is not uniform in the lateral and axial directions: the RBVD peak mag-
nitude is ∼ 2% in the lateral direction and only ∼ 1% in the axial direction. Figures 4.5C
and 4.5D show time-averaged OCT images of a cross-section of a retinal artery before and
during visual stimulation where the initial vasoconstriction is clearly visible.

Figures 4.5E and 4.5F show vasodilation of a retinal vein caused by flicker stimulation
of different intensities in the lateral and axial directions respectively. The black curves
correspond to dark recordings (baseline). While the vasodilation is initiated with the onset
of the flash, its peak latency is dependent on the stimulus intensity.

Figures 4.5G and 4.5H are the time-averaged snapshots of the vessel cross-section be-
fore and during the flicker stimulation, respectively. The vessel response in veins can be
characterized as anisotropic similar to the trend observed in arteries, with a greater change
measured in the lateral direction.

Figure 4.6 shows the RBVD response to flicker stimulation as a function of the vessel
diameter. Figures 4.6A and 4.6B show the response of the arterial vessel constriction
with an increase in the vessel diameter in the lateral and axial directions, respectively. In
both figures, the black dots show the mean value for individual vessel response to a flicker
stimulus of 3.427cd.s/m2 intensity and the black line represents the straight-line fit. The
red dots in both figures show mean values of individual vessel responses averaged over
multiple recordings to a flicker stimulation of 5.162cd.s/m2 intensity and the red line is the
straight-line fit for this behavior. Figures 4.6A and 4.6B show two general trends in the
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Figure 4.6: (A) Retinal blood vessel diameter changes in the lateral direction in arteries
as a function of the vessel diameter in response to increasing stimulus intensity for 10 Hz
of white-light flicker stimulation. (B) Retinal blood vessel diameter changes in the axial
direction in arteries as a function of the vessel diameter in response to increasing stimulus
intensity for 10 Hz of white-light flicker stimulation. (C) Retinal blood vessel diameter
changes in the lateral direction in veins as a function of the vessel diameter in response to
increasing stimulus intensity for 10 Hz of white-light flicker stimulation. (D) Retinal blood
vessel diameter changes in the axial direction in veins as a function of the vessel diameter
in response to increasing stimulus intensity for 10 Hz of white-light flicker stimulation.
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RBVD response to the visual stimulation:

a) smaller vessels show slightly larger percentage change in constriction; and

b) the vasoconstriction of the retinal arteries is less dependent on the blood vessel di-
ameter for higher intensity of the visual stimulus.

Figures 4.6C and 4.6D show the venous response with an increase in the vessel diameter
in the lateral and axial directions, respectively. Similarly, the black dots here represent
mean values of individual vessel responses averaged over multiple recordings to a flicker
stimulation of 3.427cd.s/m2 and the black line shows the fitted plot. The red dots show
the mean values of individual vessel responses averaged over multiple recordings to flicker
stimulation of 5.162cd.s/m2 and the red line shows the fitted plot. Figures 4.6C and 4.6D
show two general trends in the RBVD response to the visual stimulation:

a) smaller vessels show slightly larger percentage change in dilation; and

b) the vasodilation of the retinal veins is less dependent on the blood vessel diameter
for higher intensity of the visual stimulus.

4.3.3 ERG responses

Figure 4.7 summarizes the electrical response of a healthy human retina to the increasing
intensity of 10 Hz white-light flicker stimulation. Figure 4.7A shows the ERG traces in
response to 10 Hz white-light flicker stimulation at intensities 0.312cd.s/m2 (the black
curve), 1.72cd.s/m2 (the red curve) and 3.44cd.s/m2 (the blue curve). The magnitude of
the a-wave and b-wave peaks increases with the increase of the stimulus intensity which is
in agreement with published ERG studies on healthy human subjects.

4.4 Discussion

Results from this study showed significant and transient increase in RBF measured in the
vicinity of the ONH in response to flicker stimulation in healthy human subjects. These
results agree, in general, with the results from similar studies conducted by other research
groups. Aschinger et. al. detected a change of ∼ 48% in RBF after 2 minutes of 12.5
Hz low-intensity flicker stimulation (∼ 1.96E − 04W/cm2) at 530-600 nm range, where
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Figure 4.7: (A) ERG traces in response to increasing intensity of 10 Hz white-light flicker
stimulus. (B) Zoomed in ERG response depicting the negative a-wave and the first positive
b-wave.

the response from individual blood vessels ranged between 34% and 66% [122]. Kallab et.
al. reported an increase of ∼ 40% in an arteriovenal pair by using 12 light-emitting diode
ring at 7 Hz flicker stimulation and ∼ 450 lx [71]. Zhong et. al. reported an increase of
∼ 65% in response to local retinal flicker stimulation in healthy human subjects using a
mini liquid crystal display between 0.6 lux and 6.6 lux at 10 Hz [148].

Kondo et. al. reported an increase of 256% in RBF change in blood vessels around
ONH in cats in response to wide-field flicker stimulation [13]. Riva et. al. observed an
initial increase in RBF% change as stimulus intensity increases and plateaus at ∼ 250% at
higher stimulus intensities [149]. These results show an RBF change very similar to this
study, possibly due to the similarity in the dark-adaptation technique used to conduct the
experiments.

Zhong et. al. demonstrated that the area of flicker stimulation plays a crucial role in
the response of RBF to stimulation [148]. Tan et. al. demonstrated in rat retina that
the pattern of stimulation (single flash v/s flicker) plays an important role in the detected
response as well [67]. This could also explain the higher RBF response observed in this
study since a Maxwellian illumination was achieved at the surface of the retina, instead of
a pattern illumination used in the majority of the other studies. Results from this study
also showed that prolonged stimulation, as has been used for most of the previous studies,
is not necessary to observe transient changes in RBF. Our study shows that short flicker
stimulation of only 1 second duration can result in fast transient changes in the RBF that
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tend to peak close to the stimulus off-set. Therefore, an OCT system of moderately high
image acquisition rate (250 kHz for our study) offers the necessary temporal resolution for
measuring fast transient RBF changes in the human retina caused by visual stimulation.

Results from our study show that retinal arteries exhibit a greater initial RBF% change
in response to flicker stimulation compared to retinal veins. This aligns with the existing
literature suggesting that arteries show a higher response than veins at lower stimulus
intensities [15,64,65,96]. Since arteries actively pump the blood to the organs and tissues,
it is reasonable that they show a stronger response as compared to the veins, which shows
lower pulsatility and more stable baseline RBF changes [62, 150, 151]. Moreover, arterial
vessel walls contain more smooth muscle cells, which respond dynamically to the metabolic
demands of the tissue via astrocytes and pericytes [4, 7, 152]. In our study, we measured
an initial vasoconstriction of the retinal arteries, followed by vasodilation. Since blood
behaves similarly to a Newtonian fluid, the vasoconstriction results in a temporary increase
in velocity of the red blood cells and therefore in the RBF.

Previous studies have observed greater responses in retinal blood vessels with smaller
diameters to flicker stimulation [15, 122]. While no such analysis was conducted for the
RBF% change, the response of the retinal blood vessel diameter (RBVD) measured in our
study aligns well with these studies, showing a larger percentage change in the smaller
vessels in both lateral and axial directions. Additionally, for retinal blood flow increase
as high as ∼ 200%, a very small change in the vessel diameter is observed in larger blood
vessels indicating that vascular resistance is significantly decreased in smaller vessels.

Results from our study show that the RBF does not return to baseline immediately
after the transient increase caused by the visual stimulation, which is supported by the
results reported by Wang et. al., where they have observed an increase of ∼ 22% in RBF
10− 15 seconds after 30 seconds of flicker stimulation. Moreover, a secondary increase in
RBF was also observed in rat retina by Tan et. al [67]. This can also be explained by the
elastic nature of the walls of blood vessels, which resist rapid changes in the blood flow.

Based on the trend observed in the retinal arteries, it is natural to expect that the
RBF% change in veins would decrease with the increase of the stimulus intensity, as veins
return the blood supplied to the tissue back to the heart. Based on the principle of mass
conservation, the volume of the blood supplied to the tissue must equal the volume of the
blood returned to the heart.

Son et. al. reported anisotropic diameter changes in the retinal blood vessels in response
flicker stimulation [153], which aligns with the results from this study. Blood vessels tend
to show differential response based on the location of the blood vessel, as the surrounding
tissue could allow more flexibility in one direction than the other [154]. Moreover, it has
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been reported that the distribution of smooth muscle cells is not even in the blood vessel
wall, which could contribute to the anisotropic behavior [155–157].

ERG traces were recorded in this study to confirm the proper visual stimulation of
the retina and to confirm that the transient RBF changes measured with OCT are indeed
associated with increased neuronal activity in the retina. In future studies, RBF and
ERG data acquired simultaneously with the combined OCT+ERG system can assist vision
scientists with exploring neurovascular coupling in the healthy and diseased retina.

Several limitations need to be considered for this study. In humans, the retinal blood
vessel pattern is unique to each individual, unlike the rat retina where the vessels alternate
between the arteries and the veins, which makes it difficult to distinguish arteries from
the veins in human subjects. Additionally, the blood vessel pattern is very sensitive to
involuntary eye motion where a slight shift in the lateral direction changes both the Doppler
angle between the blood vessel and the imaging beam, and also the location at which the
vessels are being imaged. It poses a challenge to the vessel diameter measurements as well.
At times, vessels are imaged at the vessel bifurcation and a slight lateral motion changes
the imaging location to the merged vessel. In such cases, it becomes very difficult evaluate
correctly the visually evoked RBF response without the use of additional techniques.

With the current version of the image processing algorithms, processing the OCT im-
ages to extract RBF traces from about 10 blood vessels per OCT dataset takes a long time
(∼ 2 hours), although the algorithms are already semi-automated. The algorithms are not
able to completely account for large saccades in the human eye due to several contributing
factors, without the use of machine learning and/or adaptive optics components. Addi-
tionally, the frequency filtering method used to remove the vessel pulsatile fluctuations can
modify the shape of the peak of the RBF since some of the frequencies are blocked from
the signal. As a result, the RBF response sometimes appears to start before the onset of
flicker stimulation. Future work on this project will focus in part on the development of
novel image processing algorithms based on machine learning that can speed up the data
processing. Novel filtering approaches of the RBF data will also be explored.

4.5 Conclusions

In conclusion, a combined OCT+ERG system has been developed to utilize the D-OCT
technique to study human retinal blood flow changes in response to flicker stimulation.
The results from this study show that flicker stimulation in healthy human subjects leads
to a significant increase in RBF and that the behavior of the RBF and RBV diameters in
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response to stimulation are dependent both on the stimulus intensity and the vessel type
(artery or vein).
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Chapter 5

Color and frequency dependence of
flicker induced transient retinal blood
flow changes in healthy human retina
measured with OCT

Notes and Acknowledgments
This chapter summarizes the preliminary results from an ongoing study that aimed to
investigate the effects of temporal and chromatic variations of flicker stimulus on retinal
blood flow in the larger blood vessels around the optic nerve head in healthy humans,
measured with OCT. The content of this chapter is based on the following manuscript in
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Dhaliwal K, Hudson C, Wright T, Ballios B, Bizheva K. "Color and frequency dependence
of flicker induced transient retinal blood flow changes in healthy human retina measured
with OCT".
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5.1 Introduction

The retina is a multi-layered tissue located at the posterior end of the eye. As an extension
of the central nervous system, the retina is comprised of neurons that contain photosensi-
tive pigments essential for visual acuity [92]. As a highly metabolically active tissue, the
retina relies on its vasculature to meet the cellular demands for oxygen and nutrients to
maintain normal visual function [90, 91]. The response of the retinal vasculature to neu-
ronal stimulation, resulting in time-dependent changes in the retinal metabolic demand, is
referred to as neurovascular coupling [4,11,12]. Disruptions in the neurovascular coupling
are linked to retinal neurodegenerative diseases such as glaucoma [20,21], retinitis pigmen-
tosa [25, 26], age-related macular degeneration [23, 24], and diabetic retinopathy [30, 31].
Therefore, studies of neurovascular coupling are essential for gaining a better understanding
of how neurodegenerative retinal diseases originate and progress. Such studies may identify
biomarkers that would aid the early diagnosis of potentially blinding retinal diseases.

Several imaging modalities, including fundus photography [34,48], scanning laser oph-
thalmoscopy [40], and clinical ophthalmoscopy [158], have been used to image the human
morphology and vascular network. While these imaging modalities can visualize and char-
acterize structural damage in the human retina, most of these methods lack the ability
to provide clinically useful information about the normal or abnormal retinal function
associated with retinal diseases. Furthermore, by the time structural damage becomes de-
tectable with such clinical imaging modalities, irreversible damage to the retina has already
occurred. Technologies such as laser Doppler flowmetry [35, 36], adaptive optics scanning
laser ophthalmoscope (AO-SLO) [41,96], fluorescein angiography [42,44], and retinal vessel
analyzers [15,47] have been used in the past to examine transient responses of the healthy
and diseased retinal vasculature to visual stimulation. However, these technologies often
provide only qualitative information or require expensive equipment, which is not feasible
in routine clinical settings.

Therefore, an accessible, non-invasive imaging modality that offers quantitative infor-
mation about transient, visually evoked changes in the retinal blood flow is desirable.
Over the past 3 decades, Optical Coherence Tomography (OCT) has emerged as a power-
ful, clinically-adopted imaging modality for ophthalmic applications, as it allows for non-
contact, non-invasive, high-speed, high-resolution in vivo structural and functional imag-
ing of the human retina [54]. Doppler OCT, a functional extension of OCT, is especially
promising for analyzing blood flow dynamics in vivo [58,62]. This technology provides both
morphological information about the retinal layered structure and can quantify transient
changes in the retinal blood flow based on the Doppler shift principle.

Previous studies have investigated the response of the retinal blood flow to visual stim-
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ulation in the human and animal retina, where it was observed that flicker stimulation
leads to increased retinal blood flow and induces vasodilation in the retinal blood ves-
sels [15, 67, 71, 122, 148, 159, 160]. In humans, Wang et. al. reported an increase in retinal
blood flow (RBF) approximately 30 seconds after 15 seconds of 8 Hz flicker stimulation
using white light emitting diodes arrayed in a ring [65]. However, this imaging protocol is
impractical for clinical studies as patients and study participants cannot keep their eyes
open for longer than 10s and blinking and eye motion can corrupt the OCT images. Warner
et. al. observed an average increase of ∼ 12% in retinal blood velocity in small blood ves-
sels in response to full-field 10 Hz flicker stimulus at mean luminance of 3.7 lx [96], while
Riva et. al. observed an RBF change as high as 250% in dark-adapted cats [149]. However,
most of these studies were conducted for a fixed stimulus frequency and a single color of
the stimulus.

The human retina contains three types of cones (S, M, and L) and rods, each sensitive
to a specific range of wavelengths [90]. Given this spectral sensitivity, it is likely that
retinal blood flow changes depend on specific characteristics of the stimulus used to elicit
a photoreceptor response. In humans, there are two known visual pathways that process
these signals: the parvocellular and magnocellular pathways [161, 162]. The parvocellular
system, typically associated with retinal ganglion cells with smaller cell bodies, is respon-
sible for carrying the small, slow color-sensitive information (low temporal frequency, high
spatial frequency) and is mainly M- and L-cone driven. In contrast, the magnocellular
system, linked to retinal ganglion cells with larger cell bodies, processes large, fast, color-
insensitive information (high temporal frequency, but low spatial frequency) [162] and is
mainly rod driven. In a study by Riva et. al. [163], retinal blood vessel responses were
found to depend on the activation of these pathways, with distinct blood flow responses to
luminance versus chromatic stimuli. However, this methodology involved over 30 seconds
of stimulation and prolonged recording times, limiting its clinical adaptability.

Studying the RBF response to visual stimuli of varying wavelengths and flicker frequen-
cies could aid the better understanding of neurovascular coupling in the human retina. It
can also provide valuable insights into how certain retinal diseases affect rod versus cone
function and the respective transient, visually evoked changes in the RBF. Currently, the
effect of flicker stimulation with different colors on the photoreceptor responses and re-
lated neurovascular coupling remains largely unexplored. Furthermore, the use of different
stimulation frequencies to isolate cone responses by saturating rod activity has not been
extensively studied. Better understanding of the spectral and frequency dependence of
neurovascular coupling in the human retina may uncover early biomarkers for various po-
tentially blinding retinal diseases.

The main goal of this study is to characterize transient RBF changes measured near
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the optic nerve head (ONH) of the healthy human retina in response to visual stimuli
with different colors (white, red, blue, and green) and frequencies (10 Hz and 30Hz) by
using Doppler OCT. By targeting specific photoreceptor types, we seek to provide a more
detailed understanding of visually evoked changes in the retinal blood flow dynamics and
their potential role as predictive biomarkers for early diagnosis of potentially blinding
retinal diseases.

5.2 Methods

5.2.1 OCT system

The combined OCT+ERG system used for this study has been previously described in
section 3.2.1 of this thesis. In brief, a broad bandwidth superluminescent diode-based
light source operating at 800nm was used to power up a fiber-based research-grade OCT
system, providing an axial resolution of ∼ 2.7µm in tissue. The optics in the sample
arm was configured such that a parallel beam of ∼ 2.3mm and 1.1 mW optical power
was incident on the cornea, in accordance with the maximum permissible exposure set by
ANSI standards [140]. A custom-built visual stimulator was integrated into the human
retina imaging probe to generate Maxwellian illumination at the surface of the retina.
The stimulus color (red, green, blue, and white) was manually controlled as the 4 LEDs
are mounted on a rotating wheel, while the timing, frequency, and pattern of the stimulus
were controlled by using a commercial electroretinography (ERG) system (Diagnosys LLC,
USA).

5.2.2 Imaging Protocol and processing

The imaging protocol as well as the processing algorithms used for this study were also
previously described in section 4.2. Briefly, a concentric circular protocol centered on the
Optic Nerve Head (ONH) was utilized for this study [62]. A total of 800 B-scans were
acquired over a time period of 10 seconds, with each B-scan consisting of 3000 A-scans.
The first 2 seconds were recorded as the pre-stimulus period, followed by 1 second of flicker
stimulation at varying wavelengths and flicker frequencies, and 7 seconds of post-stimulus
recording.

All data processing was conducted using custom MATLAB-based algorithms. The
raw data was first processed to generate dispersion-compensated intensity- and phase-
based cross-sectional images of the human retina [52]. After crude alignment for bulk
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motion correction [142], blood vessel cross-sections visible throughout data acquisition
in the unwrapped circular B-scans were individually cropped and aligned. Phase-based
Doppler shift information from these cross-sections was used to quantify retinal blood flow.
This data was then filtered to remove high-frequency variations arising from the speckle
pattern of OCT and artifacts due to human heartbeat. The first two seconds of recording
were used as the baseline, and retinal blood flow changes were calculated as follows:

RBF Change(%) =

(
Absolute value (A)−Baseline value (B)

Baseline value (B)

)
× 100 (5.1)

The RBF response was characterized separately for arteries and veins using the peak
magnitude and the latency (response time) from the onset of flicker stimulation as described
previously. To compare the trends shown by arteries and veins, an unpaired t-test was
used to analyze vessel responses for individual stimulus intensities. The unpaired t-test
was selected because the arterial and venous response was considered independently for
this analysis since they represent distinct physiological pathways. Responses showing a
statistically significant trend (p < 0.05) were marked on the figures with an asterisk.

5.2.3 Stimulation

The ERG system was used to control some of the stimulus parameters, such as frequency,
duration, timing, pattern, and intensity. A wheel with four LEDs (white (430 nm - 680
nm), red (640 nm), green (530 nm), and blue (440 nm)) mounted on the visual stimulator
integrated with the OCT imaging probe was connected to the ERG system to allow for color
selection of the visual stimulus. The OCT and ERG data acquisition was synchronized.

Each ERG and OCT recording consisted of 2 seconds of dark recording (baseline),
followed by 1 second of flicker stimulation at 10 Hz and 30 Hz, and concluded with 7
seconds of post-stimulation recording to observe the recovery of the blood flow. Two
flicker frequencies were used: 10 Hz and 30 Hz, in order to separate the responses from
retinal cones and rods by suppressing the rod response to visual stimulation at 30 Hz. This
step in the protocol was required as the spectral response range for rods overlaps with the
spectra response ranged for green and red cones. The stimulation protocol was carried out
for several intensity levels per subject, with progressively increased stimulation intensities
to avoid photoreceptor saturation. Tables 5.1 summarizes the bleaching percentage for
different scotopic stimulus intensities and colors [141].
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Flicker Flicker Flicker Flicker
Stimulus PR Stimulus PR Stimulus PR Stimulus PR
Intensity Bleach Intensity Bleach Intensity Bleach Intensity Bleach

430-680 nm 640 nm 530 nm 440 nm
(cd.s/m2) (%) (cd.s/m2) (%) (cd.s/m2) (%) (cd.s/m2) (%)

0.78 7.7 2.52 12.1 1.94 16.4 0.04 0.4
1.7 15.8 4.83 22 3.92 30.4 0.06 0.6
2.52 22.8 7 30.2 5.9 42.0 0.08 0.8
3.43 29.7 8.83 36.5 7.94 52 0.14 1.4
4.27 35.5 10.88 42.8 9.95 60.1 0.18 1.9
5.16 41.2 12.61 47.7 11.92 66.8 0.26 2.6
6.02 46.1 14.14 51.6 0.38 2.8
6.92 50.9 15.51 54.9
7.74 54.9

Table 5.1: Bleaching percentage for different stimulus intensities for different colors of
stimulation.

5.2.4 Subjects

This study has received full ethics clearance from the University of Waterloo Office of
Research Ethics and informed consent was obtained from all participants. The study was
conducted on three subjects (one male, two females; age 25 ± 5 years) with near-perfect
vision (up to −1 Diopters correction). Eye exams were conducted for all the subjects and
only subjects with no ocular diseases or a history of epilepsy were included in this study.
One drop of Tropicamide was administered to each of the eyes for pupil dilation, followed
by ∼ 30 minutes of dark adaptation. A chin and headrest frame was used to align the
imaged eye (left eye) with respect to the OCT imaging probe. A red LED was used as
a fixation target on the contralateral eye. Each imaging session lasted about 2 hours,
with about 2 minute break between consecutive recordings to allow for recovery of the
retina after visual stimulation. Longer breaks of about 10 minutes were given to allow for
switching the wavelength or the flicker frequency of stimulation.

5.3 Results

The RBF response for each of the blood vessels visible in the cross-sectional OCT scans
was measured and characterized in terms of amplitude and latency. Arteries and veins were
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differentiated based on fundus photography and phase-based analysis of OCT images, as
described previously in section 4.3.1. Figure 5.1 summarizes the response of retinal arteries,
veins, and the averaged vessel response during 1 second of white-light flicker stimulation
at frequencies of 10 Hz and 30 Hz. The use of 30 Hz flicker stimulation was intended to
saturate the rods, ensuring that the response originates primarily from cones. Figures 5.2,
5.3, and 5.4 illustrate the responses of retinal vessels to 1-second flicker stimulation using
red, green, and blue lights, respectively. In these figures, red plots depict the behavior of
arteries, while green plots represent veins. The black curves in Figures 5.1-5.4 A and 5.1-
5.4D represent the baseline response of a blood vessel in the absence of flicker stimulation.
The colored rectangles in these figures mark the color, timing, and duration of the flicker
stimuli.

5.3.1 Differential RBF responses in Arteries and Veins to White-
Light Flicker Stimulation at 10 Hz and 30 Hz

Figure 5.1 shows the RBF changes in response to 10 Hz (Figure 5.1A-5.1C) and 30 Hz
(Figure 5.1D-5.1F) of white-light flicker stimulation. Figure 5.1A shows the response from
two individual blood vessels, an artery (red curve) and a vein (green curve), to 10 Hz
flicker stimulation at 5.162cd.s/m2 illumination level. The artery shows an approximate
peak RBF change of 120%, with and peak latency of ∼ 1.2 seconds. A secondary peak at
40% RBF change is observed approximately 5 seconds after the stimulus onset, possibly
due to the strong pulsatile nature of RBF measured from arteries that could not be filtered
out completely by the custom algorithms without changing the main peak amplitude and
latency. In contrast, the vein exhibits a more substantial RBF increase of 250% at a latency
of 1.2 seconds. The black curve represents the baseline response of the same vein during
dark recordings (no visual stimulation), with typical RBF variations of up to 25%. The
gray rectangle corresponds to the timing of white-light flicker stimulation.

Figures 5.1B and 5.1E show the dependence of the peak RBF amplitude on the stimulus
intensity for 10 Hz and 30 Hz white-light flicker stimulation respectively. In the case of 10
Hz stimulation, RBF changes measured from arteries (red curves) increase almost linearly
with the stimulus intensity up to ∼ 3.5cd.s/m2, then decrease almost linearly with further
increase of the stimulus intensity. RBF changes measured from veins (green curves) show a
non-linear increase with an increase of the stimulus intensity. The RBF changes measured
from the two types of blood vessels for the highest setting of the stimulus are statistically
significantly different (marked with asterisk in Figure 5.1B). The black curve in Figure 5.1B
represents the behavior of the total RBF (sum of arterial and venal flow for all blood vessels
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Figure 5.1: (A) RBF response measured from an artery (red) and a vein (green) in response
to 10 Hz of white-light flicker stimulation. The black curve corresponds to RBF changes
measured during dark recordings (no stimulus). RBF peak amplitude (B) as a function
of the stimulus intensity for arteries (red), veins (green), and the total retinal blood flow
(black) and latency (C) as a function of the stimulus intensity in response to 10 Hz white-
light flicker stimulation. (D) RBF response measured from an artery (red) and a vein
(green) in response to 30 Hz of white-light flicker stimulation. RBF peak amplitude (E)
to varying stimulus intensities for arteries (red), veins (green), and the total retinal blood
flow (black). (F) Latency response of arteries (red) and veins (green) to varying stimulus
intensities. The error bars represent the Standard Error of the mean values. Statistically
significant differences in the arterial and venous RBF responses are marked with an asterisk
in Figures 5.1B and 5.1C.
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visible on the circular OCT B-scans) in response to the increasing intensity of the visual
stimulus. The total RBF change appears to plateau for stimulus intensities > 4cd.s/m2. In
contrast, RBF changes measured in retinal vessels in response to 30 Hz flicker stimulation
show very similar behavior for the arteries and veins (Figure 5.1E).

Figures 5.1C and 5.1F show the peak RBF latency as a function of the stimulus intensity
in response to 10 Hz and 30 Hz of white-light flicker stimulation respectively. In the case of
10 Hz flicker stimulation, arteries exhibit an initial increase in RBF peak latency, followed
by an almost linear decrease with the stimulus intensity increase and the peak response
occurs for ∼ 2.5cd.s/m2. In contrast, the peak RBF latency measured in veins shows a
continuous, non-linear decrease. Note that the RBF peak latencies measured from arteries
and veins with the weakest stimulus intensity are statistically significant (marked with an
asterisk in Figure 5.1C). While for 30 Hz stimulus (Figure 5.1F), the RBF peak latency
measured in arteries and veins shows some variation with the increase of the stimulus
intensity, those variations do not appear to be statistically significant.

5.3.2 Differential RBF Responses in Arteries and Veins to Red-
Light Flicker Stimulation at 10 Hz and 30 Hz

Figure 5.2 shows the retinal blood flow changes in response to 1 second of red-light flicker
stimulation at 10 Hz (Figures 5.2A-5.2C) and 30 Hz (Figures 5.2D-5.2F). Figure 5.2A
presents the RBF response of an artery and a vein during 10 Hz red-light flicker stimulation
at 12.612cd.s/m2. Both the artery (red curve) and the vein (green curve) exhibit a sharp
increase in RBF at the onset of stimulation, with the artery reaching a maximum change
of ∼ 150% with a latency of around 2 seconds and the vein reaching a slightly smaller
amplitude of roughly 120% with a latency of about 1.5 seconds. The baseline response
(dark recording), depicted by the black curve, shows fluctuations in the RBF change of
up to 25%. Figure 5.2D shows the response of the RBF measured from an artery and a
vein to 30 Hz red-light flicker stimulation. The RBF change measured from the artery (red
curve) peaks at ∼ 75% RBF change, while the one from the vein peaks at ∼ 60% which
in both cases is about 50% smaller than the response of the RBF from these vessels for 10
Hz flicker stimulation.

Figures 5.2B and 5.2E show the dependence of the peak RBF amplitude on the stimulus
intensity for 10 Hz and 30 Hz white-light flicker stimulation respectively. In the case of 10
Hz stimulation (Figure 5.2B), RBF changes measured from arteries (red curves) and veins
(green curves) both show a non-linear increase with an increase of the stimulus intensity
that develop in parallel. In contrast, RBF changes measured in retinal vessels in response
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Figure 5.2: (A) RBF response measured from an artery (red) and a vein (green) in response
to 10 Hz of red-light flicker stimulation. The black curve corresponds to RBF changes
measured during dark recordings (no stimulus). RBF peak amplitude (B) and latency (C)
as functions of the stimulus intensity to varying stimulus intensities. (D) RBF response
measured from an artery (red) and a vein (green) in response to 30 Hz of white-light flicker
stimulation. RBF peak amplitude (E) and latency (F) to varying stimulus intensities. The
error bars represent the Standard Error of the mean values.
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to 30 Hz flicker stimulation (Figure 5.2E) show a non-linear increase of the RBF peak
amplitude in arteries and a non-linear decrease in veins for stimulus intensity higher than
∼ 9cd.s/m2.

Figures 5.2C and 5.2F show the peak RBF latency as a function of the stimulus intensity
in response to 10 Hz and 30 Hz of white-light flicker stimulation respectively. In the case
of 10 Hz flicker stimulus, arteries exhibit an initial increase in RBF peak latency, followed
by an almost linear decrease with the stimulus intensity increase and the peak response
occurs for ∼ 2.5cd.s/m2. In both cases, the RBF peak latency measured in arteries and
veins shows some variation with the increase of the stimulus intensity, however, those
variations do not appear to be statistically significant.

5.3.3 Differential RBF Responses in Arteries and Veins to Green-
Light Flicker Stimulation at 10 Hz and 30 Hz

Figure 5.3 shows the retinal blood flow changes in response to 10 Hz (Figures 5.3A-5.3C)
and 30 Hz (Figures 5.3D-5.3F) of green-light flicker stimulation. Figures 5.3A and 5.3D
show the RBF response of an artery and a vein to 10 Hz and 30 Hz green-light flicker
stimulation at 9.945cd.s/m2, respectively. All vessels show a steep increase in RBF at
the onset of flicker stimulation, with the venous response slightly higher than the arterial
response for both frequencies. The secondary peaks observed in these responses can be
attributed to the pulsatile nature of the vessels. Baseline fluctuations, shown by the black
curve, reach up to ∼ 25% and the green rectangle indicates the color and the timing of
flicker stimulation.

Figures 5.3B and 5.3E show the dependence of the peak RBF amplitude on the stimulus
intensity for 10 Hz and 30 Hz green-light flicker stimulation respectively. In both cases,
the RBF peak magnitude in both types of vessels increases somewhat with the increase of
the stimulus intensity. The response is more pronounced for 10 Hz compared to the 30 Hz
flicker frequency.

Figures 5.3C and 5.3F show the peak RBF latency as a function of the stimulus intensity
in response to 10 Hz and 30 Hz of white-light flicker stimulation respectively. In general, the
RBF peak latency exhibits a slight decrease with the increase of the stimulus intensity for
both types of retinal vessels and the two flicker frequencies. One exception is the arterial
RBF peal latency measured for 10 Hz flicker and 6cd.s/m2 stimulus intensity. Given
the small number of study participants, it is unlikely that this deviation is statistically
significant.
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Figure 5.3: (A) RBF response measured from an artery (red) and a vein (green) in response
to 10 Hz of green-light flicker stimulation. The black curve corresponds to RBF changes
measured during dark recordings (no stimulus). RBF peak amplitude (B) and latency (C)
as functions of the stimulus intensity to varying stimulus intensities. (D) RBF response
measured from an artery (red) and a vein (green) in response to 30 Hz of white-light flicker
stimulation. RBF peak amplitude (E) and latency (F) to varying stimulus intensities. The
error bars represent the Standard Error of the mean values.
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Figure 5.4: (A) RBF response measured from an artery (red) and a vein (green) in response
to 10 Hz of blue-light flicker stimulation. The black curve corresponds to RBF changes
measured during dark recordings (no stimulus). RBF peak amplitude (B) and latency (C)
as functions of the stimulus intensity to varying stimulus intensities. (D) RBF response
measured from an artery (red) and a vein (green) in response to 30 Hz of white-light flicker
stimulation. RBF peak amplitude (E) and latency (F) to varying stimulus intensities. The
error bars represent the Standard Error of the mean values.

5.3.4 Differential RBF Responses in Arteries and Veins to Blue-
Light Flicker Stimulation at 10 Hz and 30 Hz

Figure 5.4 shows the RBF changes in response to 10 Hz (Figures 5.4A-5.4C) and 30 Hz
(Figures 5.4D-5.4F) of blue-light flicker stimulation. Figures 5.4A and 5.4D represent the
response of an artery and a vein to 10 Hz and 30 Hz blue-light flicker stimulation at
0.256cd.s/m2, respectively. The artery (red curve) shows a peak RBF change of ∼ 60%
for 10 Hz and about 1.5 times higher for 30 Hz. Vein shows a higher response for 10 Hz
compared to 30 Hz flicker frequency. The latency for all responses is about 2 seconds.

Figure 5.4B shows the RBF changes with 10 Hz blue-light flicker stimulation across
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vessels. Both arteries and veins do not show a significant change in RBF amplitude with
increasing stimulus intensity. At lower stimulus intensities, arteries demonstrate a more
pronounced change in RBF compared to veins; however, this response decreases signifi-
cantly with the increase in the stimulus intensity. In contrast, veins show a more modest
change in RBF peak magnitude with a non-linear response that appears to peak for stim-
ulus intensity of ∼ 0.14cd.s/m2.

Figures 5.4C and 5.4F show the RBF latency with 10 Hz and 30 Hz blue-light flicker
stimulation respectively. While in both cases both arteries and veins show some changes
in the RBF peak latency, those changes are not statistically significant.

Figure 5.4E shows the RBF changes with 30 Hz blue-light flicker stimulation in retinal
blood vessels. Both arteries and veins show almost linear changes in RBF peak amplitude
with increasing stimulus intensity that develop in parallel, up to stimulus intensity of
∼ 0.19cd.s/m2. For higher stimulus intensities, the arterial and venous responses diverge
with RBF peak magnitude increasing in arteries and decreasing in veins.

5.4 Discussion

Results from this study demonstrate a differential increase in RBF around the ONH in
response to varying wavelengths and frequencies of flicker stimulation in healthy human
subjects. These findings align with past studies. For instance, Hanaguri et. al. reported
a peak RBF change of 40.9% in mice at 12 Hz of flicker stimulation, compared to 24.0%
and 25.9% at 8 Hz and 16 Hz flicker frequencies, respectively [164]. Similarly, Polak et. al.
found that arteries showed a significantly reduced vasodilation in response to 64 Hz flicker
stimulation [47]. Additionally, Falsini et. al. reported attenuation in RBF change beyond
9 Hz of flicker frequency and noted saturation in RBF changes with increased luminance
of flicker stimulus [165]. Similarly, Riva et. al. reported that chromatic and luminance
modulations are potentially related to the parvocellular and magnocellular pathways, re-
spectively [163]. In cats, Van et. al. observed peak RBF change between 5 Hz and 20 Hz
flicker frequencies with diminished response at higher frequencies [166].

While previous studies focused on RBF responses from single wavelengths and fixed
frequencies, this study expands on these findings by characterizing the response of RBF
to different wavelengths and flicker frequencies using a short-duration stimulus, making
it more feasible for clinical adaptability. The use of 30 Hz stimulus effectively saturates
the rod response [167], allowing for the RBF changes predominantly arising from cone
stimulation to be isolated. Although there is some overlap in the spectral sensitivity of
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different cone types, the overall response to a specific color stimulus provides a reasonable
estimate of the contributions from the corresponding cone population.

RBF changes observed using blue-light stimulation were lower at both 10 Hz and 30
Hz, likely due to the limiting number of S-cones [168, 169]. Additionally, average RBF
changes were more pronounced with 10 Hz flicker stimulation compared to 30 Hz, possibly
due to rod saturation at the higher frequency [170]. This study’s findings align with Riva
et. al., who reported greater RBF responses with single-wavelength (G and R) luminance
compared to mixed wavelengths (G + R) [163]. Although technical limitations prevent
direct comparisons, the similar peak responses at 10 Hz with white-light and red-light
stimulation provide partial support for these observations.

Responses to S-cone stimulation seem to indicate a slow recovery after stimulation when
compared with white or L/M targeting stimuli, suggesting a similarity between S-cones
and rods in response patterns, while M- and L-cones show distinct dynamics [171, 172].
These differential responses could serve as potential biomarkers for retinal diseases that
disproportionately affect certain photoreceptors, such as the S-cones in AMD.

Overall, 30 Hz stimulation elicited faster yet smaller changes in RBF compared to 10
Hz, likely due to the faster delivery of stimuli that induces a higher metabolic demand
over a shorter time span [173]. The response at 30 Hz is primarily cone-driven that have
faster recovery rate as compared to rods [174], which could explain the faster response
for 30 Hz stimulation. The smaller magnitude of RBF changes can also be explained by
rod saturation at higher frequencies, resulting in the stimulation of a smaller number of
photoreceptors overall. White-light stimulation, by stimulating all cone types, results in a
cumulative response that reflects the combined effects of monochromatic stimulation.

It is important to note that although the arteries and the veins show slightly different
mean responses, the difference is not significant in most cases. The observed variations
could arise from the difference in the vessel wall structure between arteries and veins. In
general, arteries have more muscular walls, while veins are more elastic and capable of
expanding and holding larger volumes of blood. Besides, the range of the RBF change
and latencies for each type of blood vessel varies, depending on additional factors like
the area being served by the blood vessel, which has not been explored in this study but
poses an important question for future direction. Besides frequency and intensity, the
pattern, region, and modulation depth of flicker stimulation also play a crucial role in RBF
responses. Studies by Zhong et. al. [41] and Tan et. al. [67] demonstrated that smaller
stimulation areas and patterns of stimulation (e.g., single flash versus flicker) influence
RBF dynamics significantly. Van et. al. demonstrated in cats that higher modulation
depth leads to increased RBF response [166]. These parameters were not explored in the
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current study but are essential considerations for future work.

The presence of secondary peaks in RBF responses likely reflects the pulsatile nature
of blood flow. The elastic properties of vessel walls also contribute, as they resist rapid
changes in flow. Regional metabolic demands could result in delayed secondary peaks,
indicating that RBF does not immediately return to baseline after stimulation. This is
supported by the study conducted by Wang et. al. [65], who reported an increase of
∼ 22% in RBF observed 10− 15 seconds after 30 seconds of flicker stimulation. Moreover,
a secondary increase in RBF was also observed in rat retina by Tan et. al. [67].

Several limitations need to be considered for this study. First, while it is possible
to distinguish the rod versus the cone response using the different frequencies of flicker
stimulation, it is quite challenging to isolate individual cone-type responses due to their
overlapping wavelength sensitivities. As a result, a wavelength targeted to stimulate one
type of cone cells also triggers a response from a small percentage of the other type of
cone cells. This is especially important to consider when using 10 Hz flicker frequency
as rods contribute to RBF changes at this frequency. Additionally, variations in cone
distribution among individuals- related to age, sex, ethnicity, and other factors- affect
RBF responses and limit direct comparisons across wavelengths. The lack of active pupil
tracking to account for eye motion artifacts introduces additional computational demands
during post-processing, which may hinder clinical application.

5.5 Conclusions

In summary, a D-OCT system has been used to investigate the contributions of different
photoreceptor types to retinal blood flow changes in response to flicker stimulation. Find-
ings from this study show that flicker stimulation significantly increases RBF in healthy
subjects, with distinct responses based on vessel type and stimulus characteristics. This
work suggests the potential of RBF measurements as a diagnostic tool for retinal health
and paves the way for further studies on neurovascular coupling and photoreceptor-specific
responses.
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Chapter 6

Conclusions

This dissertation investigated retinal blood flow changes and neuronal responses associated
with visual stimulation of retina. The results from these studies extend our understand-
ing of neurovascular coupling in healthy human retina, offering valuable insights into the
mechanisms of blood flow regulations in the eye.

6.1 Summary and contributions

The main contributions of this PhD dissertation are:

• Development of the OCT+ERG technology and image processing algo-
rithms: This thesis research resulted in a novel combined OCT+ERG technology
capable of detecting intensity and phase variations linked to local electric field and
optical path length changes across retinal layers. The system is also capable of mea-
suring retinal blood flow and blood vessel diameter changes caused by visual stimulus,
while simultaneously recording the electrical activity of the neurons as the ‘gold stan-
dard’ via ERG. Since the OCT system is compact and fiberoptic and the ERG system
is a commercial clinical device, the combined OCT+ERG instrument, along with the
image acquisition protocols and image processing algorithms can be easily adapted
for clinical studies, offering a new tool for investigating retinal neuronal diseases such
as Glaucoma, Age-related Macular Degeneration, and Diabetic Retinopathy.

• Neurovascular Coupling Mechanisms: Results from the single-flash stimulation
experiments indicate that visual stimulation triggers a response from the retinal
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visual pathway that includes photoreceptors, bipolar cells, and retinal ganglion cells.
This neuronal activation generates an ion flux, altering local electric fields in the
cell membranes, osmotic changes as well as conformational changes in the rhodopsin
molecules. All of these processes can lead to local changes in the refractive index
of the retinal tissue and correspondingly change how light is scattered from the
retinal tissue, therefore resulting in intrinsic optical signals that are measurable with
OCT. In this study, ERG recordings were used in parallel with the OCT-based ORG
recordings to validate the ORG responses from different retinal layers.

• Insights on the stimulus-dependent neurovascular responses: Results from
our studies revealed that retinal arteries and veins respond differently to visual stim-
ulation and that transient RBF response is dependent on both the color and intensity
of the visual stimulus. Furthermore, our study showed that visual stimulation causes
initial vasoconstriction of retinal arteries and vasodilation in retinal veins with the
two processes causing anisotropic changes to the lateral and axial diameter of the
retinal blood vessels.

6.2 Future Work

The OCT+ERG technology and studies presented in this PhD study leave plenty of room
for future technological and experimental advancements, as well as pose questions that can
become the center point of future studies:

• Expanded stimulus parameter exploration: The current studies on neurovascu-
lar coupling explored a limited number of stimulus parameters. Future experiments
can examine additional stimulus parameters, such as varied flicker stimulus timing,
a broader range of frequencies, complex patterns of flicker stimulus, modulation, and
duty cycles, to deepen our understanding of neurovascular coupling.

• Establishing normative data: Developing baseline values for retinal blood flow
changes in the healthy retina is essential for comparing responses in diseased states,
providing a foundation for studies on conditions such as glaucoma.

• Application in clinical and research settings: This thesis lays the groundwork
for extensive studies in both healthy and diseased subjects. Minor adjustments to
the image processing algorithms could enable clinical adaptation, facilitating early
diagnosis and monitoring of retinal diseases.
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