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Preface

Preface

This dissertation is the intellectual product of a four-year scientific journey that took place as
part of the multidisciplinary European Glaucoma Research Education Training and Training
Plus (EGRET/EGRET+) endeavor (https://www.egret-program.eu/, https://egret-plus.eu/). As

such, it was conceptualized, stimulated, and realized within a wider setting of academic
discourse. This context, together with the external peer review process, the inspiration drawn
from previous work, and the perpetual inner self-questioning have contributed an additional
dimension to the standard monological argumentation that is naturally dominant in this type
of treatise. This dialectical aspect includes not only the exchanges with my fellow peers and
mentors, but also with the constantly evolving versions of myself. Indeed, substantial
interdisciplinarity is present in the research behind this thesis, which required that | undertook
several roles, in addition to that of the prospective ophthalmologist. For all these reasons,
although this dissertation is presented as a collection of publications telling one story, my

hope is that it will not be merely regarded as such.

Nevertheless, the interested reader can hereunder find the list of all publications that were
produced during this period and that either directly compose or support this dissertation:

Chapter 2 published as:

Pappelis K, Loiselle AR, Visser S, Jansonius NM. Association of Systemic Medication Exposure With
Glaucoma Progression and Glaucoma Suspect Conversion in the Groningen Longitudinal Glaucoma Study.
Invest Ophthalmol Vis Sci. 2019;60(14):4548-4555.

Chapter 3 published as:

Pappelis K, Jansonius NM. Quantification and Repeatability of Vessel Density and Flux as Assessed by Optical
Coherence Tomography Angiography. Transl Vis Sci Technol. 2019;8(3):3.

Chapter 4 published as:

Pappelis K, Choritz L, Jansonius N. Microcirculatory model predicts blood flow and autoregulation range in the
human retina: in vivo investigation with Laser Speckle Flowgraphy. Am J Physiol Heart Circ Physiol.
2020;319(6):H1253-1273.
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Preface

Chapter 5 published as:

Pappelis K, Jansonius NM. U-shaped Effect of Blood Pressure on Structural OCT Metrics and Retinal Perfusion
in Ophthalmologically Healthy Subjects. Invest Ophthalmol Vis Sci. 2021;62(12):5.

Chapter 6 published as:

Pappelis K, Jansonius NM. Retinal Oxygen Delivery and Extraction in Ophthalmologically Healthy Subjects
With Different Blood Pressure Status. Transl Vis Sci Technol. 2022;11(2):9.

Supporting publication:

Al-Nosairy KO, Prabhakaran GT, Pappelis K, Thieme H, Hoffmann MB. Combined Multi-Modal Assessment
of Glaucomatous Damage With Electroretinography and Optical Coherence Tomography/Angiography. Transl
Vis Sci Technol. 2020;9(12):7.

While this dissertation would likely mainly appeal to ophthalmologists (and hopefully also to
cardiologists and vascular internists), | would like to think that it might contain something for
everyone: from standard clinical research and epidemiology to state-of-the-art ophthalmic
imaging and from biophysical models to vascular physiology and principles of oxygen

transport.

In the hope that all readers will find something interesting in the next pages,

Konstantinos Pappelis
Athens, Feb. 201" 2022


http://paperpile.com/b/88P8tp/l70f
http://paperpile.com/b/88P8tp/l70f
http://paperpile.com/b/88P8tp/l70f
http://paperpile.com/b/88P8tp/l70f
http://paperpile.com/b/88P8tp/l70f
http://paperpile.com/b/88P8tp/l70f
http://paperpile.com/b/88P8tp/2cuZ
http://paperpile.com/b/88P8tp/2cuZ
http://paperpile.com/b/88P8tp/sFJE
http://paperpile.com/b/88P8tp/sFJE
http://paperpile.com/b/88P8tp/sFJE
http://paperpile.com/b/88P8tp/sFJE
http://paperpile.com/b/88P8tp/sFJE

Chapter 1: Background - Introduction to Retinal Perfusion

Chapter 1

BACKGROUND — INTRODUCTION
TO RETINAL PERFUSION
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1.1. Abstract

The retina is a layered, posterior ocular structure, responsible for the complex task of
producing visual outputs. As such, its function is intrinsically dependent on efficient, well-
regulated perfusion mechanisms and on adequate tissue oxygen supply. The innermost
retinal layers extend to form the optic nerve and are directly linked to the pathology of the

insidious, neurodegenerative eye disease known as glaucoma.

Although the pathogenesis of glaucoma is essentially multidimensional and mainly centered
around increased intraocular pressure, compiling evidence over the past decades hints
towards a vascular component of the disease. Systemic arterial blood pressure, in particular,
has long been thought to be implicated in retinal and glaucomatous pathology, since it could
disrupt the mechanisms through which the local microcirculation ensures sufficient tissue

perfusion.

Recent advancements in imaging techniques have enabled the detailed depiction of retinal
vascularisation, along with retinal neural structure. Nevertheless, although different methods
have been proposed for the quantification of retinal blood flow and oxygen extraction in
absolute terms, none have found their way to the clinical routine, mostly due to technical
shortcomings. As a result, our understanding of the interplay between arterial blood
pressure, inner retinal perfusion, and oxygenation and their pertinence to glaucoma remains

largely incomplete.

As a whole, this dissertation aims to address this knowledge gap from different perspectives,
utilizing a variety of tools, namely epidemiological evidence, retinal image analysis
techniques, theoretical modeling, and findings from the clinical setting. We use this
introductory chapter to provide the readers with the necessary background, in order to guide

them through the complete rationale of this dissertation.
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1.2. Overview of the Retina

1.2.1. Structural Anatomy

The posterior, internal surface of the eye (also known as the fundus) is coated by the retina,

a layered structure consisting of a multitude of neuronal and non-neuronal cells.! The retina

extends circumferentially and anteriorly to the ciliary body, ending with the ora serrata, a

scalloped border roughly equidistant from the eye equator and the corneal limbus (Fig. 1).

The anterior retinal surface lies in direct contact with the vitreous body by means of the

internal limiting membrane (ILM), formed by the basal membrane of retinal glial cells,

known as Muller cells. The posterior retinal surface is covered by the acellular Bruch’s

membrane, a thin layer of extracellular matrix separating the retina from the choroid

(Fig. 2). The full retinal thickness, that is, the average distance between the anterior and

posterior retinal surface, is ~250 pm.?

In almost all its span, the retina is
composed by ten layers (Fig. 2).
The innermost layer, the retinal
nerve fiber layer (RNFL), contains
the axons of the retinal ganglion
cells (RGCs), whose bodies are
found in the adjacent ganglion cell
layer (GCL). The inner plexiform
layer (IPL) comprises a dense
network of synapses between RGC
dendrites and axons of cells
belonging to the inner nuclear layer
(INL). Together, the RNFL, GCL,
and IPL form the ganglion cell
complex (GCC). Within the INL,
the bodies of various intermediate
neurons can be found, namely

bipolar, horizontal, and amacrine

Limbus
Ora serrata

Macula
/
:

'~

Optic nerve

/ Vitreous

~... Photoreceptors

Retinal pigment
epithelium

Choroid

Fig. 1. The retina lines the internal surface of the posterior two thirds of the
globe. It is thickest around the optic nerve and ends at the ora serrata, 5-7 mm
behind the limbus. The macula lies temporal to the optic nerve, bordered by the
vascular arcades; the fovea is a depression at its centre that provides fine visual
acuity. The outermost layer of the retina contains photoreceptors (rods and
cones), loosely attached to the retinal pigment epithelium; they depend on the
retinal pigment epithelium and choroid for support. The vitreous completely
fills the vitreous cavity and is firmly attached to the retina near the ora serrata,
over the optic nerve and macula, along the blood vessels, and around
degenerative retinal lesions. Reproduced from Management of retinal
detachment: a guide for non-ophthalmologists, Kang HK, Luff AJ, 336, p.
1235, 2008, with permission from BMJ Publishing Group Ltd.
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cells. The Muller cell bodies are also present in this layer. The outer plexiform layer (OPL)
is the second synaptic layer, where bipolar and horizontal cells interconnect with the two
kinds of photoreceptors (rods and cones). The outer nuclear layer (ONL) contains the
photoreceptor granules and Vitreal side _—

= - < Internal limiting membrane
cell bodies, whose bases — | <« Nerve fiber layer

are lined on the external

< Ganglion cell layer

limiting membrane (ELM).
Below the ELM lies the

? €— Inner plexiform layer

<+ Inner nuclear layer

photoreceptor layer, where

the outer photoreceptor

<+ Outer plexiform layer

segments are found. The

outermost retinal layer is s ESarEa "

<+ External limiting membrane
the retinal pigment
- . . « Photoreceptor layer
epithelium (RPE), a single
<+ Photoreceptor outer segment

layer of tightly-packed,

< Retinal pigment epithelium

hexagonal cells containing

- mm o W R e e e e o W Bruch’s membrane

melanin granules. Tight

« Choroid
junctions between the RPE
Scleral side
- Fig. 2. Retina and choroid. Schematic diagram of retinal layers, Bruch's membrane and choroid.
cells Torm the outer bloo ig i d choroid. Schematic diagr [ retinal lay h b d choroid
Reprinted from Eye, 35, Ferrara M, Lugano G, Sandinha MT, Kearns V, Geraghty B, Stecl DHW,
I’etl nal barl‘ler Biomechanical properties of retina and choroid: a comprehensive review of techniques and translational

relevance, pp. 1818-1832, 2021, with permission from http://creativecommons.org/licences/by/4.0/.

In emmetropic eyes, that is, eyes with no refractive anomalies, the entering light rays are
focused on the retina and form an image, according to optical principles. The light signal
induces an electrical response by the photoreceptors, which is sequentially transmitted to the
intermediate neurons and RGCs.3* This electric signal subsequently travels to the visual
center of the brain for higher processing via the optic nerve, which is essentially formed by

the posteriorly extending axons of the RNFL.

The macula, an oval-shaped area with a diameter of ~5.5 mm at the center of the retina, is
responsible for central vision.! Fine visual acuity (VA) is achieved by the fovea, a ~1.5-mm-
diameter central depression, where the photoreceptors are directly exposed (Fig. 3). An
avascular zone inside the fovea contains the foveola (or ‘fovea centralis’), the retinal
location with the highest density of cone photoreceptors. About 4.5 mm nasally with respect
to the macula lies the optic disc (also known as optic nerve head [ONH]), an opening of the
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retina at the level of Bruch’s membrane, which corresponds to the blind spot, due to the
absence of photoreceptors (Fig. 3). The center of the ONH is, on average, situated slightly
higher than the macula with respect to the horizontal meridian, at ~2° of visual angle.>®

perifovea

15 mm
W :

. 0.35 mm '
| G [0 1

I 0.5 mm |
| 17 40° |

Fig. 3. Retinal image of a right eye (OD), obtained with a fundus camera at a 45° field of view, with overlay diagrams
showing the standard dimensions and topography of the macula, fovea, and optic disc. The retina is thinner at the fovea
(cross-section), due to lateral displacement of the inner layers, up to the outer plexiform layer. The optic disc lies nasally to
the macula, at a distance of ~15° of visual angle. Photograph by Danny Hope (Brighton & Hove, UK), reproduced with
permission from https://creativecommons.org/licenses/by/2.0/.

1.2.2. Structural Imaging: Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT) is currently the gold-standard imaging technique for
the assessment of retinal structure, because of its non-invasive nature and its ability to
produce three-dimensional high-resolution images.” Utilizing a broadband light source and
interferometry principles, longitudinal (z-axis) scans are acquired for each retinal location
(A-scans), which are then combined laterally in the second dimension (B-scans) and third

dimension (volumetric scans). Currently, commercial OCT systems fall under the category
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of Fourier domain OCT (FD-OCT), which is further subdivided into spectral domain OCT
(SD-OCT) and swept source OCT (SS-OCT), based on the underlying technology.

The tomograms (cross-sections) produced by OCT allow for segmentation of the retinal
layers and quantification of their thickness. Structures of the ONH, such as the neuroretinal
rim (i.e., the posteriorly extending RNFL fibers at the border of the ONH) and the optic cup
(i.e., the depression at the center of the optic disc, starting at the edge of the neuroretinal
rim) can also be visualized and measured (Fig. 4). The lateral resolution of OCT scans is
usually better than 20 um, while the axial resolution is ~5 um.” While not always necessary,
pupil dilation with mydriatic agents usually results in less artifacts and improved image

quality.

Fig. 4. Top image: B-scan centered at the macula. The retinal layers are discernible and can be segmented because of differences in signal
strength. The region surrounded by yellow borders corresponds to the ganglion cell complex (RNFL+GCL+IPL). Blood vessel shadows
projecting to the outer layers appear as vertical lines crossing the retina. Bottom image: B-scan centered at the optic nerve. The optic disc is
located at the opening of Bruch's membrane (yellow circles). The neuroretinal rim is shown in red. The optic cup is measured 150 pm anteriorly
to the opening of Bruch's membrane (white circles), at the edge of the neuroretinal rim. Images were obtained with the Canon HS100 SD-OCT
(Canon, Inc., Tokyo, Japan).
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1.2.3. Vascular Anatomy

The human vascular system consists of the macrocirculation, which comprises the larger
arteries and veins, and the microcirculation, which comprises vessels of smaller caliber
(diameter usually less than 100-200 um), namely arterioles, venules, and capillaries. The
compliant (i.e., elastic) arteries of the macrovasculature are responsible for transporting
blood to the microvasculature, which nourish and deliver oxygen to terminal organs, such as

the retina.

The inner two-thirds of the retina receive blood supply from the retinal circulation, while the
photoreceptors and RPE are nourished by the choroidal circulation.® The retinal circulation
originates from the central retinal artery (CRA), a branch of the ophthalmic artery that
penetrates the optic nerve sheath ~10 mm posterior to the globe (Fig. 5). Despite its name,
the CRA is classified as an arteriole, because of its relatively small caliber (~160 um).1°
After passing through the mesh-like scleral opening known as the lamina cribrosa, the CRA
enters the retina through the optic disc. At this location, tangentially to the RNFL, four
principal branches emerge, each one spanning a different retinal quadrant (superotemporal,

inferotemporal, superonasal, inferonasal).

Sequential bifurcations give rise to two distinct capillary networks, the superficial capillary
plexus (SCP) and the deep capillary plexus (DCP) (Fig. 6). The SCP is located at the level
of the GCL and is responsible for nourishing the RGCs. The DCP is located at the level of
the INL and OPL and is the result of vertical anastomoses from the SCP.! Recent imaging
studies have revealed the existence of a third, in-between network, known as the
intermediate capillary plexus (ICP).1? Most, but not all, evidence supports that the SCP, ICP,
and DCP are connected in series, rather than in parallel, with the arteriolar branches mostly
located in the SCP and the venular branches in the DCP.!1* A fourth plexus of the retinal
circulation, known as the radial peripapillary capillary plexus (RPCP), runs parallel to the
RNFL axons, after emerging from the ONH. The RPCP is denser in the peripapillary area
(i.e., the region extending ~3-4 mm around the center of the ONH) and extends towards and

around the fovea, following axon trajectories.

The walls of the larger retinal arterioles consist of as many as seven layers of smooth muscle
cells, but become much thinner at the peripheral arterioles of higher order.® A layer of

endothelium (tunica interna) lies directly in contact with the vessel lumen. The inner blood-
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retinal barrier is formed because of the existence of tight junctions between endothelial

cells, in combination with an increased density of pericytes and glial cells.

Because of the aforementioned ‘in series’ arrangement, the venular drainage of the retinal
circulation mainly occurs at the level of the DCP, with venules of gradually higher order

Temporal

Vortex veins

Fovea /

Long anterior F‘
ciliary artery . l
— - *
Short posterior/ m"‘
ciliary artery - g
B X

o= o . ’ ;
. . / ~ . o
Circle of Zinn N " } chlemm’s
/ = "'\ 3 / Canal
Short posterior —~, :
ciliary artery / e - 4
Long anterior Vortex veins “&}.8
ciliary artery Nasal c2008
Lamina cribrosa

Post. Ciliarya.  Circle of Zinn

Central retinal v.
Central retinal a.

Post. Ciliary a.
Choriod

Retina

Fig. 5. Top image: A cutaway drawing of the human eye showing the major blood vessels supplying the retina, choroid, and anterior segment. The
view is from a superior position over the left eye and the horizontal section passes through both the optic nerve and the fovea. Bottom image: A
cutaway drawing along the superior-inferior axis of a left human cye through the optic nerve, showing details of the vascular supply in this
location. The fovea is present on the right side of the drawing at the center of the termination of the central retinal vessels. Drawings by Dave
Schumick. Reprinted from Encyclopedia of the Eye. Academic Press, Anand-Apte B, Hollyfield JG, Developmental anatomy of the retinal and
choroidal vasculature, pp. 9-15, Copyright (2009), with permission from Elsevier and from the Cleveland Clinic Center for Medical Art &
Photography © 2008. All Rights Reserved.
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emerging to the RNFL and combining to form the central retinal vein (CRV).}*'* The CRV
has a larger lumen (diameter ~235 um) than the CRA.2° The two run parallel as the CRV
exits the retina through the optic disc and the lamina cribrosa, eventually draining in the
cavernous sinus through the ophthalmic vein (Fig. 5).

The choroidal circulation is mainly derived from the long and short ciliary arteries, also
branching off the ophthalmic artery.® It accounts for ~85% of the ocular circulation. Higher
order branches compose the outermost Haller’s layer, while medium-sized vessels are
located in Sattler’s layer. The innermost dense network of terminal choriocapillaris supplies
the deeper retinal layers (Fig. 6). An anastomotic ring formed by the short posterior ciliary
arteries, known as the circle of Zinn-Haller, is responsible for the blood supply of the ONH.
As opposed to retinal vessels, choroidal vessels are fenestrated, that is, endothelial cells do
not form tight junctions. Venular return occurs through the vortex veins, which, similar to

the retinal circulation, drain in the cavernous sinus through the ophthalmic vein.

A variety of imaging techniques have been developed to depict the retinal microvasculature.
For the sake of brevity, in the next subsection we only introduce the ones that are relevant to
this treatise.

Superficial
capillary

plexus

Deep enle’s fiber layer
s o Photoreceptor layer
plexus

igmented epithelium

Choriocapillaris Bruch’s membrane

Choroid

Fig. 6. A diagram showing details of the retinal and choroidal vasculature and changes that occur at the level of the human fovea. The branches from the
central retinal circulation form two distinct capillary plexi within the ganglion cell layer (the superficial capillary plexus) and in the inner nuclear layer (the
deep capillary plexus). These two vascular plexi end as the ganglion cell and inner nuclear layer disappear in the foveal slope. The choroid contains a dense
vascular network terminating with the fenestrated choriocapillaris adjacent to Bruch's membrane. Drawing by Dave Schumick. Reprinted from Encyclopedia
of the Eye, Academic Press, Anand-Apte B, Hollyfield JG, Developmental anatomy of the retinal and choroidal vasculature, pp. 9-15, Copyright (2009), with
permission from Elsevier and from the Cleveland Clinic Center for Medical Art & Photography © 2008. All Rights Reserved.
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1.2.4. Vascular Imaging

A) Fundus imaging

Fundus imaging is a modality extensively used in the clinical setting, serving as an

equivalent to ophthalmoscopy, but with the possibility of widefield image acquisition. It

produces two-dimensional digital images, depicting prominent retinal features (Fig. 3).

Conventional fundus cameras use flood-illuminated imaging, whereas scanning laser

ophthalmoscopes (SLOs) implement raster techniques.® In both cases, the lateral resolution

of modern apparatus usually reaches ~6-7 um, limited by the resolution of the eye optics.

Abundance of static information on the structure and branching pattern of the large retinal

vessels can be extracted and quantified from fundus photographs. When contrast agents in

the form of fluorescent dyes are introduced to the systemic circulation, modalities such as

fluorescein angiography and indocyanine-green angiography enable the visualization of

smaller vessels and the evaluation of certain dynamic components, such as vascular

blockage or leakage.

Tailored fundus cameras and SLOs have also been used as tools for retinal oximetry, by

making use of the reflectance obtained from the retinal blood vessels over multiple

wavelengths. Hemoglobin
is the iron-containing
protein of the blood
responsible for binding
with oxygen, facilitating
its transport and exchange
in tissues. The oxygen
saturation, SO2 (%), that
is, the percentage of
oxyhemoglobin over total
hemoglobin in retinal
vessels, can be estimated
by quantifying differences

in the spectral absorption
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Fig. 7. Absorption spectra of the oxygenated (HbO,) and deoxygenated (Hb) hemoglobin
molecules. When combined with reflectance values obtained from retinal vessels, the intravascular
oxygen saturation can be estimated. Reproduced from Optical absorption of hemoglobin, Prahl S,
Copyright © 1999. Available from: http://omlc.ogi.edu/spectra’/hemoglobin/index.html.



Chapter 1: Background - Introduction to Retinal Perfusion

of oxygenated versus deoxygenated hemoglobin (Fig. 7). The principles behind retinal

oximetry are extensively analyzed in Chapter 6.

B) OCT-angiography

OCT-angiography (OCTA\) is an extension of OCT developed over the last decade.”® The
movement of erythrocytes between consecutive B-scans creates a decorrelation signal,
separating the blood vessels from the surrounding static nerve tissue. This enables the
visualization of the higher-order arterioles, venules, and capillaries, without the need for
contrast agents, as opposed to invasive methods, such as fluorescein angiography. Another
crucial advantage of OCTA s its ability to provide depth-resolved signals, generating
images of every capillary plexus, including the choriocapillaris. Figure 8 displays 6 x 6 mm
OCTA images of the SCP, centered at the macula and the ONH.

Apart from their qualitative assessment, OCTA images can be used to objectively quantify
parameters, such as the size of the foveal avascular zone, the vessel density, the vessel
branching complexity, and flow voids in the choriocapillaris. While still limited by
numerous artifacts during acquisition and processing and by the lack of harmonization

between different algorithms and different devices, these biomarkers are already recognized

. S S

Fig. 8. Overlayed 6 x 6 mm OCTA images of the superficial capillary plexus, centered at the optic nerve head and the macula (left eye).

Larger vessels appear brighter, while darker pixels indicate absent (or undetected) flow. The avascular zone at the center of the fovea can be
clearly visualized. Images were obtained with the Canon HS100 SD-OCT, Angio eXpert, OCTA version 2.0 (Canon, Inc., Tokyo, Japan).
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as a useful tool in the arsenal of the clinical ophthalmologist. It must be noted that, although
OCTA is based on the dynamic properties of blood transit, it offers little dynamic
information itself. As such, it falls under the category of static retinal imaging. Chapter 3 is
entirely dedicated to OCTA.

C) Assessing blood motion

Another extension of OCT, namely Doppler OCT, is used (currently only in the research
setting) for the dynamic assessment of the retinal microvasculature.® According to the
Doppler effect, when backscattered by erythrocytes, the incident beam undergoes a shift in
frequency (Doppler shift), which can then be used to estimate blood velocity in absolute
values, provided measurements are obtained in two different directions. If the caliber of the
examined vessel is simultaneously measured, the volume of blood traversing in the unit of
time, that is, blood flow (BF), can
be calculated. Summing partial
blood flows from all arteries (or
veins) emerging from the optic disc
(Fig. 9) allows for the calculation
of total retinal blood flow (RBF),
that is, blood flow in the CRA (or

7t

CRV).16 Some d|sadvantages Of Fig. 9: Left image: Rectangular scanning pattern to assess absolute blood flow in each retina
vessel and total retinal blood flow (left eye). The blood velocity and caliber of cach vessel
Doppler OCT are |tS su boptl mal segment is estimated by means of Doppler OCT. Adapted from Invest Ophthalmol Vis Sci, 58,

Aschinger GC, Schmetterer L, Fondi K, et al., Effect of Diffuse Luminance Flicker Light
Stimulation on Total Retinal Blood Flow Assessed With Dual-Beam Bidirectional Doppler

reprOdUCIbl I Ity and |tS Inabl I Ity to OCT, pp. 1167-1178, 2017, with permission from https://creativecommons.org/licenses/by-nc-
nd/4.0/. Right image: Laser speckle flowgraphy snapshot of the peripapillary area (left eye).

assess BF in branches of h|ghe|’ Regions with larger mean blur rate values (higher relative blood velocity) are depicted in red.
Regions with smaller mean blur rate values (lower relative blood velocity) are depicted in
o blue. Parapapillary microvascular dropout is noticeable on the temporal side.
order, due to aliasing. paptiary P P

Laser Speckle Flowgraphy (LSFG) is an imaging method allowing for the relative
assessment of blood motion.® When the retina is illuminated with coherent light, the
movement of erythrocytes creates a characteristic disruption (‘blurring’) to the speckled
pattern of stationary tissues. Quantification of this speckle contrast yields a proxy of blood
velocity, known as the mean blur rate. Areas with higher contrast correspond to areas of
higher relative velocity (Fig. 9). The main limitation of LSFG is its inability to produce
absolute values for blood velocity and RBF.
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More details about LSFG and in vivo RBF quantification can be found in Chapter 4.
Notably, by combining RBF measurements with the arterial and venous SO2 (%) values
obtained from retinal oximetry, it is possible to produce estimations for the total volume of
oxygen delivered by the circulation (DO) and extracted by the tissues (VO2) per unit time.®

We demonstrate this in Chapter 6.
1.3. Physiology of Retinal Perfusion

The retina is characterized by relatively low levels of blood flow, compensated by increased
tissue oxygen extraction.® Hereunder, we provide a short overview of the contributing

factors that are implicated in the physiology and pathophysiology of RBF and VO..
1.3.1. Ocular Perfusion Pressure

Ocular perfusion pressure (OPP) is the driving force of BF through the microvascular
network. It is defined as the difference in pressures between the arteriolar and venular ends
of the ocular circulation.'® Although it is possible to get good estimates of these two
pressures by means of ophthalmodynamometric techniques, in practice OPP is
approximated as a function of the arterial blood pressure (BP) and intraocular pressure
(IOP). Detailed information on OPP is provided in Chapter 4.

A) Blood pressure

BP is a major determinant of perfusion pressure. Due to the heart’s pulsatility, BP is not
constant throughout the cardiac cycle, but is actually a complex waveform whose amplitude
is determined by the systolic blood pressure (SBP) and the diastolic blood pressure (DBP).
Specifically, SBP and DBP are the pressures exerted to the aortic walls during heart systole
and diastole, respectively. The pulse waveform is responsible for generating a

corresponding flow waveform that is transmitted to the ocular circulation.®

Due to the capacitive properties of the compliant arteries of the macrovascular network,
significant dampening of the pulse waveform occurs when transitioning from the central to

the peripheral circulation. In addition, owing to frictional losses during blood transit,
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attributed to vascular resistance, a significant drop exists between the central BP and the
pressure in the ophthalmic artery, with the latter usually assumed to be around 2/3 of the
former. However, the largest pressure drop occurs at the level of the retinal arterioles, where
the increased contact surface between blood volume and vessel walls and the simultaneous
lack of sufficient channels, as opposed to the terminal capillaries, result in maximal

energetical losses due to friction (Fig. 10).

‘o : : g 8
In clinical practice, BP is Ateries 3 5 8 i
3 - £
measured at the level of the 100 E 8 8 3
. Pressure
brachial artery. Although an drops:
. . . . S _ [ ¥Arteries
increase in BP exists with s
E Systemic
age, SBP/DBP of 120/80 2 circuit Arterioles
® 50-
mmHg or lower are generally g Systamile
A ® circuit
accepted as optimal BP &
. . S 25 Capillaries
values.” Low BP is defined <
‘ 1Venules
as SBP/DBP of 90/60 mmHg HVeins

or |eSS and does not usua”y Fig. 10. Illustration of the pressure drop and pulse waveform dampening, as blood traverses the
vascular network. The largest pressure drop occurs at the level of the arterioles, due to the increased
vascular resistance.

require treatment, when
asymptomatic. On the other hand, arterial hypertension (AHT), defined as SBP > 140
mmHg or DBP > 90 mmHg, requires chronic treatment in the form of antihypertensive
(AH) medication. Generally, AH medication falls under five major categories: 1)
angiotensin-converting enzyme inhibitors (ACEISs), 2) angiotensin Il receptor blockers
(ARBs), both also referred to as renin-angiotensin-system-acting agents, 3) calcium channel
blockers (CCBs), 4) beta blockers, and 5) thiazide diuretics.

B) Intraocular pressure

Aqueous humour is a water-like fluid circulating in the anterior chamber of the eye, a space
located between the cornea and the iris.?° It is produced in the posterior chamber (i.e., the
space between the iris and the lens) by the ciliary body, a ring-shaped muscle responsible
for the focusing of the lens. It drains into the systemic circulation at the level of the

iridocorneal angle, through the spongy trabecular meshwork and Schlemm’s canal (Fig. 11).
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Fig. 11. Human trabecular meshwork. Aqueous humor (AH) is actively produced by the ciliary epithelium in the posterior
chamber of the eye and circulates through the pupil to the anterior chamber where it drains through the TM into Schlemm’s
canal and the episcleral veins. Reprinted from Mol Vis, 18, Bollinger KE, Crabb JS, Yuan X, Putliwala T, Clark A, Crabb
JW, Proteomic similarities in steroid responsiveness in normal and glaucomatous trabecular meshwork cells, pp. 2001-2011,
Copyright © 2012, with permission from the Cleveland Clinic. Illustration by David Schumick. All rights reserved.

IOP is determined by the rates of aqueous humour production and outflow, as well as the
pressure in the thin veins of the sclera (episcleral veins). The normal IOP range is 11-21
mmHg. The gold standard method for measuring IOP is Goldmann applanation tonometry,
with non-contact tonometry and rebound tonometry being popular alternatives.?* All three
techniques initially implement an applanation of the cornea, but subsequently utilize
different biophysical principles to yield an IOP estimate. Central corneal thickness

confounds IOP estimations, with thicker corneas yielding falsely higher IOP readings.

To prevent veins from collapsing, the pressure at the venous end of the ocular circulation
must exceed 10P.*® Therefore, IOP is the second major determinant of OPP, because it is

used as an approximation of the effective venous pressure.
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1.3.2. Poiseuille’s Law

When a number of assumptions is met, the estimated blood flow (Q) through a vessel is

given by Poiseuille’s Law:

T AP
8ul

0=

where AP is the pressure difference between the two ends of the vessel, r is the vessel

radius, p is the blood viscosity, and | is the vessel length.®

In the microcirculation, where blood behaves as a non-Newtonian fluid, additional factors

need to be taken into account. Fluid dynamics are extensively analyzed in Chapter 4.

1.3.3. Autoregulation

In contrast to the choroidal
blood flow, which is mostly
controlled by innervation
from the autonomic nervous
system, RBF is relatively low
and tightly regulated by local
mechanisms.® According to
Poiseuille’s law (see 1.3.2),

a decrease in the pressure
difference (OPP), as a
consequence to a decrease

in BP or to an increase in
IOP, would theoretically
result in a decrease in flow.
Conversely, an increase in
OPP would result in
increased flow. However, the
retinal arterioles are able to

modify their resistance by

A Autoregulation range

Upper
limit

Normalized blood flow

Perfusion pressure (mmHg)

B Endothelial cell

G2
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A
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Fig. 12. Blood flow autorcgulation in the eyc. (A) A schematic showing an autoregulation curve that
describes the relationship between normalized blood flow (y-axis) and perfusion pressure (x-axis).
Autoregulation can only operate within a critical range of OPP and once OPP surpasscs the optimal
range (shown in pink), autoregulatory systems start to break down. (B) The two important vasoactive
substances released by endothelial cells are nitric oxide (NO) and endothelin-1 (ET-1) and
autoregulation of the vascular system in the eye relies on a delicate balance between the two; NO is a
potent vasodilator released by smooth muscle cells and endothelial cells which acts via pericytes to
dilate capillaries. Opposite in function is ET-1, a potent vasoconstrictor. Reprinted from Front Cell
Dev  Biol, 8 Warecham LK, Calkins DJ, The Neurovascular Unit in Glaucomatous
Neurodegeneration, p. 452, Copyright © 2020 Wareham and Calkins, with permission from: https://
creativecommons.org/licenses/by/4.0/
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adjusting their diameter, after sensing changes in circumferential wall stress (transmural
pressure). This phenomenon intrinsic to smooth muscle cells, known as the myogenic
response or Bayliss effect, results in RBF being kept relatively constant, despite changes in
OPP. The control of vascular tone is not fully understood, but is largely mediated by
vasoactive substances, such as nitric oxide and endothelin-1.23 Additional local mechanisms,
such as pure oxygen breathing or variations in carbon dioxide partial pressure, have been

also shown to contribute to RBF regulation.

RBF autoregulation is known to be in effect over a wide range of perfusion pressures
(autoregulation plateau), but will eventually fail below or above OPP threshold values,
known as the autoregulation limits (Fig. 12). At these points the vasculature has reached its
maximum potential for dilation or constriction and any further OPP change will result in a
concomitant change in RBF. Autoregulation has a static and a dynamic component, with the
former evaluating the complete response of the vasculature over several minutes of stepwise
OPP manipulation and the latter assessing the latency of this response to transient changes

in OPP. More insight on RBF autoregulation can be found in Chapters 4 and 5.

1.3.4. Oxygen Delivery and Extraction

The most vital function served by RBF is the delivery of oxygen to the retinal tissues.?*
Because of its unique function, the retina has a high metabolic demand (consumption),
which is met by the extraction of a significant amount of oxygen from the circulating blood.
According to the Fick principle, the volume of extracted oxygen depends on the RBF and
the difference in oxygen content between the arteriolar and venular side of the vascular bed.
Because retinal RBF is relatively low, a high arteriovenous SO; (%) difference is present.
Oxygen tension studies combined with modeling have demonstrated that the retinal layers
with the highest consumption are the inner segments of the photoreceptors and regions with
synaptic activity, that is, the OPL and the deep portions of the IPL.

Evidence from the retina and other tissues suggests that an increase in oxygen extraction
forms the last line of defense against tissue hypoxia, suggesting little dependence of oxygen
delivery and consumption within a wide range of OPP. In Chapter 6, we shed more light

into the mechanisms surrounding retinal oxygen delivery and extraction.
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1.4. The Vascular Theory of Glaucoma

1.4.1. Primary Open-Angle Glaucoma

Glaucoma is a multifactorial optic neuropathy causing progressive damage to the RGCs and
thinning of their axons, eventually leading to severe and irreversible visual impairment.?® In
reality, the term glaucoma refers to a group of diseases whose common denominator is
elevated IOP, one of the two most important risk factors of glaucoma (the other one being
old age). An increased IOP is usually caused by an obstruction in the drainage of the
aqueous humour. Lowering of the IOP is currently the only available treatment option for
glaucoma.?® This is usually performed by chronic instillation of topical medications, with
laser treatment, mainly selective laser trabeculoplasty, being a popular alternative. Selected
patients with deteriorating VF deficits may also undergo surgery, in the form of

trabeculectomy, implant surgery, or, in some cases, minimally invasive glaucoma surgery.

Primary open-angle glaucoma (POAG) is the most common form of glaucoma and is
characterized by an open anterior chamber (iridocorneal) angle and structural and visual
field (VF) defects that cannot be otherwise explained. The complete etiology of POAG is
unknown, but a variety of clinical and biological risk factors have been identified.?®
Nevertheless, an increased IOP is neither sufficient nor necessary for the development of
glaucoma. Indeed, patients may have a higher than normal 10P, but no other signs of the
disease, a condition known as ocular hypertension. In addition, normal-tension glaucoma
(NTG) is a subtype of POAG in which IOP is within the normal range, but damage to the
RGCs is still present. Therefore, it is evident that certain components of the disease remain

elusive or insufficiently addressed.
1.4.2. Structure, Function, and Vasculature in Glaucoma

VF evaluation, also known as perimetry, is an interactive test in which stimuli of varying
intensity are presented sequentially in a pre-determined portion of the VF, whilst
maintaining central fixation.?” The Humphrey Field Analyzer (HFA) is the most popular
commercial device used for VF testing. Each test location is assigned a sensitivity value in

dB, based on the patient’s performance, and each sensitivity is subsequently compared to a
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normative database, producing the total deviation plot. The average of all total deviation
values yields the mean deviation (MD). A pattern standard deviation (PSD) plot is also
generated, measuring irregularity in the depression of the VF sensitivities. PSD allows for
differentiation with conditions in which the VF exhibits homogeneous depression, such as

cataract.

Contemporary glaucoma diagnostics and progression monitoring primarily rely on visual
VF (functional) assessment, as well as neural tissue thickness (structural) assessment, by
means of OCT. Topographical correlation exists between location of structural deficits on
the retina and vision sensitivity loss. Structural loss in glaucoma is often depicted as a
deviation from the normative peripapillary RNFL or macular GCIPL thickness (Fig. 13).
Glaucomatous VF defects tend to respect the horizontal meridian, due to the separation

(raphe) of the retinal nerve fibers
A GCIPL Deviation Map RNFL Deviation Map

belonging to the superior and inferior
retinal hemifields (Fig. 13). The

nasal step, that is, a scotoma in the

nasal VF is frequently defined as an

Pattern Deviation Map
GCIPL Macular sector  RNFL clock-hour sector

early glaucoma manifestation, but 15

132 .

VF defects can also manifest in the
parafoveal area. A glaucomatous VF
defect, according to the Anderson-

Patella criteria is defined as a cluster B GOPLDeviation Map  RNFL Deviation Map

of three or more points in the PSD ®
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in glaucoma diagnostICS has been Fig. 13. Two representative cases of the eye with (A) superior parafoveal scotoma (PFS)

and (B) superior peripheral nasal step (PNS). A, The clock-hour 8 retinal nerve fiber
layer (RNFL) thickness is borderline in the RNFL clock-hour sector map, and the
demonStrated' RGC IOSS has been inferotemporal and inferior ganglion cell-inner plexiform layer (GCIPL) thicknesses are
outside the normal limits in the GCIPL macular sector map of the eye with superior PFS.
aSSOC|ated W|th a decrease |n B, The clock-hour 7 RNFL thickness is borderline in the RNFL clock-hour sector map,
whereas GCIPL thicknesses are all within normal limits in the GCIPL macular sector
map of the eye with superior PNS. Reprinted from Ophthalmology, 121, Shin HY, Park
HL, Jung KI, Choi JA, Park CK, Glaucoma diagnostic ability of ganglion cell-inner
plexiform layer thickness differs according to the location of visual field loss, pp 93-99,

denS|ty Of the SCP a.nd Of deeper Copyright (2014), with permission from Elsevier.
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layers, as well as with choroidal microvasculature dropout.?® Vascular metrics have been
shown to correlate with glaucoma severity and can sometimes outperform structural metrics

in glaucoma diagnostics.

1.4.3. Blood Pressure and Retinal Perfusion in Glaucoma

The mechanisms behind the death of RGCs and their axons are poorly understood. The
vascular theory of glaucoma has been a subject of debate for many decades. It has been
established that, following the death of RGCs, the decreased oxygen need results in a
concomitant decrease in BF. However, compiling evidence suggests that a reduced blood
supply and consequent ischemia may well be an additional cause and not merely a

consequence of RGC apoptosis. This is known as the ‘chicken-egg’ dilemma in glaucoma.?

Despite the existence of abundant conflicting results, a number of observations support this
vascular theory. Indeed, various systemic vascular risk factors have been linked to POAG.
This relationship is stronger in NTG than in POAG and has been attributed by research
groups to the frequent coexistence of NTG with vascular dysregulation.*>* In addition,
several epidemiological studies have documented the existence of a complex relationship
between BP and glaucomatous prevalence, incidence, or progression, with the majority of
evidence pointing towards both low and high BP as being related to glaucoma.!! As
discussed earlier in this chapter, a low BP, sometimes even secondary to intensive
antihypertensive treatment, causes a reduction in OPP. If the triggered autoregulatory
response of the retinal vasculature is unable to counteract this OPP drop, hypoperfusion of
the RGCs is likely to occur. In addition, chronic exposure of the vasculature to detrimentally
high pressures in AHT will eventually damage the vessel walls. Therefore, despite the
sufficiently large OPP present in AHT, the tissues are still liable to perfusion deficits. In
view of these findings, in Chapter 2 we seek to investigate the association between the use

of AH medication and unfavorable glaucomatous outcomes.

Nevertheless, after the onset of glaucoma, it is impossible to disentangle the ‘chicken-egg’
dilemma, owing to lack of information regarding the temporality in this causal cascade of
events. In addition, assessing retinal perfusion in the clinical setting is far from an easy task.
Consequently, a lot of pertinent issues on the role of BP and retinal perfusion in glaucoma

remain insufficiently addressed. These aspects are the central subject matter of this treatise.
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1.5. Aim of this Thesis

As a whole, this dissertation aims to enhance our current knowledge on the interplay
between BP, retinal perfusion, and retinal structure, in order to understand how these factors
pertain to the pathogenesis of glaucoma. It may come as a surprise to the reader that, with
the exception of Chapter 2, most of the research presented focuses on (what we perceive as)
healthy eyes. The complete rationale behind this approach is explained throughout this
thesis. In short, it is based on the realization that, before making any conclusions about
potential contribution to disease mechanisms, one first needs to fully comprehend the
baseline interaction between the variables in question. Although very simple in its nature,
this logical and necessary step has not been implemented in previous efforts to address the

vascular theory of glaucoma.
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2.1. Abstract

Purpose: To determine the association of statins, five classes of antihypertensive medication,
and proton pump inhibitors with (1) primary open angle glaucoma (POAG) progression and
(2) conversion of POAG suspects to POAG.

Methods: We retrospectively investigated the records of a cohort with POAG cases and
suspects from the Groningen Longitudinal Glaucoma Study. To quantify visual field (VF)
deterioration in cases, we used the rate of progression of the mean deviation (MD). Suspects
were considered to have converted at the time point after which two consecutive VF tests for
at least one eye were abnormal (glaucoma hemifield test outside normal limits). Progression
and conversion were analyzed with quantile and logistic regression, respectively, with the
systemic medications as predictors, controlling for age, gender, body mass index,
pretreatment intraocular pressure (IOP), corneal thickness, and baseline MD. The

multivariable models were built with and without IOP intervention.

Results: No systemic medications were associated with POAG progression in the final
IOP/treatment-adjusted or unadjusted model. However, angiotensin Il receptor blockers
(ARBs) appeared to slow progression in older patients (binteraction = 0.014, P = 0.0001). ACE-
inhibitors (ACEIs) were significantly associated with a decrease in POAG suspect conversion
in both the IOP/treatment-adjusted and -unadjusted model [odds ratio (OR) = 0.23, 95% ClI:
0.07-0.79, P = 0.012; OR =0.24, 95% CI: 0.07-0.78, P = 0.021, respectively], as were ARBs
(OR =0.12, 95% CI: 0.01-0.98, P = 0.014; OR = 0.11, 95% CI: 0.01-0.87, P = 0.005,

respectively).

Conclusions: No overall association of VF progression with systemic medication was found;
ARBs delayed progression in older patients. ACEIs and ARBs were associated with lower

risk of suspect conversion. The pathophysiology of this relationship is to be disentangled.
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2.2. Introduction

Glaucoma is a chronic and progressive eye disease characterized by cupping of the optic disc,
thinning of the retinal nerve fiber layer, loss of retinal ganglion cells (RGCs), and loss of
visual function.>? A high intraocular pressure (IOP) is an important risk factor for glaucoma
and 10P-lowering medications, laser, or surgery are currently the only available options to
delay, but not inhibit, glaucomatous progression.®>* However, not every person with ocular
hypertension will convert to the disease, and glaucoma also may develop in those with an
apparently normal IOP.> These observations imply that other risk factors exist that are not

being addressed in current treatment decisions.

Several other factors may contribute to the development and progression of the disease,
including systemic medications used to treat other pathologies. Specifically, a protective role
of statins, possibly unrelated to their cholesterol-lowering effect, has been reported in primary
open-angle glaucoma (POAG).5° Moreover, numerous studies have examined the effect of
antihypertensive (AH) medication on glaucoma, due to the fact that the disease is believed to
contain a vascular component.1®12 This suggests that drugs able to modify vascular events
could pertain to the outcome of glaucoma. In this regard, proton pump inhibitors (PPIs), a
medication class used to lower the levels of stomach acid in gastric and esophageal
pathologies, could influence unfavorably the course of the disease because of their
documented inhibition of nitric oxide (NO) production.'® To make it even more complicated,
these drugs could simultaneously have a beneficial effect because they create an unfavorable
gastric environment for Helicobacter pylori, a bacterium for which an association with

increased risk for POAG has been suggested.4

However, the results of studies examining the role of statins and AH medication in POAG are
conflicting.®™>*® A neuroprotective property of statins as well as of certain AH medications
has been suggested, but not all studies confirm such an effect.!”:*8 Even from a
pathophysiological perspective, although hypertension has been suggested as a risk factor for
glaucoma, aggressive treatment with blood pressure (BP) medication could also result in
ischemic damage to the RGCs mediated by a low diastolic BP. In addition, to the best of
our knowledge, there currently exists only scarce evidence addressing a potential effect of
PPIs on POAG development. Last, some study designs in the literature incorporate a loose

definition of POAG (e.g., prescription of glaucoma medication) based on national registries
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or insurance claim data.'>'® As a result, it is impossible to differentiate the impact of systemic
medication on glaucoma suspects from the corresponding impact on those with a glaucoma

diagnosis.

Therefore, the aim of this study was to determine the association of statins, five main classes
of AH medication, and PPIs with (1) POAG progression and (2) conversion of POAG
suspects to a POAG diagnosis. For this purpose, we retrospectively looked into the
information of the Groningen Longitudinal Glaucoma Study (GLGS) to determine exposure
to the aforementioned systemic medications in a cohort of POAG patients and POAG

suspects.

2.3. Methods

2.3.1. Study Population

Patients were selected from the GLGS database. The GLGS began in 2000 and was originally
a prospective, observational cohort study conducted in the clinical setting of the University
Medical Center Groningen (UMCG), comprising both glaucoma patients and glaucoma
suspects (predominantly Caucasians). In 2000, the UMCG served both as an academic and as
a community hospital; the majority of patients in the current study should be considered
community hospital patients. The objectives and methods of the GLGS have been previously
described.?%?! After the onset of the original GLGS, we continued adding newly diagnosed
glaucoma patients, making the GLGS a dynamic population. From those patients who visited
the clinic in 2015, we recorded their current and past systemic medications, and height and
weight. This is the subset used in the current study. For the glaucoma patients, we associated
the rate of progression (RoP; defined below) with systemic medication use, making the study
design a retrospective follow-up study. For glaucoma suspects, we compared systemic
medication use between those who converted to glaucoma and those who did not, making the
study design a case-control study. The study protocol was approved by the ethics board of the
University Medical Center Groningen and followed the tenets of the Declaration of Helsinki.

All patients provided written informed consent.

To be eligible, subjects had to be followed with standard automated perimetry (see next

subsection). Those with pseudoexfoliative or pigment dispersion glaucoma or a history of
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angle closure or secondary glaucoma were excluded (leaving POAG and POAG suspects).
For being a glaucoma patient, glaucomatous visual field (VF) loss had to be present at
baseline in at least one eye.?’ For glaucomatous baseline VF loss, two consecutive tests had
to be abnormal (see next subsection) in at least one eye. Defects had to be compatible with
glaucoma and without any other explanation. A VF test before the two baseline tests was
discarded to reduce the influence of learning. Thus, at least three tests had to be performed at
baseline before glaucomatous VF loss could be diagnosed. Glaucoma suspects were those
who had an intact VF when entering the study and were followed in our outpatient
department because of ocular hypertension (I0OP above 20 mmHg on at least two separate
visits), a positive family history of glaucoma (glaucoma reported in father, mother, brother,

or sister), or a suspected optic disc (cup-to-disc ratio above 0.6), or combinations thereof.?

2.3.2. Perimetry, Progression, and Conversion

Perimetry was performed using the Humphrey Field Analyzer (Carl Zeiss, Jena, Germany)
30-2 Swedish interactive threshold algorithm fast strategy with 30-2 grid. An abnormal test
result was defined as a glaucoma hemifield test ‘outside normal limits’. Test results were
included only if they were reliable; a test result was considered unreliable if false positives
exceeded 10% or if both false negatives and fixation losses exceeded 10% and 20%,
respectively. We pooled false negatives and fixation losses because they were reported to
have a much smaller influence on the mean deviation (MD) and the false negatives,

especially, are not informative in glaucoma.?®%

In glaucoma patients, the RoP was calculated as the slope of the MD over time, after a
minimum of 5 years of perimetric follow-up.? For the conversion analysis, subjects who
were glaucoma suspects were considered to have converted to a glaucoma diagnosis at the
time point after which all subsequent VF tests (at least two) for at least one eye were

abnormal.

2.3.3. Risk Factors

The possible risk factors for glaucoma progression that were included in this study were: age
at baseline, sex, body mass index (BMI), highest pretreatment IOP, central corneal thickness
(CCT), baseline MD (dichotomized above and below the median of -9.4 dB),?® mean IOP
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during follow-up, surgery for glaucoma (yes/no), number of glaucoma medications, and
systemic medications. Systemic medications included were statins, diuretics, angiotensin Il
receptor blockers (ARBs), ACE inhibitors (ACEISs), calcium channel blockers (CCBs), beta
blockers, and PPIs. For the number of glaucoma medications, topical and oral were included,
and if the patient underwent laser treatment, this was considered as an additional

medication.?’

2.3.4. Systemic Medication Exposure Ascertainment

To verify systemic medication exposure, the complete medical file of each patient was
examined, in combination with a semi-structured interview that took place in 2015 (at or
towards the end of the follow-up). An interviewer (blinded to the study question and taking
no other part in the study procedures) asked each participant to list his or her current
medications, guiding them with additional questions, such as: “What medications are you
currently taking for high blood pressure/high cholesterol/your heart/your stomach?”. To
ascertain prior or subsequent use of the reported or other relevant medications we recorded all
medication listings until the end of the patient’s follow-up from the patient’s hospital file,
which included letters to his or her primary care doctors detailing prescribed medications. We
defined the ‘oldest recorded exposure date’ as the very first date a drug appeared in this
listing (or mentioned in the interview), while being absent from all listings of previous
reports. We used this date (1) to approximate the duration of systemic medication use during
follow-up for the progression analysis and (2) to ascertain that systemic medication exposure

occurred before the conversion date in the conversion analysis.

2.3.5. Data Analysis

For the progression analysis, only one eye per patient was included. If a patient met the
inclusion criteria with both eyes, a randomly chosen eye was included. Conversion was based
on a by-patient basis: those who converted with at least one eye were considered to have
converted; for analysis, the first converted eye was used and if no conversion took place, a
random eye was chosen. The patient characteristics were described with mean and standard
deviation (SD) for normally distributed variables. For variables with a skewed distribution,
we used median and interquartile range (IQR) instead. In the multivariable analysis (see
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below), missing data for CCT (2 cases) and BMI (3 cases) were imputed from the median

value. There were no other missing values for any other risk factor.

Because of the non-normality of the RoP distribution, quantile regression was performed
using a saturated model with RoP as the outcome variable and all predictor variables
included. The least significant variable was then removed, and the models with and without
the least significant variable were compared using the Akaike information criterion (AIC). If
the model without the concerning variable was the better fit for the data, the same process
was repeated for the next least significant variable, and this process was continued until we
reached a minimal model. Coefficients and P values were reported. The saturated model for

the RoP regression can be found in the supplementary material (Supplementary Table S1).

Conversion of glaucoma suspects to a glaucoma diagnosis was analyzed using a logistic
regression model. The saturated model included all the predictor variables included above,
except for glaucoma surgery and baseline MD, which would both be irrelevant for those not
yet diagnosed with glaucoma. Mean IOP during follow-up was calculated either until the
point at which the patient converted, or for the entire follow-up duration if the patient never
converted. Again, using the AIC, covariates were removed and a minimal model was created.
Odds ratios (ORs) with 95% confidence intervals (Cls) and P values were reported. The
saturated model for the conversion logistic regression model can be found in the

supplementary material (Supplementary Table S2).

All analyses were performed using R (version 3.3.3; R Foundation for Statistical Computing,
Vienna, Austria). A P value of 0.05 or less was considered statistically significant. According

to the AIC, inclusion in the final model implies P < 0.16.

2.4. Results

We included 250 patients in the RoP analysis and 112 glaucoma suspects for the conversion
analysis. Of the 112 glaucoma suspects, 21 were included because of ocular hypertension, 4
because of a positive family history of glaucoma, 6 because of a suspected optic disc, and 81
because of combinations thereof. Table 1 shows the characteristics of the study population.
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Glaucoma Suspects

Glaucoma Patients Converted Not Converted
Number of patients 250 53 59
Age at baseline, y; mean * SD 61.8 +99 58.3 = 10.0 554 113
Sex, % female 46.0 50.6 54.2
BMI, kg/m"; mean *+ SD 26.2 *+ 4.2 256 = 38 27.2 * 45

IOP before treatment, mm Hg; median (IQR)

CCT, pm; median (IQR)

VF MD at baseline, dB; median (IQR)

Follow-up duration, y; median (IQR)

Mean 10P during follow-up, mm Hg; median (IQR)

26.0 (22.0 to 31.0)
537.0 (512.5 to 566.0)
9.4 (—15.6 to —5.1)
12.0 (9.0 to 15.0)
13.2(11.3 to 15.5)

26.0 (23.0 to 30.0)

543.0 (519.0 to 558.0)

1.1 (-39t

0.0)

7.0 (4.0 to 12.0)
155(139 to 17.3)

29.0 (24.0 to 32.0)
551.0 (539.5 to 576.0)
0.8 (-1.8100.2)
16.0 (13.0 to 18.0)
17.1 (14.6 to 18.2)

ROP, dB/y; median (IQR) 0.27 (—0.55 to —0.08) NA NA
Statins, % (n) 37.2(93%) 15.1 (8) 40.7 (24)
Statin duration, percentage of follow-up years; median (IQR) 45.6 (25.3 to 82.5) NA NA
Diuretics, % (n) 27.6 (69) 9.4 (5) 33.9 (20)
ARBs, % (m) 15.2 (38) 1.9 (1) 15.2 (9
ACE inhibitors, % (n) 24.8 (62) 7.5 (4) 25.4 (15)
CCBs, % (n) 19.2 (48) 11.3 (6) 205 (12)
Beta blockers, % (n) 27.2 (68) 18.8 (10) 30.5 (18)
AH duration, percentage of follow-up y; median (IQR) 50.0 (27.3 to 100.0) NA NA
PPls, % (n) 33.2 (83 226(12) 32.2 (19
PPI duration, percentage of follow-up y; median (IQR) 44.4 (25.8 10 90.4) NA NA

NA, not applicable; VF MD, standard automated perimetry mean deviation.

Tase 2. Univariable Quantile Regression Analysis for Glaucoma
Patients With Median ROP as Dependent Variable

Median follow-up duration of the

] . Coefficient P Value
glaucoma patients was 12 years; median
Age, y —0.006 0.003
RoP -0.27 dB/year. Table 2 depicts the Sex, female 0.080 015
BMI, kg/m‘ 0.010 0.050
univariable quantile regression analysis IOP before treatment, mm Hg 0.005 0008
CCT, pm —0.0002 0.76
Wlth median ROP as the dependent VF MD at baseline, dB 0.000 1.0
Mean IOP during follow-up, mm Hg 0.005 0.52
Variable Older age Iower BMI Iower IOP Glaucoma surgery, 0 = No 0.040 0.44
) ! ! Number of glaucoma medications 0.046 0.028
before treatment, and a higher number of Stutins 0.060 0.27
Diuretics 0.010 0.87
H H H H ARBs 0.020 0.74
glaucoma medications were significantly ACE ihibitors 0060 023
H H H CCBs 0.080 0.31
associated with faster progression. bets blockers 0080 o6
PPls 0.010 0.86
Table 3 shows the final multivariable
Tasie 3. Final Models for Glaucoma Patients With Median ROP as

model for median RoP, along with a model
built without the variables that account for
intervention by the treating

ophthalmologist (by excluding mean IOP

Dependent Variable

Final Model

Final Model
(Not Adjusted for
1OP Intervention)

Coefficient P Value Coefficient P Value

Age, v —0.007 0.001 —(.006 0.010
during follow-up, number of glaucoma sex, female 0122 0018 0128  0.004
BMI, kg/ll'l." 0.010 0.032 0,006 0.14
medicationsl and g|aucoma surgery from 10P before treatment, 0.004 0.12 0.004 0.077
mm Hg
the Saturated model) to account for any CCT, pm —0.0008 0.14 —0.0007 0.16
Number of glaucoma —0.036 0.056 NA NA
systemic medication-mediated 10P medications
Statins —0.083 0086 NA NA
ARBs 0.089 0.097 NA NA

changes. In both final models, older age
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and male sex were significantly associated with faster progression. Specifically, for each 10
years of age, the median RoP was 0.07 dB/year faster (0.06 dB/year for the model excluding
intervention). Statins and ARBs remained in the model but were not significantly associated
with RoP.

For these two systemic medications, we completed a secondary dose-response relationship
analysis in which we created categories based on duration of medication use, defined as
follows: no use, duration of use below the median, and duration of use above the median.
Compared with nonusers of statins, there was a trend toward faster progression with
prolonged statin use (6 years or less, b =-0.083, P = 0.06; more than 6 years, b =-0.130,

P =0.009). There was no dose-response relationship found for ARBs.

We also repeated the analysis using a variable with the cumulative number of AHs (in place
of the different classes) as a marker for the severity of hypertension, but this variable was the

first to leave the model, suggesting the number of AHs was not associated with progression.

Interactions between the two systemic medications remaining in the final model (ARBs and
statins) and both pretreatment IOP and age also were investigated, with a Bonferroni-adjusted
significance cutoff of P = 0.0125. The only significant interaction effect on RoP was between
ARBs and age (b = 0.014, P = 0.0001). For each additional 10 years of age, ARB takers had a
median RoP that was 0.14 dB/year slower than non-ARB takers. In addition, tests for
collinearity between systemic medications revealed only a moderate collinear relationship
between beta blockers and ACEIs (phi = 0.42, P < 0.001), all other phi coefficients were

similar or lower.

o
Of the 112 glaucoma suspects, 53 -
. ® S
converted during follow-up. The g
. . . 3 © |
median follow-up duration until . =
e
conversion was 7 years for those who g 3~
£
converted; those who did not convert S o _
o
were followed for a median of 16 ”
. . o
years. The survival curve is displayed ' ) y ' :
0 5 10 15 20 25
in the Figure. From this curve, it can
Follow-up Years
be predicted that it will take 15 years i - , o
Ficure. Survival curve for the gl:lucom:l SllSp(‘Cl p()pllhlll()ll, Conver-
sion to POAG is defined as the time point after which all subsequent VF

for 50% of the suspects to convert.

tests (at least two) for at least one eye were abnormal.
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Tables 4 and 5 present the univariable
and final multivariable logistic
regression models, respectively, for
glaucoma suspect conversion. In the
univariable analysis, a higher BMI, a
higher number of glaucoma medications,
and the use of statins, diuretics, ARBsS,
and ACEIs were associated with a
significant decrease in conversion.
Again, multivariable models were built
with and without mean 10P during
follow-up and number of glaucoma
medications. In the final model, a higher
number of glaucoma medications and
the use of ARBs and ACEIs were
associated with a significant decrease in
conversion to a glaucoma diagnosis.
Even in the final model without mean
IOP and IOP treatment, the rate of

Tasie 4. Univariable Analysis With Glaucoma Suspect Conversion as
Dependent Variable
OR (95% CI) P Value
Age, y 1.03 (0.99-1.06) 0.14
Sex, female 1.1 (0.52-2.32) 0.80
BMI, kg/m" 0.91 (0.83-1.00) 0.043
IOP before treatment, mm Hg 0.98 (0.94-1.03) 0.44
CCT, um 0.99 (0.98-1.00) 0.058
Mean [OP during follow-up, mm Hg 0.90 (0.80-1.01) 0.078
Number of glaucoma medications 0.53 (0.34-0.8%) 0.004
Statins 0.26 (0.1-0.65) 0.002
Diuretics 0.20 (0.07-0.59) 0.001
ARBs 0.11 (0.01-0.87) 0.008
ACE inhibitors 0.24 (0.07-0.78) 0.009
CCBs 0.50 (0.17-1.44) 0.19
Beta blockers 0.53 (0.22-1.28) 0.15
PPIs 0.62 (0.26-1.43) 0.26
TasLe 5. Final Models With Glaucoma Suspect Conversion as

Dependent Variable

Final Model
(Not Adjusted for

Final Model I0P Intervention)

OR (95% CI) P Vvalue OR (95% CI) P Value

Age, y NA NA  1.03 (0.99-1.07) 0.14
BMI, kg/m?* NA NA 093 (0.83-1.07) 0.15
CCT, pm 0.99 (0.98-1.00) 0.063 0.99 (0.98-1.00) 0.069
Number of 0.59 (0.37-0.94) 0.025 NA NA

glaucoma

medications
ARBs 0.12 (0.01-0.98)
ACE inhibitors 0.23 (0.07-0.79)

0.014
0.012

0.11 (0.01-0.87)
0.24 (0.07-0.78)

0.005
0.021

conversion of suspects on ARBs and ACEIs was 89% and 76% lower, respectively, than

those not taking the drugs, suggesting the possible protective association is not mediated by

IOP. Tests for collinearity between systemic medications revealed a moderate collinear
relationship between beta blockers and CCBs (phi = 0.53, P <0.001), all other phi

coefficients were similar or lower.

2.5. Discussion

No systemic medications were associated with POAG progression in the final IOP-

intervention adjusted or unadjusted model;

statins and ARBs remained in the final 10P-

intervention adjusted model without reaching significance, but an interaction term revealed a

significantly slower progression associated with ARBs for older ages. ACEIs and ARBs were

significantly associated with a decrease in POAG suspect conversion in the final model,

regardless of IOP-intervention adjustment.
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Regarding the effect of statins on POAG progression, other studies have given varying
results. Iskedjian et al. reported no significant differences in the need for adjunct topical 10P-
lowering medications between statin users and nonusers.'? Leung et al. found that
significantly more nonprogressors were using statins. In contrast to our study, their study
concerned only normal tension glaucoma (NTG) subjects (256 subjects followed for 3 years;
31 taking statins).® An interaction term between statin use and pretreatment 0P added to our
model did not uncover a significant association, suggesting that statins don’t have a selective
association with NTG in our study population. De Castro et al. assessed progression with
structural parameters and reported that statin users, albeit only the ones not receiving aspirin
treatment simultaneously, had lower progression rates (n = 76; smallest group n = 12; follow-
up duration: 5.5 years).?8 This observation suggests that early structural changes might be
more sensitive to the effect of statins compared to VF parameters, but a study assessing both
structure and function would be needed to clarify this hypothesis. McCann et al. could not
perform a meta-analysis on these studies because the definitions of glaucoma differed.®
Lastly, a propensity score analysis by Whigham et al. reported that a history of statin use
resulted in slower VF progression (847 subjects followed for 3.5 years; 629 taking statins).®
However, their propensity score was limited to age, gender, baseline glaucomatous severity,
and systemic medical conditions; hence, it did not include some important variables present
in our analysis, especially the variables related to I0P. Notably, in our study, the relevant
RoP coefficient for the IOP-intervention adjusted model suggests a faster progression
(-0.083 dB/year for statin users compared with nonusers), but this result did not reach
significance (P = 0.086). Our secondary dose-response analysis suggested faster progression
for POAG patients using statins for more than 6 years (-0.130 dB/year compared with
nonusers, P = 0.009), but according to a recent publication this is more likely a result of
higher serum cholesterol.?® All these studies, including ours, were observational studies, that

is, the statins were not prescribed as part of a randomized control trial (RCT).

With regard to statin use and POAG incidence, most observational studies, but not all, agree
that short-term statin use (2 years or less) does not significantly affect the risk.”16:30-33
Among them, Stein et al. also examined the conversion of glaucoma suspects (n = 49,628)
within a retrospective longitudinal cohort design. They found that POAG suspects who used
statins for 1 or 2 years had a smaller hazard for conversion (HR = 0.907, 95% CI:
0.846-0.973), but not for the need for glaucoma surgery.” It is possible, of course, that any

beneficial effect, is only a result of longer exposure to the medication.”-3%32 Interestingly, a
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large observational prospective study by Talwar et al. (25,420 subjects; 15,898 taking statins)
showed reduced POAG incident risk after 2 years of statin use (HR = 0.79, 95% CI: 0.66-
0.96), independent of the cholesterol-lowering effect, dosage, and statin type.® It has been
suggested that this effect may be mediated by neuroprotective mechanisms.’343* Albeit
significant in these studies with very large sample sizes, the effect sizes were actually small.
This illustrates that a visible effect size in large samples does not immediately imply clinical
relevance. Notably, in the univariate analysis of our study, statins are shown to be associated
(after Bonferroni correction) with a reduced odds ratio for suspect conversion [OR = 0.26,
95% CI: 0.1-0.65, P(adjusted) = 0.014]; however, the multivariate model reveals that this

association is mediated by concomitant use of AH medications.

A recent observational study from insurance claim data suggested a causal, protective effect
of AH medication, especially those in the renin-angiotensin category, with respect to incident
glaucoma.!! Hirooka et al. reported a similar finding in a NTG sample treated with ACEIs,
while Yang et al. found a neuroprotective effect of ARBs in a rat model.'®% The authors
hypothesized that the decrease in angiotensin 11 levels reduces the activity of the NADPH-
dependent oxidase complex, thus reducing oxidative stress and the subsequent RGC
apoptosis. They also discussed that the increase in plasma bradykinin caused by the ACEIs
offers extra possibilities: improved blood flow through activation of the L-arginine NO
pathway, or protection from glutamate-induced neurotoxicity. In our study, ACEIls and ARBs
were significantly associated with lower odds of suspects converting to POAG, which is in
agreement with these results. In addition, the highly significant interaction term between age
and ARBs in our progression analysis suggests that the older the glaucomatous patient, the

more they could benefit from an ARB, as far as their glaucomatous progression is concerned.

The effects of other AH medications are less clear. Beta blockers have been associated with
decreased POAG incidence in some studies, whereas the opposite has been reported for
CCBs and, sometimes, even ARBs.63738 Dijuretics were associated with increased
conversion risk of ocular hypertensives in the European Glaucoma Prevention Study and
increased risk of POAG in other studies.3>%:3 A protective effect of the cumulative number
of AH drugs was reported by Horwitz et al.; in addition, Iskedjian et al. showed that the use
of AH medication reduced the need for adjunct topical IOP-lowering medication.'>*? Overall,
these results suggest that AH medication classes might contribute differently to the course of
glaucoma; this points towards the fact that pathways other than the BP-lowering effect could
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be involved.*®#! Protection could be mediated by an 10P-lowering effect*>-; additional
neuroprotective mechanisms have been attributed to medication in the renin-angiotensin

category, as discussed in the previous paragraph.*’—49

There are several reasons for these conflicting results. POAG treatment is a dynamic
procedure in which the clinician’s decisions interfere with the true (untreated) disease
progression. Therefore, explanatory variables such as mean I0OP during follow-up or number
of glaucoma medications could mediate or antagonize effects observed in other studies.
Furthermore, a threshold effect could exist for certain AH drugs, or a ceiling effect with no
further increase in risk for glaucomatous damage after this ceiling has been reached,
hampering consistent dose-response findings.83" Last, it is possible that AH treatment is
beneficial only when started timely and harmful if started after many years of untreated
hypertension. This, however, is impossible to address in an observational study with limited
information regarding the time course of BP and its treatment. Interestingly, overtreatment of
hypertension leading to hypotension has been reported as a risk factor for glaucoma.'®*
Noticeably, data extracted from a large cohort study (Lifelines Biobank) reveal that
aggressive AH treatment is hardly the case in our region, the northern Netherlands.>! Indeed,
average (SD) systolic BP/diastolic BP values for users and nonusers of AH medication are,
within Lifelines, 135(17)/79(10) and 128(15)/76(9), respectively.

PPIs appear to both mitigate and worsen glaucoma. In a study investigating systemic
medication use and glaucoma in insurance claims data,® it was found that esomeprazole (a
PPI), reduced the risk of POAG. This finding was of borderline significance but the authors
hypothesized that it could be due to a reduction in Helicobacter pylori rates, and therefore
reduced risk of POAG.*52 However, PPIs can also decrease production of NO, a vasodilator
that plays a role in 10P regulation. POAG patients may already have a genetic and dietary
susceptibility to reduced NO bioavailability.>® In this regard, PPIs may be beneficial to those
who do not have alterations in genes responsible for NO production, and harmful to those

who do.

This study is limited by its retrospective design and its relatively small sample size. For
medication ascertainment our primary metric was ‘any use during follow-up’ (a commonly
used metric in pharmacoepidemiology), but we added duration of use information for the
progression analysis and temporal information for the conversion analysis (by ascertaining

that systemic medication exposure occurred prior to the conversion date). Obviously, this
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metric is still limited by the absence of dosage information. Furthermore, we did not have BP
measurements, and for this reason we could not perform a mediation analysis for BP. Instead,
we used the number of BP medications as a crude proxy of disease severity. In spite of that, it
IS true that monotherapy is the traditional initial therapy for hypertension and subsequent
medications are added depending on BP target and disease severity. The absence of BP
measurements also did not allow us to examine overtreatment of hypertension, a situation that
could lead to hypoperfusion of the RGCs and, hence, mask any protective effects.
Nevertheless, our positive findings remain somewhat robust to this limitation, as they all lie
on the protective side, whereas overtreatment is expected to have a negative effect on
glaucoma progression or conversion. In addition, our population was predominantly
Caucasian, so our results cannot be safely generalized, especially because of differential
responses to cardiovascular agents among patients of different genetic ancestries. Last, our
population’s median age leans towards the younger side with regards to glaucoma
populations, a limitation that we tried to address by assessing the interactions between

systemic medication exposure and age in the models.

The main strength of this study is the long follow-up duration of the population. Furthermore,
POAG patients and suspects were defined according to strict criteria, rather than being based
on data from national registry or insurance claims. This ensures that the two groups are not
cross-contaminated and that no other type of glaucoma is present in the dataset. Moreover, a
novelty of this study is controlling the analysis for glaucoma medications, the surgical profile
of each participant (operated/not operated), and mean IOP during follow-up. We believe that
this reflects reality better, as it simulates the dynamic context of clinicians intervening in the

process by trying to slow the glaucomatous progression.

Our study suggests that, within a glaucoma or glaucoma suspect population with regular
follow-ups and well-controlled IOP, there exists some extra benefit added by BP medication,
but its clinical relevance is unclear. A better study design and a larger sample size are both
needed to strengthen these findings. Also interesting from a clinical perspective, a high
pretreatment 10P is paradoxically almost beneficial on RoP (stays in the final model, but
does not reach significance), whereas most studies show the opposite effect or no effect
whatsoever.?854% This finding indicates that, in this population, the alarm of a higher
baseline 10P could have resulted in early diagnosis and efficient, possibly more aggressive,

treatment. As such, it is a marker of clinicians’ responsiveness that is visible due to the
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observational study design, rather than a disease property.

In this study, approximately 47% of glaucoma suspects converted to glaucoma within a
median follow-up of 16 years. According to the Ocular Hypertension Treatment Study
(OHTS), the expected percentage of converted cases within 5 years is 5% to 10%, so,
assuming a linear relation, less than 30% of our suspects should have converted.>® A possible
explanation for this discrepancy could be the fact that a healthy optic disc at baseline was
additionally required in the OHTS; we also included suspects based on a suspected optic disc
(47 of 112). In addition, a positive family history was present in 44% of the participants in
OHTS, to be compared with 58% in our study.>” Together, these differences suggest that our
participants were already ‘further down the line’ at baseline. Also, the OHTS used a stricter
criterion for conversion (three consecutive abnormal last VF tests, rather than two); however,
all of the converted suspects in our study actually had three consecutive abnormal last VF
tests, as well. It must also be noted that 6 out of 59 nonconverted suspects in our study had
(only) one abnormal last VF, but this was not enough to classify them as ‘converted’, since
most of these cases are expected to yield a healthy VF on their next visit.>® Our converters
fulfilled the functional criteria of the OHTS, but we did not have data to also include the
structural criteria of the OHTS. As such, the difference in conversion rate between both

studies is larger than reported above.

In conclusion, we found no overall significant association of glaucomatous VF progression
with systemic medication exposure, but ARBs appeared to significantly delay progression in
older patients. ACEIs and ARBs were significantly associated with a lower risk of suspect
conversion to POAG. Because this study was limited by its design, further investigations,
ideally RCTs, are needed to examine these relationships; should they be proven true, their
exact pathophysiology is yet to be disentangled.
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Chapter 3: Quantitative Optical Coherence Tomography Angiography

3.1. Abstract

Purpose: To determine the intrasession repeatability (test-retest variability) of parafoveal and
peripapillary perfused capillary density (PCD) and normalized flux index (NFI) as assessed
with Canon OCT-HS100 angiography.

Methods: Pairs of optical coherence tomography angiography (OCTA) images were obtained
from the parafoveal and peripapillary region of 30 eyes of 30 healthy subjects. PCD and NFI
were calculated using generic image-processing software. Macular ganglion-cell complex
thickness (GCC) and peripapillary retinal nerve fiber layer thickness (RNFLT) were also
recorded. Bland-Altman analysis was performed and the coefficient of repeatability (CoR)
and intraclass correlation coefficient (ICC) were calculated. Correlations of parafoveal
PCD/NFI with GCC and of peripapillary PCD/NFI with RNFLT were also computed.

Results: Mean (standard deviation) parafoveal and peripapillary PCD were 40.0% (1.8%)
and 44.5% (1.3%), respectively. Corresponding values for NFI were 151.2 (6.8) and 164.2
(3.9). For PCD, ICC was 0.76 for parafoveal and 0.79 for peripapillary measurements;
corresponding CoRs were 2.7% and 1.8%. Corresponding values for NFI were 0.62 and 0.67
for ICC and 13.3 and 7.0 for CoR. Average measures ICC was 0.87/0.88 and 0.76/0.80 for
the parafoveal/peripapillary PCD and NFI, respectively. PCD and NFI were weakly
correlated with GCC (r = 0.39, P = 0.035; r = 0.33, P = 0.077) and moderately correlated
with RNFLT (r = 0.43, P = 0.017; r = 0.55, P = 0.002).

Conclusions: Repeatability of a commercially available OCTA with generic image-
processing software was good (NFI) to excellent (PCD). Our results indicate that changes

surpassing the variability in healthy subjects should be easily detectable in a clinical setting.

Translational relevance: Repeatability estimates provide information regarding the

relevance of changes in retinal perfusion.
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3.2. Introduction

Optical coherence tomography angiography (OCTA) is a novel imaging modality enabling
the fast, noninvasive, and depth-resolved visualization of the retinal and optic nerve head
(ONH) microcirculation, thus potentially assisting in the diagnosis and follow-up of
numerous ocular pathologies.> However, in order to interpret findings in an objective rather
than qualitative manner, standardized quantitative metrics must be established, and their

repeatability must enable the detection of clinically relevant changes.

The main principle behind OCTA is the detection of erythrocyte movement by comparing the
static and dynamic signal properties between consecutive B-scans. Different image
acquisition algorithms have been implemented in current commercial OCTA systems.
Moreover, image post-processing and depiction as well as the quantitative measurements
offered by some OCT manufacturers introduce discrepancies in the technique’s
reproducibility.® Thus, OCTA currently struggles with the proprietary nature of the metrics

and therefore requires each instrument to be evaluated separately.

Perfused capillary density (PCD) is one of the most frequently used metrics within the
context of OCTA: a reduction in PCD may be present in various ocular disorders, but
particular interest has been taken in its potential use for evaluating glaucoma.* Even though
the relationship between OCTA signal and blood flow is still unclear,® PCD can provide
information not only on the structure but also on the function of the microvasculature,® since
OCTA allows visualization of only the flowing capillaries. Another metric, namely
Normalized Flux Index (NFI), has been regarded as even more informative by certain

investigators.”®

PCD is available as a parameter on several commercial OCTA devices and its repeatability
has been reported as well.>* However, other systems - such as the angiographic module of
Canon OCT-HS100 - currently lack this quantitative analysis and therefore the (intradevice)
repeatability has not been evaluated yet, at least not outside the foveal avascular zone.'? NFI
on the contrary is not available at the moment in any manufacturer’s quantification software.

Related to that, information regarding its repeatability is scarce.®

The aim of this study was to determine the intrasession repeatability (test-retest variability) of

parafoveal and peripapillary PCD and NFI as assessed with Canon OCT-HS100. For this
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purpose, we obtained OCTA images from a well-defined healthy sample and analyzed the
data using generic image processing software in order to compensate for the system’s
absence of quantitative measurements and allow for harmonization of data across different
OCTA brands.

3.3. Methods

3.3.1. Study Population

This is a prospective, cross-sectional study. All subjects between 50 and 65 years of age who
responded to our advertisement received an information letter. We imaged one random eye of
the first 34 participants who satisfied the following inclusion criteria after initial screening:
best-corrected visual acuity > 0.8; spherical refraction between -3 and +3 D and astigmatism
not exceeding 2 D; intraocular pressure (IOP) <21 mmHg as assessed by a noncontact
tonometer (Tonoref 11, Nidek, Aichi, Japan); no reproducibly abnormal visual field test
locations in Frequency Doubling Technology C20-1 screening mode (Carl Zeiss, Jena,
Germany); no ophthalmic, vascular, cardiac, or blood disease (except for hypertension) as
assessed by fundus imaging (TRC-NW400, Topcon Corporation, Tokyo, Japan) and a
medical history questionnaire; no family history of glaucoma.

The ethics board of the University Medical Center Groningen (UMCG) approved the study
protocol (no. NL61508.042.17). All participants provided written informed consent. The

study followed the tenets of the Declaration of Helsinki.

3.3.2. Data Collection

Prior to the imaging session, the pupil of the chosen eye was dilated with tropicamide 0.5%.
In addition, blood pressure (BP) was recorded twice in sitting position with an automatic BP

monitor (Omron M6 Comfort, Omron Healthcare, Kyoto, Japan) from the brachial artery.

Subsequently, three 6 x 6 mm scans centered at the fovea and three 6 x 6 mm scans centered
at the ONH were obtained in succession with the angiographic module of the Canon OCT-
HS100 (Angio eXpert, OCTA version 2.0, Tokyo, Japan). In order to optimize image quality,

while keeping at the same time scanning duration to tolerable levels (less than 10 seconds per
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scan), the resolution was set to ‘medium’ (928 x 928 pixels) after repeats within each scan
were set to ‘2’. Between the scans participants were asked to remove and reposition their
head on the chinrest. The interval between the scans was typically less than 1 minute, being
the time needed for removing and repositioning the participant’s chin on the chinrest and

refocusing. All scans were obtained in the late afternoon (5:00 PM-6:00 PM).

Out of the six angiographic scans obtained, the first two parafoveal and the first two
peripapillary scans with sufficient quality (>7 as assessed by the device itself) and free of
motion or blinking artifacts were included in the repeatability analysis. Participants whose
images did not satisfy the aforementioned criteria were excluded from the study.® Of the
included scans, the median image quality was 8 (range 7- 9) for the parafoveal scans and 7
(7-8) for the peripapillary scans. To elucidate whether the angiographic imaging signal and its
subsequent analysis are truly informative, we also recorded as a secondary outcome the
parafoveal ganglion-cell complex thickness (GCC) and the peripapillary retinal nerve fiber
layer thickness (RNFLT) which have been previously shown to positively correlate with PCD

even in healthy subjects.!*

3.3.3. Image Segmentation and Analysis

The angiographic images containing information from the maximum intensity projection
signal of the superficial capillary plexus (top: inner limiting membrane; bottom: ganglion
cell/inner plexiform border; offset: +50 um) as determined by the manufacturer’s
segmentation were stored in an uncompressed format (bitmap). Even though the device can
visualize the deep capillary plexus with a projection-resolved algorithm, we limited the
analysis to the inner retinal layers to ensure that the signal is not a result of projection

artifacts.®®

Pairs of images from the same subject corresponding to the same region (parafoveal or
peripapillary) were registered by means of a rigid body transformation matrix (rotation and
translation) so that their structural features coincide (ImageJ; public domain software,
National Institutes of Health, Bethesda, MD16). Local Otsu’s thresholding algorithm was then
applied in 14 x 14 pixel blocks to binarize each image in signal of flow and nonflow.
Additionally, the big blood vessels were masked out of the images centered at the ONH

through a combination of Hessian-based Frangi vesselness filtering algorithm'’ (made
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available to the public by Dirk-Jan Kroon, 2009) and global thresholding. Our analysis was
confined to a well-defined ring around the ONH with inner and outer radii of 1.03 and

1.84 mm respectively® and a 3-mm-diameter disc around the fovea (Fig. 1).1° An

experienced grader (KP) determined the center of the ONH and of the foveal avascular zone.

Figure 1. Regions of interest defined. (A) Peripapillary OCT-A image; (B) Peripapillary region of interest after local thresholding; (C)
Peripapillary large vessel mask; (D) Parafoveal OCT-A image; (E) Parafoveal region of interest after local thresholding (no large vessel mask
applied parafoveally).

We calculated PCD as the percentage of pixels occupied by capillaries inside the total
measurement area. NFI was calculated as the average signal strength (grayscale intensity) of
the pixels associated with perfused capillaries and is a unitless number between 0 and 255
(being the 8-bit intensity coding in the raw image, before binarization). For the peripapillary

scan, the area occupied by large vessels was not included in these calculations.

Image processing was performed in MATLAB R2014a (The MathWorks, Natick, MA). The

scripts are available on request.



Chapter 3: Quantitative Optical Coherence Tomography Angiography

3.3.4. Data Analysis

Means and standard deviations (SDs) were used to describe normally distributed variables.
Variables with a skewed distribution were described by median and interquartile range (IQR).
We generated scatterplots of the second measurement as a function of the first as well as the
corresponding Bland-Altman plots? both for the parafoveal and peripapillary PCD and NFI.

We computed the mean difference in the two repeated scans for the parafoveal and
peripapillary PCD and NFI. For these variables we also calculated (1) the coefficient of
repeatability (CoR) as twice the standard deviation of the difference in two repeated scans®
and (2) the two-way mixed intraclass correlation coefficient, both for single and average
measures [ICC(2,1)/ICC(2,2);%']. For the interpretation of ICC values, we used the guidelines
of Cicchetti et al.?? Additionally, we computed Pearson’s correlation coefficient for
parafoveal PCD/NFI versus GCC as well as peripapillary PCD/NFI versus RNFLT. All
analysis was performed using R (version 3.4.2; R Foundation for Statistical Computing,
Vienna, Austria) and WINPEPI (PAIRSetc version 3.59; Abramson JH, 2004). A P value of

0.05 or less was considered statistically significant.

3.4. Results
Of the 34 participants Satisfying the Table 1. Characteristics of Study Population
. o Age, median (IQR), y 58 (53-61)

screening criteria, four were excluded due Gender, % female 53

PPy . . IOP, mean (SD), mm Hg 13 (3)
to significant image artifacts. Therefore, a SBP, mean (SD), mm Hg 130 (14)
total of 30 participants were included inthe ~ DBP, mean (SD), mm Hg 85 (8)

GCC, mean (SD), um 92 (5)

analysis. Table 1 shows the demographics RNFLT, mean (SD), pm 100 (10)

SBP, systolic blood pressure; DBP, diastolic blood

and characteristics of the study population. ' '

Table 2 summarizes mean values for PCD and NFI in both regions of interest, mean
differences between the two consecutive scans, and the repeatability estimates. Based on the
ICC, repeatability was excellent for PCD and good for NFI. A one-sample t-test ensured that
the difference between the two consecutive scans was not significantly different from 0 (all P
values > 0.4). Moreover, the absolute interscan difference for the various outcomes did not
depend on age, BP, or body mass index, as assessed by the significance of Pearson’s

correlation coefficient corrected for multiple testing with the Bonferroni method (all P values
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> 0.2). Figures 2 and 3 present the scatterplots of the second measurement metrics plotted as

a function of the first measurement metrics and the corresponding Bland-Altman plots, for
the PCD and NFI, respectively.

Table 2. Repeatability Estimates for Parafoveal and Peripapillary PCD and NFI

Mean (SD) Mean (SD) Difference CoR (95% Cl) 1CC[2,1] (95% CI) 1CC[2,2] (95% CI)
Parafoveal PCD (%) 40.0 (1.8) 0.1 (1.4) [P = 0.8] 2.7 (1.8-3.6) 0.76* (0.56-0.88) 0.87* (0.72-0.94)
Peripapillary PCD (%) 445 (1.3) —0.1 (0.9) [P = 04] 1.8 (1.2-24) 0.79* (0.60-0.89) 0.88* (0.75-0.94)
Parafoveal NFI 151.2 (6.8) 1.0(6.7)[P=04] 133 (9.1-17.5) 0.62* (0.34-0.80) 0.76* (0.51-0.89)
Peripapillary NFI 164.2 (3.9) 0.4 (3.5) [P = 0.6] 7.0 (4.8-9.2) 0.67* (0.41-0.83) 0.80* (0.58-0.91)

Cl, confidence interval.
* Significant at P = 0.001.
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Figure 2. Scatterplots (A, B) of second PCD measurement as a function of the first measurement and the corresponding Bland-Altman
plots (C, D) showing the difference of the two measurements as a function of the average. Horizontal lines denote mean difference (bias)
and 95% limits of agreement.

Regarding our secondary outcome, only PCD but not NFI was significantly correlated with
GCC in the parafoveal region [r = 0.39 (P = 0.035) and r = 0.33 (P = 0.077), respectively]. In
the peripapillary region, both PCD and NFI were significantly correlated with RNFLT
[r=0.43 (P =0.017) and r = 0.55 (P = 0.002), respectively].
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Figure 3. Scatterplots (A, B) of second NFI measurement as a function of the first measurement and the corresponding Bland-Altman
plots (C, D) showing the difference of the two measurements as a function of the average. Horizontal lines denote mean difference (bias)
and 95% limits of agreement.

3.5. Discussion

Parafoveal and peripapillary PCD measurements obtained by the Canon OCT-HS100 within
the same session and from the same subject are in excellent agreement when considering the
ICC values; upon retest their absolute values may differ up to 2.7% and 1.7%, respectively.
NFI measurements are in good agreement; upon retest they may differ up to 13.1 and 6.9,
respectively. Reliability from average measures is higher than reliability from single
measures among all metrics in both regions. The angiographic metrics are weakly to

moderately correlated with the corresponding retinal layer thicknesses.

A number of other studies have evaluated the intrasession repeatability of OCTA metric
PCD, albeit with different devices. Regarding the parafoveal region, Alnawaiseh et al. found
the CoR and ICC(2,1) for the PCD to be 3.4% and 0.72, respectively,!! to be compared with
2.7% (95% Cl: 1.8%-3.6%) and 0.76 (0.56-0.88) in our study. Fang et al.> reported a CoR of
3.2% and an ICC of 0.86, while the same repeatability variables reported by Coscas et al.?*
were 3.3% and 0.78 and by Al-Sheikh et al.® 3.4% and 0.90. The latter three studies did not
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clarify which 1ICC was presented. An ICC of 0.89 without further specification was also
reported by Lei et al.!° A larger CoR of 4.9% was reported by Chen et al.?® because they
included multiplication by the square root of 2 in the calculation; the corrected value is 3.4%.
Venugopal et al.? presented a CoR of 4.4% together with an ICC of 0.87 for the parafoveal
region, as well as the corresponding values of 4.1% and 0.86 for the peripapillary region.
Hence, the CoR for PCD that we report here as assessed by the angiographic module of
Canon OCT HS-100 with customized software is at least as good as the ones reported in most
of the aforementioned studies for different devices. Venugopal et al.,?® using a different
device in their study, found the measurements to be significantly less repeatable than ours
both in the parafoveal and the peripapillary region. This could be attributed to improved
results of our customized software, to different inclusion criteria, or to differences between

devices in terms of scanning and segmentation.

Chen et al. evaluated the repeatability of NFI, but with a different statistical approach. They
found a coefficient of variation (CV) of 3.3% and 4.2% for the parafoveal and peripapillary
region, respectively. For the sake of comparison, we also calculated the CV (SD of
differences divided by the mean), which was 2.3% (CI: 1.7%-2.9%) for the parafoveal and
1.2% (CI: 0.9%-1.5%) for the peripapillary region. This might suggest improved repeatability
of our methods; however, using exclusively the CV might spuriously suggest that
repeatability is worse (higher CV) in ocular diseases where the mean angiographic metrics
decrease (e.g., in glaucoma) or in devices with lower average signal intensity. Indeed, a
recent study found some differences between glaucoma and healthy in the CV of the

inferotemporal region of the peripapillary scan, but not in the CoR.?®

Variation among consecutive scans could in general be a consequence of signal strength
(even within the high quality scans), floaters, or measurement noise. Importantly, since
OCTA is only able to image capillaries that are perfused and visible given the resolution of
the system, it is possible that a portion of the variation between consecutive scans could be
attributed to physiological reasons such as small changes in perfusion pressure due to, for
example, cardiac cycle related variability in IOP.?’

To our knowledge, this is the first study that addressed the PCD and NFI intrasession
repeatability with the Canon OCT-HS100, and the first report of CoR and ICC for OCTA
metric NFI. Importantly, the Canon OCT-HS100 is currently the only device using a full-

spectrum amplitude decorrelation algorithm, therefore a separate evaluation was also deemed
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necessary.?® A strength of this study is the fact that the calculation of the quantification
parameters and reasoning are described in detail. This generic approach avoids obscurities
involved in metrics belonging to proprietary algorithms and thus allows for harmonization.
For example, it is unclear if other algorithms include the larger vessels originating from the
ONH in their calculations. A limitation of this study is the restriction to the superficial
capillary plexus. Additionally, other metrics such as fractal dimension and foveal avascular
zone were not considered in this analysis. Lastly, it is possible that the small sample size of
the study affects the weak correlations of PCD and NFI with the GCC. A larger sample size
could, for example, result in measured differences regressing towards the mean. However,
our results are in agreement with Yu et al.?° who reported stronger correlations in the

peripapillary than the parafoveal sector.

The results suggest that it is possible to quantify the retinal microvasculature through OCTA
with a satisfactory degree of accuracy. The additional information provided by OCTA
metrics can be helpful in differentiating between healthy and diseased eyes within the clinical
setting, should the effect size be sufficiently large. However, this study shows that one single
OCTA image, which is most frequently obtained within the clinical setting, is not enough to
guarantee a reliable absolute value estimation. Consequently, the use of these measurements
for the evaluation and follow-up on an individual basis is not recommended. Instead,
averaging of consecutive images or measurements might be a more informative approach,*
and this is also suggested in our study when comparing average measures versus single

measures ICC values.

In conclusion, by applying a generic quantification algorithm to the images obtained with a
commercially available OCTA, we were able to quantify perfusion and estimate its intra-
session repeatability. Small changes in perfusion fall within the test-retest variability; changes
surpassing the variability in healthy subjects should be easily detectable in a clinical setting.
This is important, since it provides insight on how the output of the specific device can be
interpreted and handled in the clinic. Metrics with improved test-retest variability and
diagnostic accuracy together with quantified blood velocity could potentially not only serve
as additional clinical markers, but also help unravel underlying pathophysiological

mechanisms.
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Chapter 4: A Model for Static Retinal Blood Flow Autoregulation

4.1. Abstract

In this study, we mathematically predict retinal vascular resistance (RVR) and Retinal Blood
Flow (RBF), we test predictions using Laser Speckle Flowgraphy (LSFG), we estimate the
range of vascular autoregulation, and we examine the relationship of RBF with the retinal
nerve fiber layer (RNFL) and ganglion cell complex (GCC). Fundus, optical coherence
tomography (OCT), and OCT-angiography images, systolic/diastolic blood pressure
(SBP/DBP), and intraocular pressure (IOP) measurements were obtained from 36 human
subjects. We modeled two circulation markers (RVR and RBF) and estimated individualized
lower/higher autoregulation limits (LARL/HARL), using retinal vessel calibers, fractal
dimension, perfusion pressure, and population-based hematocrit values. Quantitative LSFG
waveforms were extracted from vessels of the same eyes, before and during IOP elevation.
LSFG metrics explained most variance in RVR (R?=0.77/P = 6.9-10°) and RBF

(R? = 0.65/P = 1.0-10°%), suggesting that the markers strongly reflect blood flow physiology.
Higher RBF was associated with thicker RNFL (P = 4.0-10*#) and GCC (P = 0.003), thus also
verifying agreement with structural measurements. LARL was at SBP/DBP of 105/65 mmHg
for the average subject without arterial hypertension, and at 115/75 mmHg for the average
hypertensive subject. Moreover, during IOP elevation, changes in RBF were more
pronounced than changes in RVR. These observations physiologically imply that healthy
subjects are already close to LARL, thus prone to hypoperfusion. In conclusion, we modeled
two clinical markers and described a novel method to predict individualized autoregulation
limits. These findings could improve understanding of retinal perfusion and pave the way for
personalized intervention decisions, when treating patients with coexisting ophthalmic and
cardiovascular pathologies.

New & Noteworthy

We describe and test a new approach to quantify retinal blood flow, based on standard
clinical examinations and imaging techniques, linked together with a physiological model.
We use these findings to generate individualized estimates of the autoregulation range. We
provide evidence that healthy subjects are closer to the lower autoregulation limit than
thought before. This suggests that some retinas are less prepared to withstand hypoperfusion,

even after small intraocular pressure rises or blood pressure drops.
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4.2. Introduction

The retinal microcirculation is involved in many ophthalmic pathologies, but particular
attention has been given to its role in leading causes of blindness, such as age-related macular
degeneration, diabetic retinopathy, and glaucoma.® In addition, it is often an indicator of
cardiovascular or cerebrovascular disease.?? To date, there is only partial understanding of
the regulation of blood supply in the retina and the optic nerve head (ONH), partially due to
the lack of a gold-standard, noninvasive way to quantify blood flow (BF).*

The main advantage of the retinal vasculature is that it can be a direct source of physiological
insight in humans, as a result of the transparent anterior ocular structures. However, there still
are numerous caveats in assessing the retinal circulation. Despite its advantages, fluorescein
angiography is an invasive procedure that only provides limited, qualitative information
about tissue perfusion.® With the development of optical coherence tomography angiography
(OCTA), many additional characteristics of the retinal microvasculature can now be
quantified noninvasively, but, when considered alone, they still do not describe BF in its
entirety.®’ In addition, laser speckle flowgraphy (LSFG) is one among several promising
techniques currently used for relative retinal BF dynamic evaluation.®1? Details of this
technique, as well as its application in the retina and the ONH, have been described
elsewhere.®112 In short, it calculates the mean blur rate (MBR) of the speckle pattern, which
is caused by moving red blood cells and is roughly proportional to BF velocity. Its ability to
quantify BF characteristics has already been demonstrated, but considerable technical

limitations have to be overcome before LSFG can be introduced to the clinical setting.*>4

Consequently, there is no direct way to predict how individual microcirculatory determinants
interact to determine tissue blood supply in the bigger picture. This interaction is complex:
BF is driven by a pressure difference [ocular perfusion pressure (OPP)] but also depends on
numerous properties of the vascular bed, such as autoregulation. Autoregulation is the
intrinsic ability of certain blood vessels to actively modify their caliber in response to
changes in circumferential wall stress.!® Hence, the use of oversimplified perfusion
surrogates such as OPP is a common shortcoming in ophthalmology. Indeed, not only does
this approach run into serious statistical limitations in population studies, but it also

disregards physiological compensatory mechanisms.6:1
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In an attempt to complement the current assessment of retinal hemodynamics, current
research mainly focuses on two approaches. First, the emergence of Doppler OCT allows for
absolute retinal blood flow quantification, which has been regarded as informative in
describing physiological phenomena, as well as in detecting pathological changes.'81°
Absolute retinal blood flow is a metric that partly addresses the limitations raised in the
previous paragraph and is also the penultimate step in estimating tissue oxygenation.?® While
the reproducibility of Doppler OCT is constantly being improved, it could still pose
significant challenges in pathological conditions, since it requires considerably more
expertise than standard imaging methods.?* Consequently, it has not found its way to the
clinical routine yet. Second, mathematical models have been proposed, especially with
regards to glaucoma, where a vascular component has long been thought to pertain to the
disease pathogenesis.??%’

However, these models have not attempted to describe quantitative BF metrics that could be
easily obtained in everyday clinical care, hence immediately useful not only in physiological
research, but also in diagnostic and treatment decisions. In addition, even though
autoregulation in the retina has been established as a general principle, each individual
vasculature is unigue. As such, it has distinct autoregulation capacity that depends on its
phenotype at a given point in time (extent of dilation/contraction, structural complexity,
viscous forces, perfusion pressure, etc.). Neither approach is currently able to quantitatively
predict the effect of blood pressure (BP) changes on BF physiology, taking into account these

individual phenotypical characteristics.

Therefore, the primary aims of this study were (1) to mathematically predict retinal vascular
resistance (RVR) and absolute retinal blood flow (RBF), given individualized input collected
with a proposed clinically feasible protocol, (2) to test these predictions against in vivo BF
measurements from human retinal vessels, and (3) to provide individualized estimates for the
range of retinal vascular autoregulation. For this purpose, in the theoretical part of the study,
we extended a model for the retinal microcirculation based on fractal geometry?®; in the
experimental part, we examined the relationship of the theoretical predictions with BF
information obtained from a human population in a clinical setting by means of LSFG. As a
secondary aim, we looked into whether the model predictions for blood supply also reflect

structural (nerve tissue) measurements.
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4.3. Methods

4.3.1. Study Population

The experimental part had a prospective, cross-sectional design. We included 36 eyes from
36 adult subjects. Participants underwent screening to exclude ocular pathologies. We did not
exclude glaucoma, ocular hypertension, mild cataract (with best-corrected visual acuity

> 0.8), mild/moderate refractive error (-6 D to +3 D), and astigmatism of 2 D or less. In order
for the model to be tested over the full dynamic range of its variables, we encouraged
participation of subjects with arterial hypertension (AHT), albeit no hypertensive retinopathy,
and glaucoma. We used the standard AHT definition: current use of antihypertensive
medication, or systolic blood pressure (SBP) > 140 mmHg, or diastolic blood pressure (DBP)
> 90 mmHg.? Glaucoma was defined as an already established clinical diagnosis, in
accordance with the European Glaucoma Society guidelines.®® As a result, 15 of 36 subjects
had AHT and 5 of 36 were patients from the ophthalmology clinic, already diagnosed with
glaucoma [4 high-tension, primary open angle (POAG) cases, 1 primary closed angle case].
Eleven of 15 subjects with AHT were using antihypertensive medication, while all 5
glaucoma patients were using at least one topical antiglaucoma medication. The age of the

participants ranged from 22 to 77 yr (median 54 yr).

Screening comprised a detailed slit lamp examination, best-corrected visual acuity (on a
standardized letter chart), and C20-1 screening mode frequency doubling perimetry (Carl
Zeiss, Jena, Germany). Additional documentation of ophthalmic health was performed with
the imaging session (fundus photography, OCT, and OCTA,; see 4.3.2A and 4.3.2C). Apart
from the glaucoma patients, all other participants had healthy eyes, while there were no
subjects with diagnosed diabetes or cardiovascular disease (except for AHT). All tests were
performed in the ophthalmology clinic, under similar conditions (room temperature
22.5-23.5°C), and with undilated pupils, since some mydriatic drops (alpha-adrenergic
agonists) could affect certain BF metrics.? Other studies have used muscarinic antagonists

for pupil dilation, without any notable effect on BF.14

The ethics board of the Otto von Guericke University Magdeburg approved the study
protocol (no. 32/19). All participants received an information letter and provided written
informed consent. The study followed the tenets of the Declaration of Helsinki.
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4.3.2. Model Variables and Parameters

A) Central retinal artery and vein radii

We obtained 45° fundus photographs centered at the ONH in high resolution from all
subjects with a nonmydriatic digital camera (nonmyd WX-3D, Kowa Company, Ltd., Japan).
We used the revised Parr-Hubbard formulas proposed by Knudtson et al. and a freely
available, semiautomatic software [Automated Retinal Image Analyzer (ARIA), Peter
Bankhead)] to derive the central retinal artery and vein equivalents (CRAE and CRVE).3132
Details of this procedure have been described elsewhere.? In short, a standardized number of
six largest arteriolar and six largest venular branches were identified within a ring with
borders at 0.5- and 1.0-optic-disc diameters from the ONH margin (Fig. 1A); subsequently,
an iterative mathematical procedure, using the area expansion ratio of the daughter branches

to the mother branch, returned the expected radii of the CRA and CRV (7, v,)-

B) Branch length exponent («) and branch length coefficient (5)

The microvascular bed can be decomposed into two distinct fractal patterns: one with regards
to the exponential decay in branch radius r and one with regards to the decay in the
corresponding branch length I, as the order i of the branches increases. Assuming symmetric,
dichotomous branching (see 4.3.3), we may write:

r,=rye’"
{ 1)

li = lO e_ia

where i is an integer representing the branch order and r and o are rate parameters. It follows
that:

li=pri @

o
T

I
where f = —and a =
o

For the branch length exponent «, we use the constant suggested by Takahashi et al. for the

retinal vasculature, o = 1.15, which is based on data from cerebral vessels.?® Regarding the
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branch length coefficient , Eq. 2 suggests that it is dependent on the stem radius; hence, its
baseline value can be altered in conditions such as AHT or glaucoma.®**® Takahashi et al.
use the value 8 = 7.4, but this was calculated from an average of young, healthy individuals.?
Assuming vasodilation/vasoconstriction are length-preserving, collective, and uniform
transformations of the vessels, we calculate the corrected branch length coefficients £ and Sy

from each individual CRA and CRV, based on their deviation from the average radii r,, and

ry,, determined from the 18 healthy normotensives in our study:
( i\ ¢
! p.=74 (—0)
}”ao
)
UL
Vo
C) Fractal dimension

Fractal dimension (D) is a measure of microvascular complexity. Subjects underwent spectral
domain OCT and OCTA imaging (SPECTRALIS Flex Module, Heidelberg Engineering,
Inc., Heidelberg, Germany). We calculated D from 20° OCTA images centered at the macula
(Fig. 1B), by means of customized image processing software. Details and repeatability of
this method have been described elsewhere.®® In short, we extracted the vasculature
corresponding to the superficial vascular plexus (SVP) from a 3-mm-diameter circle centered
at the fovea (Fig. 1C), by means of a local Otsu binarization algorithm. Subsequently, we

defined D as the Minkowski-Bouligand (boxcounting) dimension:

.1
D= hmw ()
e—0 log (E)
where N and ¢ describe the number and size of the superpixels needed to cover the vascular

area, respectively. In practice, D can be approximated by the slope of the corresponding log-
log plot (Fig. 1D).

For the secondary aim of the study, peripapillary retinal nerve fiber layer (PRNFL) thickness
and ganglion cell complex (GCC) volume (full 6 x 6 mm ETDRS grid) were also recorded

from regular ONH and macular OCT scans.
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Fig. 1. A: cropped 45° fundus image centered
at the optic disk. According to the Knudtson-
Parr-Hubbard algorithm, the 6 largest arteries
and 6 largest veins within the region of inter-
est are marked with blue labels. B: overlayed
20° optical coherence tomography angiogra-
phy (OCTA) image of the superficial vascular
plexus of the same eye centered at the macula.
C: OCTA image from B binarized within a 3-
mm-diameter circle centered at the macula.
Flowing blood vessels, recognized as thresh-
olded pixels, appear in black. D: number of
superpixels needed to cover the flowing blood
vessels plotted against the size of the super-
pixels in a log-log graph. Fractal (“boxcount-
ing”) dimension is equal to the slope of the
trend line.

D) Blood viscosity (x)

In the retinal microcirculation (where for the Womersley number Wo < 0.05 holds, hence
viscous forces are much more important than inertial forces), viscosity follows the Fahraeus-
Lindqvist effect.®” This effect concerns a decrease in viscosity with a decrease in vessel
diameter. Haynes proposed the following formula to account for decreasing radii:

2
p () =1y ®)

where 4 (r) is the viscosity in a branch with radius r, x_ is the asymptotic viscosity in large

vessels, and ¢ is a red-cell-size order of magnitude constant.®

Kamiya and Takahashi used the data of Fahraeus and Lindqvist to calculate 6 = 4.29 um.

u, can be estimated by the formula of Chien et al.:

Het(%)

p, =0.0016209 ™7 7100 pas (6)
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where Hct is the hematocrit expressed as a percentage.3%4°

An in vitro study suggested that a multiplication by a factor of 1.08 in Eg. 6 should be used
when calculating venous viscosity, due to differences in shear rates compared to arterioles of
the same radius.*! In this study, we did not obtain blood samples; instead, we used the
average Hct values reported in the Gubbio Population Study, stratified for age, gender, and
BP status (treated vs. untreated AHT).*2

E) Capillary parameters

For the three capillary parameters (re, lc, 1c), we used the values of Takahashi et al..?® The
radius rc and length I of the capillaries are assumed constant (rc = 2.5 um, lIc = 500 pum), that
is, they do not autoregulate or undergo significant structural remodeling. An inverse Fahraus-
Lindqvist effect with an increase in viscosity is expected in branches with a diameter of less
than 6 pm, since they are smaller than the diameter of a single red blood cell.* We assume

e = 0.0046 Pa:s.

F) Ocular perfusion pressure

Ocular perfusion pressure (OPP) is the difference between the pressures in the arterial P, and
venous Py ends. Mean P is usually approximated by 2/3 MAP, where MAP is the mean
arterial pressure, calculated as MAP = 1/3 SBP + 2/3 DBP, where SBP and DBP are the
systolic and diastolic BP, respectively.** In this study, we use Takahashi’s slightly different
definition for mean P,, being 7/10 MAP — 19.5 mmHg, because it results in a more accurate
representation of the pressure in the CRA.28%° Py is taken as equal to the intraocular pressure
(10P). Therefore:

OPP=P, - P, = (% MAP - 19.5) - IOP mmHeg. )

The BP was measured twice, in sitting position, immediately before the LSFG imaging, with
an automated monitor (BM 85, Beurer medical, Beurer GmbH, Ulm, Germany). IOP was
measured with a rebound tonometer (Icare TAO1i, Icare Finland Oy, Vantaa, Finland), after

the subject had placed his or her chin on the chinrest of the LSFG apparatus.
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4.3.3. Model Building

We adopt the dichotomous symmetrical branching structure proposed by Takahashi et al.?® In
our model, the CRA and CRYV are the stem generation of the arteriolar and venular
generations of radius r,, and r,,, respectively. In addition, each generation of radius ri is a

compartment of 2' parallel, congruent resistors with total resistance R, (arterioles), Ry,

(venules), or Rc (capillaries) as shown in Fig. 2. In agreement with Takahashi et al., 15
generations (including the stem) of arterioles and 15 generations of venules were needed for
the radii to drop to capillary level; in addition, the terminal arteriole is assumed to give rise to

4 capillaries, which then reunite into 1 terminal venule.?® This parallel structure allows R,
Ry, and Rc to be calculated similarly to electrical circuits. We can now compute the first

outcome variable, RVR, by summing in series all the arteriolar, venular, and capillary
resistive generations. This calculation is provided in the box below.

Calculation of RVR

We first calculate the resistance of each vessel generation R, in the arterial compartment, as a

function of its radius. Similar reasoning applies to the venous compartment.

Ry(r
R () =35 ®Y)

where Ry (7) is the resistance of a single branch with radius r and N, () is the expected

number of branches of radius r.

Ry, (r) can be calculated from Poiseuille’s law and Egs. 2, 3, and 5 (main text). For an

arteriole, it will be:

s p ()
_suie) _ P (0)

R,(r) = — T TG (B2)

where 6 = 4.29 um is the red-cell-size order of magnitude constant defined in Eq. 5.

N, () has been estimated by Kamiya and Takahashi.*® Again, for an arteriole:
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P -D-a
Ny(r) = (T) . (B3)
a9

From Eq. B3, it is not difficult to show that, for symmetric and dichotomous branching, ri is a

geometric sequence. Hence:
ro=2r (B4)

1
where A =2 b+« (Which equals e™ as can be seen in Eq. 1 of the main text) and, again, i is an

integer representing the branch order.

The resistance of the capillaries Rc is constant:

I ..
R, = e 21 (85)

Trg
where we assume 4 branches per terminal arteriole/venule.

In the last step, we use Egs. B1-B5 to compute RVR:

RVR = Y4 R, + X2 R, +R.=..= (B6)

— D+20-2 i — D+2a—2j
_ 85 [ a9 14 2 Dta n Vo y14 2 Dt ]+ 8u, lc 516
T :uaoo ’%O i=0 1 2 ’uVoo F%O 1j=0 1 2 nrg
<2 D¥ 1y, + 5) (2 D+a’ v +5)
Fig. 2. Geomeltry of the retinal microcircula- =14 =14

tory network, as proposed by Takahashi et
al. (128). Dichotomous, symmetric branch-

ing is assumed throughout. Central retinal I |
artery (CRA) and central retinal vein (CRV) I I
are set as generation 0 vessels (=0, j=0). CRA (=0) =4 =14
Generation 14 corresponds to the terminal

arterioles/venules, each 1 being connected I |
with 4 true capillaries. Flow is driven by the

difference between pressures at the arterio- | |
lar (P,) and venular level (P,). =14 =14

capillaries



Chapter 4: A Model for Static Retinal Blood Flow Autoregulation

We can simultaneously express resistance with Ohm’s law, analogously to an electrical
circuit:
OPP

RVR==— (8)
RBF

where RBF is the mean retinal blood flow.
From this equation, the second outcome variable, RBF, can be directly calculated.

All image processing and calculations were performed in MATLAB R2018a (The
MathWorks, Natick, MA). Scripts are freely available and will be personalized for each OCT
device upon request to the corresponding author.

4.3.4. LSFG Imaging

We performed LSFG imaging (RetFlow, Nidek Co., Ltd., Gamagori, Aichi, Japan) in the
standard orthogonal (22° by 11°) area centered at the ONH (Fig. 3A). Measurements were
performed in a dark room, following a break of ~15 minutes, to stabilize systemic and ocular
blood flow variables. As already mentioned, no topical mydriasis was applied. We obtained
one reliable scan from each patient; upon detection of blinking or motion artifacts, the scan
was repeated. An elliptic region of interest (ROI) was manually set to coincide with the ONH
borders and the area within the ROI corresponding to large vessels was automatically
identified by the apparatus based on histogram thresholding. The device acquires 30 frames
per second over a 4-s measurement period, and for each pixel, the average MBR of all frames

over one heartbeat is calculated.

The 10 following waveform metrics were extracted within the ROI: mean velocity in large
vessels (MV), flow acceleration index (FAI), skew, fluctuation, heart rate (HR), resistivity
index (RI), blowout time, acceleration time index, rising rate, and falling rate. The derivation
protocol and the interpretation of these metrics have been described elsewhere.**4¢ In brief,
they quantify mean BF velocity (in relative units) and additional characteristics obtained from
waveform analysis, which depend on pulsatile BF and vessel caliber. The separate arterial
and venous velocity components can be estimated from the in vivo measurements, by making

use of the LSFG velocity information, as well as the cross section of the vessels:
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RBF,, = wit, 13, = wity, 13, ©)

where iv is short for in vivo, Uy, Uy, are the mean velocities in the CRA and CRV,

respectively, and r,

o+ v, Nave been previously defined, from which it follows that:

ag

(10)

I
SN e

o

Importantly, LSFG was used as an independent experimental validation of the theoretical

predictions. As such, it is not part of the theoretical model itself.

*end of OCT'OCTA session, short break

*BP measurement

+10P measurement ~ LSFG imaging at baseline IOP (panel A)
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v bil ot target external pressure (40. )
u +10P measurement - LSFG imaging at elevated IOP (panel B)

Fig. 3. Laser speckle flowgraphy (LSFG) snapshots of the same
eye as in Fig. 1, centered at the optic disk. Graphs on the right

J
)
J
-startof 10P simiation |
)
)
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v +end Of LSFG session
- b e display the mean blur rate (MBR) during | heartbeat, averaged

from all pixels within the region of interest. Pixels with higher
MBR are colored in red and correspond to higher blood velocity.
Pixels with lower MBR are colored in blue. A: LSFG snapshot
obtained at baseline venous pressure (P,), with intraocular pres-
sure (IOP) at 11 mmHg. B: LSFG snapshot of the same eye
obtained at high P,, after controlled increase of 10P to 21
mmHg. OCTA, optical coherence tomography angiography; BP,
blood pressure.
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4.3.5. I0P Stimulation

We used a subset of the study population (n = 12, of which 5 subjects had AHT and 1 had
both glaucoma and AHT) to repeat the LSFG measurements following IOP increase, by
means of IOPsim (IMEDOS Systems GmbH, Jena, Germany). Defined external pressure
(40-50 mmHg) was applied directly to the sclera at the lateral canthus proximity, while the
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subjects still had their chin placed on the LSFG apparatus and were gazing forward; IOP was
measured again with rebound tonometry. LSFG imaging was repeated with the same laser
intensity and at the same location, as registered by the device itself (Fig. 3B), within 2 min of
established IOP elevation (which itself was reached within 2 min after the onset of

stimulation). The metrics described in 4.3.4 were extracted for comparison.

4.3.6. Data Analysis-Statistics

D) Correlation of model predictions with in vivo blood flow metrics

Multivariable linear regression was performed to examine the relationship between each
theoretical model output (either RVR or RBF; dependent variable) and the 10 LSFG
waveform metrics (before I0P stimulation; independent variables). By contrast to RBF,
where OPP is already incorporated in the theoretical calculation (Eq. 8), the regression model
for RVR additionally contained MAP and 10P as independent variables. Initially, two
saturated models (1 for RVR and 1 for RBF) were built and, subsequently, backwards
elimination was implemented in each model. Specifically, the least significant variable was
removed and the models with and without this variable were compared using the Akaike
Information Criterion (AIC). If the model without the concerning variable had a lower AIC,
the same process was repeated for the next least significant variable. The procedure was
terminated when the minimal AIC was reached (reduced model). For both reduced models,
the coefficient of determination (R?), regression coefficients, and P values were reported.

We also rebuilt the theoretical model replacing the formula by Haynes et al. (see 4.3.2D and
4.3.2E) with two alternative viscosity calculations proposed by Pries et al.*”*° The in vivo
viscosity calculation accounts for the presence of the endothelial glycocalyx, while the in
vitro viscosity calculation does not.*® The formulas are shown in the following box. We
subsequently performed the same fitting analysis, in order to assess robustness against

assumptions related to viscosity.

In vivo viscosity calculation

A-H)C-17 2r \2]/ 2r \?
w () —H, [1 + (ﬂ45 -1 0,550(3-1 (Zr- 1.1) ] (Zr- 1.1) (B7)
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where = 0.0012 Pa:s is the plasma viscosity, r is the radius, Hct is the hematocrit, and:

_ -0.15r ! !
¢ =(08+e™™) [_1 TR (2r)12] ENTSTRNCPLE (B8)

fys=6e17-2.44 e 0094 13 5 (in vivo viscosity at Hct = 0.45).  (B9)

In vitro viscosity calculation

(1-Het)€- 1]

u () =p [1 + (15 - 1 035 ] (B10)
where:

tys =220 e 26 _ D 44 00947 1 3 o (in vitro viscosity at Hct = 0.45). (B11)

E) Contribution of the various factors to the theoretical model

Subsequently, a sensitivity analysis was performed for the model variables contributing to the
theoretical model, in two different ways. First, to assess how strongly each contributing
variable (vessel radius, viscosity, etc.) affects the outcome values, two new linear models
(one for RVR and one for RBF) were built, now using the model input variables as
predictors. We directly looked at the magnitude and statistical significance of the
standardized regression coefficients in the saturated models to assess the importance of each
predictor. Since the more linear the relationships the more accurate results this method yields,
we first transformed the independent variables by using Egs. B6 and 8 (for example, if
variable x contributes as x to RVR, it is entered as x* in the regression analysis).*° For the
second sensitivity analysis, to assess how important (or redundant) each variable is to the
model fit, we recalculated the theoretical predictions with consecutive, independent
imputations of the input variables to constant values, one at a time. The constant values
assigned were either average values coming from our study sample or theoretical
expectations. The new RVR and RBF were fitted again over the LSFG metrics and the

resulting R? were successively compared with the ones corresponding to the original models.
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F) Autoregulation

Our in vivo investigation of the RBF model was based on a regression analysis of RBF versus
the LSFG variables. In this analysis, OPP, which is part of RBF (Egs. B6 and 8), was based
on an assumed contribution of MAP (a factor of 0.70), and on 10P (Eqg. 7). A presumably
more accurate estimate of MAP contribution can be obtained from the investigation of the
RVR model, which was based on a regression analysis of RVR versus the LSFG variables,
MAP, and IOP. The resulting regression coefficient of MAP was used to optimize the
perfusion pressure calculation. Specifically, according to Egs. 7 and 8, a 1-mmHg increase in
MAP, holding RBF constant at its central value of x pl-min™ (assuming perfect
autoregulation), should produce a 0.7x* mmHg-min-ul™ increase in RVR. If now the RVR
regression model predicts ay mmHg-min-ul increase in RVR per mmHg increase in MAP
(with y the regression coefficient of MAP), this would correspond to a MAP factor of xy in
the OPP calculation (instead of 0.70 as used in Eq. 7 or 0.67 as in the classical OPP
definition). The resulting optimized OPP was called retinal perfusion pressure (RPP). The
constant (—19.5 mmHg in Eq. 7) was subsequently updated to ensure that RPP = OPP (as in
the OPP definition implemented in our study), so that the magnitude of RPP still accurately
reflects the magnitude of the pressure in the CRA. To verify optimality, we refitted the RBF
values (now calculated from RVR and RPP rather than from RVR and OPP) over the LSFG

metrics and compared the resulting R? with the original.

We then used RPP and our subjects’ (excluding glaucoma subjects) vessel characteristics to
theoretically calculate the autoregulation limits. For each subject, the lowest and highest
autoregulation limits (LARL and HARL) were calculated. This was done for normotensive
(LARLN/HARLN) and hypertensive (LARLH/HARLR) subjects separately. Starting with a
subject’s own r,, and RPP, LARL~ (HARLN) was defined as the RPP needed to keep RBF
constant at simultaneously maximal (minimal) r,, and minimal (maximal) S, as observed in
the normotensive sample, ceteris paribus. Similarly, we defined LARLH (HARLR) for the
hypertensive subjects. An example of this calculation can be found in the following box.
Glaucoma subjects were excluded from this analysis because, in these subjects, perfect

autoregulation is less safe as an assumption.®1-2
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Calculation of autoregulation limits

We provide the full example of a 47-year-old female with normal BP (115/73 mmHg), and a
normal 10P of 15 mmHg, yielding together an RPP of 29.0 mmHg.

At baseline (measured) arteriolar radius (97 um), a total RVR of 0.54 mmHg-min-pl™* was
predicted. At 29.0 mmHg of RPP, this corresponds to an RBF of 54 pl-min* (Eq. 8). At
maximal arteriolar radius (102 um, taken in this case from the normotensive sample;
normative data should be used, when available) a total RVR of 0.51 mmHg-min-ul™* was
predicted. Working backwards, at an RBF of 54 ul-min‘, this RVR value corresponds to an
RPP of 27.4 mmHg (Eq. 8). Hence, for this subject, LARLN = 27.4 mmHg.

Similarly, by making use of the minimal arteriolar radius, HARL can be calculated.

We also examined the ability for autoregulation on the basis of the LSFG in vivo
measurements before and during stimulation. First, Wilcoxon signed-rank tests with the
Bonferroni correction were used for individual comparisons of all relevant LSFG metrics
(i.e., metrics that stayed in at least one of the reduced RVR or RBF models), before and
during IOP elevation. Next, we studied the effect of IOP elevation on RVR and RBF. In the
absence of vessel diameter measurements during 10P elevation, RVRstim Was approximated
using the reduced RVR model (see 4.3.6A). RBFsim was then calculated from Eq. 8. First, we
used Wilcoxon signed-rank tests to compare RVRstim with baseline RVR and RBFstim with
baseline RBF. Ideally, that is, within autoregulation limits, RVR would change in response to
stimulation, yielding an unchanged RBF. However, if the IOP elevation will bring a subject
below LARL, RVR will change less than expected and RBF will show some decrease. To
further explore this, we defined the autoregulatory reserve (AR) to this stimulation (maximal
percentage of ‘within autoregulation” RPP change that can be induced by the stimulation),
being:

_ RPP-LARL
RPP

AR 100% (11a)

for those subjects where the stimulation went below LARL. For those who stayed within the

autoregulation range, the relevant change in RPP (AC) is given by:
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_ RPP - RPPstim
RPP

AC 100% . (11b)

We used Spearman’s rank correlation coefficient (p) to examine to what extent the percentage
change in RVR is influenced by the AR or AC of each subject (again, excluding glaucoma
subjects) during this stimulation. Ideally, percentage change in RVR plotted against
percentage AR or AC should yield datapoints scattering around the minus identity line.

Similarly, we defined the autoregulatory deviation (AD) to this stimulation (percentage of

‘below LARL’ change induced by the stimulation), according to the following equation:

_ LARL-RPP

stim
AD 1 00% . (11c)

For those subjects where the stimulation went below LARL, AD will be positive, whereas it
will be zero or negative in those where the 10P stimulation respects LARL. The same
correlation analysis as in the previous paragraph was performed, this time for percent change
in RBF versus AD.

The mathematical arguments behind the aforementioned are presented in the following box.

Autoregulation and RPP manipulation
Let us call a system ‘autoregulating within A’ if and only if there exists a non-trivial interval
of RPPs A =[LARL, HARL] over which, for any RPP, RPP' € A, the following holds:

RPP'-RPP  RVR'-RVR
RPP RVR

RBF=RBF & ...

(B12)

where during the algebraic manipulations we made use of Eq. 8 (main text).

Let us also call a system ‘non-autoregulating beyond A’ if and only if, for any RPP, RPP' ¢

A, the following holds:

RPP'-RPP _ RBF'-RBF

RVR'=RVR & ... &
RPP RBF

(B13)
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It can be seen from these equations that percentage change in RPP will correlate with either
percentage change in resistance or percentage change in blood flow, depending on whether

the manipulation takes place within or beyond the autoregulation limits.

G) Blood flow and retinal layer thicknesses

Lastly, as a secondary analysis, we examined the relationship of RBF with the thickness of
the pRNFL and the volume of the GCC of the same eyes, by means of age-adjusted linear
regression models. For comparison, the regression model with the original RBF calculation as
predictor and the regression model with the optimized (RPP-based) RBF calculation as

predictor are both reported.

Normally distributed variables are described by mean (SD), while skewed variables are
described by median [interquartile range (IQR)]. All analyses were performed in R (version
3.4.2; R Foundation for Statistical Computing, Vienna, Austria). P < 0.05 was considered
statistically significant. For nested models, AIC-based inclusion in the model implies
P<0.16.%®

4. 4 Resu Its Table 1. Characteristics of the population used for in vivo

investigation

General characteristics

Age, yr [median (IQR)] 54 (47 to 56)
.. Sex, %Female 69.4
4.4.1. General Characteristics BMI kg-m > [mean (SD)] 275 (5.6)
AHT
Prevalence, % 41.7
Use of antihypertensive medication, % 733
Glaucoma
- - - svalence %
Table 1 summarizes the characteristics of e 139
Jse of antiglaucoma medication, % 100.0
. . Visual field MD, dB [median (IQR})] 44 (-8810-1.6)
the population on which the model PRNFL, jum [median (IQR)] 103 (92 to 109)
GCC, mm™ [mean (SD)] 2.79(0.29)
S H H Theoretical model input variables
predICtlonS were teSted In vivo. CRAE, pm [mean (SD)] 167 (20)
CRVE, pm [mean (SD)] 239(21)
Ba [median (IQR)] 7.81(7.18 10 8.48)
By [mean (SD)] 7.77 (0.75)
- - - - D [median (IQR)] 1.596 (1.572 1o 1.605)
4.4.2. Relatlonshlp with In Vivo Data 1. Arterial, Pa s [median (IQR))] 0.0038 (0.0037 to 0.0042)
Hoe Venous, Pa s [median (IQR)] 0.0041 (0.0040 1o 0.0045)
SBP, mmHg [mean (SD)] 134 (21)
DBP, mmHg [mean (SD)] 83(12)
A ) . IOP, mmHg [mean (SD)] 16.3(3.8)
Table 2 d|sp|ays the reduced mu|t|var|ab|e Theoretical model outcome variables
RVR, mmHg-min-pl~' [median (IQR)] 0.71 (0.65 10 0.91)
RBF, pl-min ! [mean (SD)] 45(12)

models showing the relationship of the

Values are as indicated; n = 36, BMI, body mass index; AHT, arterial

H 1~t1 H i H hypertension; pRNFL, peripapillary retinal nerve fiber layer; GCC, ion

theoretlcal predICtlonS Wlth the In vivo cell complex; MD, mean deviation; IQR, interquartile ge; CRAE, tral

. retinal artery equivalent; CRVE, central retinal vein equivalent; i, arteriolar

LSFG measurements LSFG metI'ICS are branch length coefficient; [b,, venular branch length coefficient; D, fractal

dimension; p., viscosity in large vessels; SBP, systolic blood pressure; DBP,

H H H : diastolic blood pressure; 10P, intraocular pressure; RVR, retinal vascular re-
Obtalned by OperatIOHS In MBR relatlve sistance; RBF, retinal blood flow.
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units (see 4.3.4). Holding other variables constant, a one MBR-unit decrease in MV results in

an increase of 0.015 mmHg-min-ul™t in RVR. In the same model, an increase in FAI and

MAP and a decrease in skew and fluctuation result in an increase in resistance. Interestingly,

IOP is not present in the reduced RVR model. Similarly, holding other variables constant, a

one MBR-unit increase in MV results in an increase of 0.7 pl-min™t in RBF. In the same

model, a decrease in FAI and HR and an increase in skew result in an increase in BF.

Table 2. Reduced multivariable fitting models for RVR and RBF with LSFG metrics

RVR, mmHg-min-pul "' RBF, pl-min~"'
B P value R (P) 4] P value R (P)
0.77 (6.9-107%) 0.56 (3.1-10%)

MV 0.015 1.0-107° 0.7 2.1:107°

FAI 0.116 221077 6.5 2.0-10°°

Skew 0.039 1.0-10°% 2.5 2.1:10°°

Fluctuation 0.026 0.045 NA

HR NA 0.3 0.026

MAP 0.009 2.0-107° NA

LSFG, laser speckle flowgraphy; MV, mean velocity in large vessels; FAIL flow acceleration index; MAP, mean arterial pressure; HR, heart rate; NA, not ap-
plicable; RBF, retinal blood flow; RVR, retinal vascular resistance

According to the R?, 77% and 56% of the
variation in the theoretical values for
RVR and RBF, respectively, could be
explained solely by the LSFG waveform
metrics. Supplementary Table S3 is
similar to Table 2, after implementation
of alternative viscosity calculations (see
4.3.6A). Similar proportion of variation
for RVR and RBF could be explained by
LSFG metrics; RVR and RBF values
remained at the same order of magnitude
(Table 1), as did the beta values (Table 2);

all beta values kept the same sign.

Figure 4 shows the corresponding
scatterplots (rotated residual plots) for
RVR (Fig. 4A) and RBF (Fig. 4B). Visual
inspection suggests that subjects with
AHT tend to cluster towards higher RVRs
than subjects without AHT, as expected,;

A Scatterplot for RVR model
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Fig. 4. Scauerplots (n = 36) for multivariable regression models fitting laser

speckle flowgraphy metrics to the theoretical output: retinal vascular resistance
(A: RVR) and retinal blood flow (8: RBF). Regression-predicted values (equiva-
lently: theoretical model values minus corresponding residuals) are plotted
against the theoretical model values. Diagonal line represents perfect fit (no

residuals).
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this was confirmed as significant in a Mann-Whitney U test (P = 0.005). RBF was similar for
both groups (P = 0.11); that said, when MAP is high, RBF tends to be overestimated by the
theoretical model, since most hypertensives (11 of 15) are found below the diagonal line.
Indeed, a Wilcoxon signed ranks test revealed that, in hypertensives, the regression-predicted

value was on average 5.8 ul-min* lower than the theoretical model output (P = 0.039).

4.4.3. Sensitivity Analysis

The results of the regression-based sensitivity analysis are given in Table 3. The CRA radius
is the most important variable in the RVR calculation (bstand = 0.79, P = 2.0-10°2%), while
MAP is the most important variable in the RBF calculation (bstand = 1.06, P = 8.6-10%%). The
magnitude of RBF is not really affected by venular diameter and fractal dimension. For both
sensitivity models, we merged each vessel caliber predictor with the corresponding branch
length coefficient into one single predictor (e.g., fa ra*) and additionally, we did not

differentiate viscosity in arteries and veins, to avoid collinearity issues (see Eqgs. 3 and 6).

Table 3. Sensitivity analysis for the theoretical model predictions

RVR RBF Imputed variable(s)
Stand. p P value R Stand. fi P value R R*(RVR) R’ (RBF)
Regression-based sensitivity analysis 099 P=7.1-107% 088 P=6810""
Bura ™t 079  2.0107%
por, 026 2.1-107"
o P! 076 2.810°%
B! 0.00 097
e P 007  29107*
e’ 0.03  0.70
o 011 571077
[T 0.17 0.037
MAP 1.06 86107
10P 042 L6107
Imputation-based sensitivity analysis
Baseline (from Table 2) 0.77 0.56
ry=176 pm, r,=248 pm, f,=p, =74 0.55 0.22
Bu=P, =74 0.80 0.46
D=1.7 0.75 0.53
Hoolart) =0,0043 Pa s, p(ven)=0.0046 Pa s 0.69 0.49
MAP =95 mmHg NA 0.38
10P= 15 mmHg NA 0.41

1y, central retinal artery radius; r,, central retinal vein radius; B,, arterial branch length coefficient; p,, venous branch length coefficient; D, fractal dimension;
Moe, blood viscosity in large vessels; MAP, mean arterial pressure; IOP, intraocular pressure; NA, not applicable.

Table 3 also demonstrates the extent to which imputations affect the model fit. The new RVR
and RBF models that demonstrated the smallest fit were the ones with all fundus variables
imputed with -22% and -24% of variance explained, respectively, compared with baseline.
Imputation of solely the branch length coefficient resulted in a small increase in the RVR fit
(+3%), but a more substantial drop in the RBF fit (-10%). The variable whose imputation
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induced the smallest change from baseline was fractal dimension (-2% and -3% for RVR and

RBF, respectively).

Figure 5 displays the tornado plots corresponding to the RVR and RBF models. RVR and
RBF are displayed as a function of the full dynamic range (minimum to maximum, as
observed in our study sample) of each individual component. As shown in the RBF plot, the
MAPs of our sample would be able to produce a wide RBF dynamic range (25.0 ul-min to
80.1 pl-min around the central value of 47.5 pl-mint), ceteris paribus. For visualization
purposes, variables in the figure are permitted to vary independently; however, as expected,
the arterial diameter is, in fact, dependent on MAP (Pearson’s r = -0.46, P = 0.004); together
with the collinear arterial branch length coefficient, they have an important, compensatory
effect on RBF values (see 4.3.6C).

-
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L 4 L L 1 L L Fig. 5. Tornado plots for the simulated retinal
0.5 0.6 0.7 0.8 0.9 1.0 11 vascular resistance (RVR) and retinal blood
RVR (mmHg min FI-W ) flow (RBF) models. Vertical line gi_\.‘ux the out-
come value at the central value of all predic-
tors, Horizontal bars display the outcome
T T T T T values at the full range of each predictor, all
other predictors being at their central value.
MAP 7 . . Anoe ¢ [ + hiol
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Sk -  and low values of each predictor, respectively.
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4.4.4. Retinal Perfusion Pressure

Since OPP is only an approximation of the pressure difference between the arterial and
venous components of the retinal circulation, we additionally looked for the RPP that

optimizes the RBF model fit. This is given by the following formula:

=55 _ (39 )
RPP = (100 MAP + 10.1) [OP mmHg. (12)
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With this calculation, the new (optimal) R? for RBF was 65% (to be compared with the

previous 56%). Interestingly, 65% is actually the global maximum R?, given a MAP factor of

0.39, and is achieved at a range of MAP constants containing the predicted +10.1 (+7.7 to

+11.1). Lastly, with this RPP calculation, there was no longer an overestimation of the

theoretically predicted RBF in hypertensive patients, as seen above (see 4.4.2; Wilcoxon

signed rank test, P = 0.55).

4.4.5. Autoregulation and IOP Stimulation

Figure 6 displays the theoretically predicted
autoregulation plateaus (i.e., the RPP span
between LARL and HARL) for each
individual nonglaucomatous subject (n = 31),
as well as the full autoregulation curves for
the average cases with (red) and without
(blue) AHT, in healthy eyes. All subjects are
autoregulating, hence, as shown in the graph,
their baseline status can be found inside their
individual plateau. Beyond the autoregulation
limits, RBF is proportional to RPP. LARLN
for the average case was estimated from Fig. 6
at 25 mmHg (SD: 4 mmHg). This, according
to Eq. 12, corresponds to a MAP of 77 mmHg

arterial normotension
arterial hypertension

25 B
B |ower AR limits
20 30 40 50 60 70 80
RPP (mmHg)
Fig. 6. Predicted autoregulation (AR) curves for arterial normotension (n = 18)

and arterial hypertension (n = 13), each centered at mean retinal blood flow
(RBF). Dashed lines (extended) meet at the origin. Retinal perfusion pressure
(RPP) is calculated according to Eq. /2. Star-shape markers denote baseline
RBF, as estimated from vascular caliber, viscosity, fractal dimension, and RPP,
Dotted lines represent individual AR plateau approximations, extending from
the lower to the higher AR limit (LARL, HARL). LARL and HARL for each
subject are theoretically predicted, according to a standardized procedure (see
METHODS, Data Analysis-Statistics, Autoregulation). 1If the subject is close to
maximum arteriolar dilation, the baseline marker will be found close to LARL.
If the subject is close to maximum arteriolar constriction, the baseline marker
will be found close to HARL.

(i.e., a BP reading of 105/65 mmHg) at mean 10OP (15 mmHg in the non-AHT group) or to an
IOP of 20 mmHg at mean MAP (89 mmHg). In fact, a BP 1 SD below average together with

an IOP 1 SD above average bring a subject already at or below LARLN. LARLH for the

average case was estimated at 27 mmHg (SD: 6 mmHg). Similarly, this corresponds to a
MAP of 88 mmHg (i.e., a BP reading of 115/75 mmHg) at mean I0P (17 mmHg in the AHT
group) or to an IOP of 26 mmHg at mean MAP (111 mmHg). HARLN and HARLH were
estimated as 39 mmHg (SD: 7 mmHg) and 54 mmHg (SD: 13 mmHg), respectively. This

rightward shift of the autoregulation limits in AHT was only significant for HARL according
to the Mann Whitney U test (LARL: P =0.12; HARL: P = 0.001).
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After stimulation, I0P increased (hence RPP decreased, assuming MAP remained relatively
unchanged) in all 12 subjects by a median of 9 mmHg (IQR: 4.5 to 14.8 mmHg; P = 0.002).
Among relevant LSFG metrics (i.e., metrics included in Table 2), MV decreased (P = 0.002),
whereas skew and fluctuation increased (P = 0.006 and P = 0.002, respectively). These
differences were significant even at the Bonferroni-adjusted threshold of P = 0.01. It is
important to mention here that, in univariable analysis at baseline (n = 36), skew was the one
parameter most strongly associated with arterial diameter at an interindividual level, and this
was in a positive direction (Pearson’s r = 0.59, P = 1.6-10%); age did not play a role in this
association, as shown in the bivariable model (P = 0.63). FAI and HR did not change

(P =0.26 and P = 0.45, respectively), after IOP stimulation. Figure 7 depicts changes in

skew, MV, and IOP before and after IOP stimulation in individual subjects.
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Regarding the effect of stimulation on RVR, RVRsim Was not significantly different
compared with baseline, regardless of whether baseline RVR was calculated from the
theoretical variables (P = 0.94) or the regression coefficients in Table 2 (P = 0.75). However,
within overall nonsignificance, RVR percentage change was more negative with larger
AR/AC (p =-0.66, P = 0.026). On the other hand, RBFstim was lower by a median of

17.9 pl-mint compared with baseline (P = 0.019). In addition, RBF percentage change was
more negative with larger AD (p = -0.91, P = 1.1-10%). These observations can be visualized

in Figure 8.
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55| ¢ 2
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4.4.6. Resistivity Index

As a secondary observation, RI (which did not appear in the reduced final models) also
showed an increase after IOP elevation (P = 0.002). In addition, its baseline value exhibited a
correlation with the pulse pressure index (n = 36, Spearman’s p = 0.49, P = 0.002), which is

defined according to the following equation:

ppr= 2200 . 22 (13)
SBP SBP
Blowout score is an additional metric offered by the LSFG, but was not considered at all in
this study, since it can be directly calculated from the RI. Indeed, our in vivo data also
confirmed that the two metrics are collinear (n = 36, Spearman’s p = 0.90, P = 1.8-10'53).
Notably, RI and fluctuation were also highly correlated (n = 36, Spearman’s p = 0.87,

P =3.8-1012).
4.4.7. Model Predictions and Structural Measurements
Table 4 displays the age-adjusted linear regression models for the relationship between blood

supply (RBF) and inner retinal structural measures (pRNFL thickness, GCC volume). In the

optimized RBF model, 1 pl-min* increase in RBF is associated with a 0.69-um increase in
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pRNFL and a 0.012-mm?3 increase in GCC. Associations remained significant, albeit weaker,

after exclusion of the glaucoma subjects.

Table 4. Age-adjusted linear models for structural SD-OCT metrics as a function of RBF

pRNFL, pm GCC, mm’
B P value R (P) p P value R (P)

Models with original RBF calculation 0.46 (3.7-10 %) 0.35 (0.001)

RBF, pl-min~"' 0.53 0.002 0.009 0.011

Age, yr 0.76 561077 0.013 0.001
Models with optimized RBF calculation 0.51 (7.0-107%) 0.40 (4.0-1077)

RBF, pl-min ' 0.69 40101 0.012 0.003

Age, yr 0.65 18107 0.011 0.003

pRNFL, peripapillary retinal nerve fiber layer; GCC, ganglion cell complex; RBF, retinal blood flow; SD-OCT, spectral domain optical coherence

[l!lll(}‘l_']';lph}'.

4.5. Discussion

In this study, we proposed and tested a physiological model, coupled with a clinical protocol,
that predicts the behavior of retinal vascular networks on an individual level by means of two
clinical markers, RVR and RBF. Investigation in human subjects showed that a considerable
proportion of the variation in the theoretical predictions could be explained by in vivo BF
metrics, as given by LSFG. MV, FAI, and skew were the LSFG metrics exhibiting the
strongest associations with both outcomes. According to the sensitivity analysis, all variables
included a priori in the theoretical model were confirmed to range from very important to at
least mild determinants of RVR and RBF. Using the model and the in vivo data, we proposed
autoregulation curves and predicted LARL for subjects with and without AHT. We then
verified that changes in RVR and RBF induced by IOP elevation are, indeed, dependent on
the AR/AC and AD, respectively. Lastly, we demonstrated that the amount of nerve tissue

present in the inner layers of the human retina is strongly correlated with blood supply.

4.5.1. Model Investigation Results: Literature Comparison and Physiological
Interpretation

A) Retinal blood flow and retinal vascular resistance

The proposed model predicted a mean RBF of 45 (12) ul-mint in our sample (Table 1),
which is in agreement with values reported in the vast majority of studies using Doppler OCT

and laser-Doppler velocimetry.1°2%%458 Qlder studies using laser-Doppler velocimetry
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reported higher RBF values, possibly because previous hardware versions of this technique
overestimated blood velocity.>*®° Contrary to the previous methods, the LSFG apparatus does
not yield an absolute BF estimate; hence, all waveform metrics were a priori given an equal

opportunity to be included in the reduced multivariable models (see 4.5.1B).

According to Eq. 8, high RVR mathematically implies either high OPP or low RBF. Our
results clearly demonstrate this (Table 2), since increased RVR (which reflects narrower
arterioles) was associated with an increased MAP, as well as decreased MV, when the other
is held constant. To calculate RVR, previous studies relied on first estimating RBF with one
of the aforementioned, usually challenging, dynamic techniques and then applying Eq. 8.51-5
In our study, we demonstrated that it is possible to quantify resistance by static imaging and
simple clinical examinations, without any information on BF as a prerequisite. After RVR is
constructed from its individual components, RBF can be obtained with a simple calculation
from Eq. 8.

In this regard, RI, which is calculated according to the following formula:

R = Zmax fmin _ j _ Zmin (14)
Umax Umax

where umax and umin are the peak systolic velocity (PSV) and end diastolic velocity (EDV),
respectively, has been previously shown to not be an adequate standalone representation of
vascular resistance. Instead, it reflects combined effects of resistance and compliance, a
phenomenon that has also been observed in the circulation of other organs.5**” Our data
second that: first, fluctuation, which is a more detailed computational quasi-equivalent highly
correlating with RI, possibly masked the effect of RI in the reduced multivariable RVR
model and still was only of borderline significance (Table 2). Moreover, the strong
correlation between RI and PPI that we replicated suggests that RI also depends on central

impulse, in addition to downstream flow characteristics.®
B) Laser speckle flowgraphy metrics

Overall, LSFG metrics explained considerable proportion of variance in the RVR and RBF
calculations, exhibiting some very strong correlations in multivariable analysis (Table 2).
This suggests that the theoretical approximations implemented in this study were able to

capture individual variations in blood flow physiology, as measured in vivo. In this
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subsection, we discuss the physiological meaning of each (significant) LSFG component and

its relationship with the theoretical predictions.

MV represents blood velocity in large retinal vessels, which, according to Eq. 9, is a primary
component of RBF and is segmented separately from the signal of surrounding tissues.®*2 It
also incorporates information from both the arteriolar and venular component; hence, it is
informative in conditions where velocity is affected due to changes in vascular caliber (e.g.,
in glaucoma). For these reasons, it has been used as a surrogate for BF in a number of LSFG
studies.12465%70 |n particular, lwase et al. showed that OPP reduction by means of IOP
stimulation induced a drop in MV, a finding that was also confirmed in our study. In addition,
another study revealed that MV was significantly lower in normal tension glaucoma (NTG),
compared with healthy controls.*® These findings suggest that MV is sensitive to both
physiological and pathological BF changes. We note here that, in our study, there was no
correlation between MV and ONH size (Pearson’s r = -0.08, P = 0.62) and that ONH size did
not confound any of the associations uncovered in the reduced multivariable LSFG models.
Hence, there was no artifactual component related to the area of measurement in the MV-

driven associations.

According to Eqg. 9, a predictor related to vessel diameter was also reasonably expected to
show up in the models, after adjusting for MV (Table 2). Skew was the LSFG metric that best
reflected arteriolar caliber, since it was the predictor that was most strongly, positively
associated with CRAE in univariable analysis (and also bivariable age-adjusted analysis), as
well as negatively with RVR and positively with RBF in the reduced multivariable models. In
addition, skew significantly increased after IOP elevation, with a concomitant decrease in
MV, most likely indicating autoregulation-driven vasodilation with conservation of flow
(Fig. 7). Results from other LSFG studies corroborate this finding. Shiga et al. showed a
decrease in skew in NTG, compared to controls, while Gardiner et al. found the same effect
when comparing POAG patients to controls, only when the eyes had detectable functional
deficit.”>"? Additionally, Bhatti et al. reported a mild increase in skew 40 min after
challenging I0P with the water drinking test in healthy individuals.” They did not report IOP
values before and after the challenge, but this test is expected to increase IOP by 3-4
mmHg.” However, the opposite effect was observed by Kiyota et al., with skew decreasing
after a 20-mmHg controlled 10P elevation, with a procedure similar to
ophthalmodynamometry.” This discrepancy with our data could possibly be explained as
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follows: firstly, such a big IOP increase is unlikely to have been confined within the
autoregulation limits in most of their subjects (Fig. 6); as such, decreased skew in this case
might indicate decreased RBF more than it indicates increased RVR. In addition, the
compressive force exerted by high IOP to passively reacting venules and capillaries (and at
very high 10P, even arterioles, as was suggested in a recent study) might partly cancel out the
autoregulatory effect of arterial vasodilation.”®’" Lastly, Kiyota et al. obtained measurements
from the ONH tissue area, not including the large retinal vessels; this area is characterized by
more complex vascular supply and, therefore, might exhibit different autoregulation
properties.”"® Despite the multiple indications present in our data, we believe that additional

studies are needed to clarify the relationship between skew and arteriolar caliber.

In addition to MV and skew, increased FAI was found to be an independent predictor of
higher RVR and lower RBF (Table 2). There are a number of explanations for this commonly
reported phenomenon.’®#! First, the shear stimulus for flow-mediated dilation (FMD) is
known to also depend on flow acceleration, triggering a transient initial burst of nitric oxide
(NO) production at the endothelium, before the slower NO release attributed to flow
velocity.8282 Specifically, increased acceleration is expected to attenuate FMD. Second, flow
acceleration in the microcirculation exhibits a more complex behaviour than in the
macrocirculation. Indeed, in large vessels, where the effects of inertance on flow acceleration
dominate the effects of resistance on flow velocity, Newton’s second law of motion is

generally sufficient for an estimate of acceleration.*® We illustrate this in the box below.

Flow acceleration

Let us consider a pressure difference P(t) varying through the cardiac cycle as a single
harmonic and accelerating blood of mass m inside a vessel of length | and radius r, with r
large enough:

P () = Mcos(r) + Py, te[0,-] (B14)

. . . . HR .
where M is the pulse amplitude, w is the angular velocity (27[5), and Po is the average

pressure difference. For the time-varying acceleration «(t), it follows that:
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(t) _ [Mcos(wr) +Py] 2 _ Mcos(;)lt) + Py

(B15)

where g is the blood density.

Therefore, FAI, which is the maximum acceleration during the systolic phase, in this case
would largely depend on individual SBP values (central impulse) and would be independent
from RVR®:

. . M+ Py
FAI = Amnaxyy =

(B16)

Due to the interdependence of Egs. 13 and 14, in Eq. B14, M can be considered a partial
determinant of Umax - Umin, While Po can be seen as a partial determinant of z. When adjusting
for MV in the RVR regression model, the FAI-induced increase in RVR translates to
increased PSV and decreased EDV.

However, Doppler ultrasound studies in other organs revealed that, downstream in the
circulation, increased distal resistance is associated with higher early systolic acceleration,
possibly due to interference of reflections with the dampened wave.?18 To our knowledge,
this is the first study to demonstrate that this phenomenon holds true in the ocular circulation,
since FAI was positively associated with RVR in the reduced model (Table 2). Lastly, flow
acceleration can introduce an error in velocity measurements, especially in stenotic segments
or areas of turbulent flow.%88” Hence, adjusting for an acceleration term in the RVR and RBF
models is expected to increase precision. This artificial normalization could also be especially
beneficial for reducing variability in LSFG measurements, where univariable interindividual
comparisons are difficult to interpret, due to the effect of pigmentation.® Notably, again
shown in the box above, the presence of FAI in the model also provides an explanation for
the in vivo documented differential effect of distal resistance on PSV and EDV values, which

sometimes can even lead to diastolic flow reversal.®®

Univariable analysis in the study of Gardiner et al. showed increased FAI in early POAG,
compared to controls, but only in eyes with no detectable functional deficit; FAI values
dropped back to baseline when functional deficit was present.”* Another study revealed
decreased FAI in NTG, compared to controls.*® At first, this seems paradoxical, as it points

towards lower RVR and higher RBF, while the opposite is expected.® However, in our
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multivariable regression models (Table 2), interpretation of these effects required other LSFG
metrics to be held constant. Indeed, using the regression coefficients in Table 2 and the
average values for LSFG metrics provided in their study, we reverse-engineered
approximations for average RVR and RBF values in their population: 0.77 mmHg-min-pl?
and 50.5 pl-min for NTG patients, versus 0.59 mmHg-min-ul™ and 54.3 pl-min* for
controls. These values reflect the physiological expectations and are somewhat comparable to
the average values we report, despite the fact that they used a different LSFG apparatus,
yielding considerably different MBR values. We invite researchers to use this approach to re-
analyze their LSFG data.

A faster HR was also weakly associated with reduced RBF (Table 2). Womersley’s model for
oscillatory BF predicts that, in large vessels, HR would affect maximal, but not average, BF
during the cardiac cycle.?® In the microcirculation, where Womersley number Wo is small
and BF tends to approximate steady-state behaviour, HR is theoretically not expected to
profoundly influence BF. That said, it is apparent from the LSFG waveforms (Fig. 3) that
retinal BF still has a transient component. In addition, peripheral resistance has been shown
to not be an accurate representation of impedance at nonzero frequencies, because of wave
reflections and the fact that viscous drag increases with increasing oscillation frequency.®%2

These observations could explain our findings.

4.5.2. Quantitative Vascular Analysis: Literature Comparison and

Physiological Interpretation

In the sensitivity analysis, the CRAE (ra) was the most important variable in determining
RVR and the second most important (after MAP) in determining RBF (Table 3 and Fig. 5).
This is not unexpected, since it is mostly the arterioles that are responsible for short-term
(autoregulation) or long-term (structural remodeling) control of circumferential wall stress, in
response to acute or chronic changes in perfusion pressure.®*%* In this study, we estimated
vascular caliber from fundus images. Semiautomatic retinal vascular caliber measurements
have not been fully standardized and are known to be influenced by the measurement
software and the choice of formula.®>% We used the most widely accepted Parr-Hubbard
formulas, revised by Knudtson et al.; the CRAE and CRVE mean values and ranges observed
in our study sample agree with the outcomes of the Beaver Dam Study, when the same

formulas are applied.® They also agree with the values reported by Dorner et al., who used a
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reverse approach to quantify diameters from flow values.®” We excluded eyes with high
refractive error, in order to keep variability introduced by magnification to a minimum. Upon
imputation of central retinal vessel caliber values in the theoretical model, a significant
proportion of variance in the in vivo data could no longer be explained (Table 3). This
highlights that the use of individualized values is paramount, despite the fact that the indirect
caliber estimation of the otherwise inaccessible central retinal vessels could introduce some

degree of uncertainty to the model predictions.

It is worth noticing here that the formulas by Knudtson et al. are derived by extracting the
branching coefficient B (also known as area expansion ratio) from human retinal vessel

bifurcations, a quantity that is calculated as follows:

2
_ s +rf
B 2 (15)
where rs is the small daughter branch, r_ is the large daughter branch, and rp is the parent
trunk. Let us also define an asymmetry index | as:
=5 (16)

L

Using Eq. B3, as well as the fact that the number of terminal vessels corresponding to a
mother vessel upstream is always equal to the sum of the terminal vessels corresponding to

each of the two daughters, Kamiya and Takahashi obtained*°:
= (17)
From Egs. 15, 16, and 17, we get (after some algebra):

P +1

B=——— (18)

(P*e +1)D¥a

Pooled data from the studies of Knudtson et al. and Patton et al. suggest that B is ~1.27 (ClI:
1.21 to 1.33) for arterioles and 1.15 (CI: 1.10 to 1.21) for venules.®>% Moreover, Aschinger
et al. provided mean (SD) values for the bifurcation exponent (here D+a) using a power
fitting approach based on data from Doppler OCT.® A value of 3.01 (0.22) was proposed for

arterioles, while 2.62 (0.26) was proposed for venules. When no differentiation is made
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between arterial and venous bifurcation exponents, Murray’s law predicts a value of 3.00,
based on a minimum work principle, while Takahashi et al. suggest an exponent of 2.85
based on the theoretical values D = 1.70 and o« = 1.15.28%°

Our study assumes symmetrical dichotomous branching (/ = 1), as well as equal D+a
(median: 2.75) for arterioles and venules (since, at the moment, microvessels are not
differentiated by OCTA). For the sake of comparison, we calculated B using these values,
yielding 1.21 (exactly halfway between the arteriole and venule values, pooled from the
studies of Knudtson et al. and Patton et al.).32% In addition, Popel showed that, although
heterogeneous models are more precise in accounting for flow rate within individual branches
of the same tree, a symmetric series-parallel network is not inferior when it comes to mean
total flow predictions.!® These observations together suggest that, since in our study the
required outcomes were (or were derived from) total blood flow and total resistance, the

branching structure implemented can be considered as equivalent to more complex networks.

Notably, according to Patton et al., asymmetry index 7 is roughly 0.76 for arterioles and 0.75
for venules, when calculated from the first few generations.®® This is indeed high, but still
indicates at least some degree of asymmetry, when based on upstream vessels. However, in
the following box, in support of the aforementioned, we provide a mathematical argument as
to why-asymmetry in the upstream branches is not expected to profoundly affect our main
endpoints. In the same argument, we use a simple optimization principle to justify why, as we
move towards the terminal vessels, branching is reportedly less asymmetric than upstream.%
In any case, previous research indicates that, at this terminal level, total flow rate has mostly

been determined by the upstream arterioles. %!

Branching optimization

Consider a given (fixed) parent branch and let its two daughter branches (of unknown caliber)
be two approximately parallel resistors Rs and R.. Using Eq. B2, we introduce the following

quantity:

1

1
Rdaughters Rg

o TKUE s +0) + ()] =

20 /1 2 20 I 2
:K[ S+a (Z§+a+5> + Zﬁ-%—a <Z€+(x+5> ] (Bl?)




Chapter 4: A Model for Static Retinal Blood Flow Autoregulation

where zg = 5™, z; = rP** (with zg + 2 fixed according to Eq. 17), and K is a constant.
It can be shown that 7 [0, +o0) — R, defined as:

2-o 1 2
f(x) = K xpa (xm + 5) (B18)

is concave for all physiologically possible choices of D and a. Hence, from Jensen’s

inequality:

fGs) + G2 (B2) (B19)

where the left-hand side is precisely the quantity in Eq. B17 and the right-hand side is a fixed

number.

The upper bound in Jensen’s inequality is attained if and only if zs =z, (hence rs=r.) or fis
linear; this equality case results in minimal total daughter resistance for a given parent branch
(optimization principle). Upstream in the retinal circulation, perfectly symmetrical branching
is not necessary for optimization: indeed, it can be shown that f is almost linear for large x (f
approaches zero). Towards the terminal vessels, f is more concave, hence symmetrical
branching will favour BF optimization. Importantly, without the Fahreeus-Lindqvist effect
(i.e., without ¢ in the equation), concavity of f is not guaranteed over all physiologically
possible D and o (f would now become convex when D+2« > 4). Therefore, this particular

optimization principle cannot be safely generalized to other fluids and branching structures.

4.5.3. Autoregulation: Literature Comparison and Physiological Interpretation

A) Retinal perfusion pressure

After RVR is obtained, RBF calculation significantly relies on an accurate OPP estimate. In
the classical OPP definition, P, = %MAP is assumed (see 4.3.2F), according to

ophthalmodynamometric guidelines; Stodtmeister et al. recommend an additional age
correction to account for arterial stiffening, thus avoiding OPP underestimation in the
elderly.1°21%% However, it is known that the arterial pressure measured by

ophthalmodynamometry actually reflects the pressure somewhere upstream, in the much
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larger ophthalmic artery, rather than in the CRA.1% Werff estimated the pressure in the CRA
to be roughly 14-17 mmHg lower, due to the large pressure gradient produced by its small

lumen; in this study we initially used the offset suggested by Takahashi (19.5 mmHg).?
Comparing Eq. 12 to %MAP-IOP, our results suggest that this offset is more likely MAP

dependent (rather than constant, as assumed in the aforementioned studies), which is also
intuitive, since subjects with AHT should exhibit higher pressure drops from the ophthalmic
artery to the CRA. The same phenomenon has also been predicted for cerebral vessels of
similar diameters.1® Also pointing towards the superiority of the optimized calculation,
results in Table 4 suggest that its implementation also improves the accuracy in pRNFL and
GCC predictions.

At this point, we should highlight that IOP was not a significant predictor in the reduced
RVR model (Table 2), suggesting it might not be a satisfactory surrogate for Py. This is
supported by the observation that the RBF model fit (which includes IOP in the calculation)
was worse than the RVR model fit, even after optimizing the OPP formula for Pa. Indeed,
several studies report discrepancy between I0P and CRV pressure (the latter is always
higher) in patients with glaucoma (or other ocular diseases), vascular dysregulation, and
metabolic syndrome but also in healthy subjects with no spontaneous venous pulsation, as

well as animal models.'0%-110
B) Estimation of autoregulation limits

When generating autoregulation curves, we distinguished between subjects with and without
AHT. Indeed, there is evidence (mostly coming from the cerebral circulation) that structural
remodeling due to AHT shifts the curve to the right, because of the higher transmural

pressures needed to achieve a given value of circumferential wall stress.''*113 This shift was

observed in our data, albeit only reaching significance for HARL.

Autoregulation plateaus are assumed flat in our study (Fig. 6); hence autoregulation limits are
strictly defined: they are the marginal pressures slightly below or over which a minute
decrease or increase in RBF is expected to take place (or equivalently the pressures
corresponding to maximal vasodilation or vasoconstriction). For the sake of comparison, we
also calculated LARLnN and LARLH using the suboptimal, classical OPP definition at 37

mmHg and 43 mmHg, respectively. Most experimental studies in the literature use binned
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data and define the autoregulation limits to be the pressures below or over which either a
statistically significant or pre-determined percentage change from baseline BF is

observed.!> 7114115 Ag gych, these studies likely result in a looser LARL and HARL
estimation; thus, comparisons between these numbers and the predictions of this study are to
be interpreted with caution. For example, in the Doppler-OCT study by Puchner et al.

(n =15), their Fig. 5 indicates that the drop in BF after IOP elevation only becomes
statistically significant at OPP ~ 23 mmHg, when, at that point, BF has been reduced by
almost 40%.”" However, their data shows that autoregulation might not be in effect already at
OPP = 38 mmHg (in agreement with our prediction of 37 mmHg), upon appearance of the
steep linear slope expected from Eq. 8 (Fig. 6). Similarly, in the LSFG study of Witkowska et
al. [this time regarding HARL in normotensive subjects (n = 27)], Fig. 6 suggests that
autoregulation starts to fail when OPP =~ 60 mmHg [which almost coincides with our HARL
prediction, calculated according to the classical OPP definition (58 mmHg)], this time

reaching significance almost immediately (OPP =~ 62 mmHg).*°

As expected (see 4.4.5), percent change in RVR correlated negatively with autoregulatory
reserve/change (Egs. 11a and 11b); similarly, percent change in RBF correlated negatively
with autoregulatory deviation. These observations verify that the retinal vessels are an
autoregulating system and also provide evidence in favor of the specific autoregulation limit
approximation implemented in this study. Indeed, we showed that the predicted LARL
dichotomizes the perfusion pressure range: below LARL, perfusion pressure drives BF;
conversely, above LARL (while below HARL), perfusion pressure drives resistance.
However, RVRsim Was not significantly different from RVR: this could be due to a
simultaneous increase in resistance during IOP elevation, due to the compressive effect of
IOP in retinal venules taking over (see next paragraph), or it could indicate that, in the
majority of subjects, AR is close to O (i.e., the subject is already close to its LARL). From a
teleological point of view, this could imply that most eyes are better prepared to counteract
rises in RPP (for example related to physical activity, stress, diet, etc.), rather than RPP
drops, being closer to LARL than to HARL (Fig. 6). This is also intuitive given the skewed
distribution of BP: larger deviations from the mean are to be expected due to increases in BP.
The fact that subjects are usually closer to LARL than to HARL and are better prepared for

transient hypertension than hypotension has been observed in the cerebral circulation.16-18



Chapter 4: A Model for Static Retinal Blood Flow Autoregulation

4.5.4. Comparison with Previous Physiological Models

For the sake of comparison with other models, we also calculated the average (SD) velocities
in the CRA and CRV, according to Eq. 9: 3.3 (0.5) cm/s and 1.6 (0.3) cm/s, respectively, in
line with values reported in the literature.!*® The observation that venous velocity is roughly
one half of the arterial velocity is a consequence of Eq. 10 and was also confirmed by Malek

et al. by means of a fundus-based mathematical model.?’

Following IOP elevation, we reported a decrease in MV, mostly due to conservation of flow
after autoregulation-induced vasodilation. Guidoboni et al. showed that this decrease can be
also partially attributed to the effect of IOP on the retinal venules (especially when it is
considerably above the normal range) and much less to the compressive stress due to the
lamina cribrosa.?® This implies that triggering OPP by inducing changes in IOP is not
equivalent to inducing changes in MAP; therefore, they might result in slightly different
autoregulatory responses, a hypothesis that has been confirmed in experimental studies.'4120
In the mathematical model of Guidoboni et al., Table 2 reports total resistance of 0.71
mmHg-min-ul™ from the CRA to the CRYV at the control state, which corresponds to a
28.9-mmHg pressure drop, as reported in Table 3 of the same study.?® These values are in
excellent agreement with our median RVR theoretical prediction [0.71 (IQR: 0.65 to 0.91)
mmHg-min-ul™] and the mean RPP [33.1 (SD: 5.1) mmHg], respectively. However, their
model relies on a given, mean RBF control value (41 pl-min™), whereas we are additionally
able to predict this value on an individual basis, accounting for variations in mean perfusion
pressure, vessel caliber, hematocrit, and complexity of the microvascular network. The same
study predicted LARLSs equivalent to RPP = 24 mmHg and RPP = 23 mmHg for
normotensives and hypertensives with intact autoregulation, respectively (to be compared
with 25 mmHg and 27 mmHg, respectively, in our study). The 4-mmHg discrepancy in
LARLH between their results and ours is somewhat expected, since they used the same
baseline CRA radius for the normotensive and the hypertensive condition. This means their
approach describes newly-established AHT, prior to structural remodeling, with the curve
exhibiting no rightward shift. Interestingly, their model also predicts an increase in RI

following I0P elevation, which we were able to replicate in vivo.

Lastly, Ganesan et al. used the formulas by Pries et al. to demonstrate that taking into

account downstream changes in viscosity is paramount to calculating precise pressure drops
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on the intraindividual level.?**"4° Our model was shown to be robust to the choice of formula
(Table 2 and Supplementary Table S3), as long as the same formula is used for all subjects.

In our study, we implemented the viscosity corrections by Haynes et al., since the model of
Takahashi et al. was built and validated around them (see 4.3.2D). Absolute RVR and RBF
values resulting from this calculation were more in agreement with previous literature, 192054
58 Using these values, we subsequently showed that prediction accuracy increases when
interindividual asymptotic viscosity is taken into account (Table 3).2 This is further
supported by a recent study, showing that blood viscosity was the mediator of sex-related

differences in LSFG metrics.”®

4.5.5. Physiological Implications and Clinical Relevance

To the best of our knowledge, this is the first study examining the association of LSFG
metrics with theoretical predictions that are based on a multitude of vascular characteristics;
hence, it allows for additional insight regarding properties and interpretation of LSFG
outcomes. This is also the first study proposing such a multimodal approach for absolute,
individualized predictions of vascular resistance and BF through simple clinical tests: fundus
imaging, OCTA scans, BP and IOP measurements (or ophthalmodynamometry), and a blood

sample.

With respect to physiology, this study implies that by assessing the phenotype of the perfused
vasculature (extent of dilation/contraction, structural complexity, viscous forces, and
perfusion pressure) at a specific timepoint, we are able to draw significant quantitative
conclusions on its autoregulatory reserve, i.e., its ability to withstand transient BP drops or
increases. Importantly, we used these findings to provide evidence that LARL in healthy
subjects is closer to resting state than thought before; thus, big drops in perfusion pressure are
not necessary for hypoperfusion to become relevant. It is noteworthy that such drops in
perfusion pressure are not only linked to disease (e.g., glaucoma) but can also occur as
episodes of orthostatic hypotension or nocturnal blood pressure dipping (see below). As
already discussed, this implies that the retinal vasculature is better prepared to counteract

transient rises rather than decreases in perfusion pressure.

Regarding clinical relevance, a recent study on diabetic retinopathy showed that a

combination of fundus and OCTA measurements can already improve assessment of the



Chapter 4: A Model for Static Retinal Blood Flow Autoregulation

disease.'?* Another study used a fundus-based model to generate a fixed length feature vector
as an index that can be used to successfully discriminate between healthy and glaucoma.'?2
However, since they used constant, non-individualized inlet values and relied on the vessel
structure to guide the outcome, the endpoint parameters are not easily interpretable. Our
study showed that RBF predicted pRNFL thickness and GCC volume and this effect was
independent of age (Table 4). Therefore, aside from its potential merit in understanding
pathophysiological mechanisms, the model possibly also offers useful clinical markers in

diagnosing ocular pathologies.

In this regard, a low blood pressure (especially during the night), sometimes even when
resulting from aggressive treatment of pre-existing AHT (J-shape phenomenon), has been
suggested as a risk factor for glaucoma development or progression in several studies.123-129
It is hypothesized that this association is mediated by hypoperfusion of the retinal ganglion
cells, leading to their death; that said, since the retina exhibits autoregulation properties, the
subjects really at risk are probably the ones at the extremities of low BP or the ones with
vascular dysregulation, that is, impaired autoregulation.®*°t3! Notably, in all of the
aforementioned studies regarding low BP and glaucoma, risk starts to increase around
perfusion pressures comparable to LARL (37 mmHg with the classical definition). Our study
suggests that subjects with low BP (or even with a BP ~1 SD lower than average, combined
with an IOP ~1 SD higher than average) might already be below their LARL, suggesting
these observations are of considerable clinical relevance. Importantly, a recent longitudinal
study showed that the clinical entity of NTG (i.e., glaucomatous damage with IOP measured
within the normal range) displayed faster progression in patients whose DBP dips low during
the night.*2 As previously mentioned, the fact that LARL lies within the spectrum of values
relevant to clinical management has already been suggested for the cerebral

circulation,116:118,133,134

AHT has also been suggested itself as a risk factor for glaucoma, but a meta-analysis showed
there exists significant heterogeneity across studies, sometimes even reporting protective
associations.'?8 Increased glaucoma risk in patients with AHT could be, first of all, directly
mediated by elevated 10P.%% In addition, both aggressive antihypertensive treatment (as
previously mentioned) and poorly controlled, chronic AHT (resulting in endothelial damage,
compromised autoregulation, and disproportionately increased RVR) could also make certain

subjects more susceptible to BF reduction, thus explaining this association.'3+136137 |n this
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regard, our study estimated the lower perfusion pressure levels (43 mmHg with the classical
OPP definition) that should be respected, in order to avoid overtreating AHT, especially in
glaucoma patients or suspects. Regarding the protective associations between AHT and
glaucoma that are sometimes reported, some studies provide evidence in favour of certain
categories of antihypertensive medication with a potential neuroprotective effect, 38141
Additionally, we hypothesize that well-controlled or newly established AHT could offer an
initial protection to perfusion deficits, as has been observed in rodents.*? Results from our
study second that, since the AHT group had reduced susceptibility to IOP elevation, as far as
perfusion is concerned (IOP = 26 mmHg was needed to bring the average subject with AHT
to LARL, to be compared with IOP = 20 mmHg for the subjects without AHT).

4.5.6. Study Limitations

This study has several limitations. With regards to the model build, firstly, we did not obtain
individualized information for Hct. Instead, we relied on reference values, adjusted for age,
sex, and blood pressure status (see 4.3.2D). Nevertheless, the sensitivity analysis (Table 3)
revealed that Hct was still an important determinant of RVR and RBF, suggesting that
analyzing blood samples in future studies might be a worthwhile consideration, with the
potential to increase the accuracy of the model predictions.

Secondly, fractal dimension was considered as a global index, as measured from the SVP,
inside a 3-mm-diameter circular ROI, centered at the fovea (see 4.3.2C and Fig. 1B).
Therefore, it might ignore local variations attributed to anatomy or to disease-related focal
microvascular dropout, outside the ROL.1431%> A more accurate representation of the
vasculature would contribute to the understanding of crucial phenomena, such as localized
flow deficits or tissue oxygen extraction and diffusion.**® However, adapting more
heterogeneous or three-dimensional theoretical models to account for individualized
estimations in the human eye would require further improvements in visualization and
quantification of the interconnectivity between different capillary plexus. Again, the
sensitivity analysis (Table 3) suggests that, even with this suboptimal calculation, fractal

dimension slightly improves the model predictions.
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Lastly, as already discussed, we only used approximations of the pressures in the CRA and
CRV, based on the MAP and the IOP, respectively (see 4.3.2F); ophthalmodynamometric

measurements could further refine the model predictions.

As far as the in vivo investigation limitations are concerned, we used a small sample size
(n = 36) containing mostly healthy eyes. The small sample size does not provide optimal
power for detecting low or medium effect sizes when fitting multivariable backward
regression models.**” However, we made sure the saturated models contained only pre-
selected variables, based on physiological expectations and previous literature reports. In
addition, only a small number of variables with very strong associations ended up in the
reduced models, while the effect size (R?) was large; hence, our findings can be considered
robust to this limitation. Notably, implementing forward regression with the same LSFG
metrics yielded the exact same results.

According to the Windkessel effect, BF at any point throughout a cardiac cycle is the sum of
resistive (‘outlet’) and capacitive (‘storage’) flow.'%® Despite the fact that compliance is not
expected to affect the mean blood flow estimate (i.e., RBF), as shown in the box below, our
IOP stimulation poses some limitations, one of which is that it can only investigate static
autoregulation.® Static autoregulation describes the overall effect of the autoregulatory
activity and is examined cross-sectionally before and after the stimulation. Notably, in
dynamic autoregulation (where the vascular response latency is also evaluated), compliance
buffering has been shown to be more important than resistance changes in explaining blood
velocity fluctuations, at least in cerebral vessels.***% |n addition, an experimental study
revealed that chronic IOP elevation in glaucomatous eyes could also affect dynamic
autoregulation; therefore, considering solely static autoregulation would likely underestimate
the extent of hypoperfusion.®! This could enhance our findings, since it highlights the fact
that the clinically relevant location of LARL can be even more alarming when we also

consider potential defects in dynamic autoregulation.

Vascular compliance

The simplest Windkessel equation (two-element) is displayed below:

P()
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where we have kept the single-harmonic notation of Eq. B14, Q (¢) is the time-varying BF,

and C is the vascular compliance (change in blood volume for a given change in perfusion

pressure).

Clearly, since fozncosx = fOZ” sinx = 0, compliance is not expected to affect the mean blood

flow estimate (i.e., RBF), because Eq. B20 reduces to Eq. 8 (main text) when integrated over

the complete Fourier series within one cardiac cycle.

4.5.7. Conclusions

In summary, we used a novel approach to characterize two markers of the human retinal
circulation (vascular resistance and blood flow), by combining standard clinical tests,
quantitative static imaging techniques, and physiological modeling. We demonstrated that
these predictions correlate strongly with dynamic blood flow metrics, as offered by laser
speckle flowgraphy. We used these findings to generate autoregulation curves and estimated
that the lower autoregulation limit is well inside the range of clinical significance, both in
healthy subjects and in subjects receiving antihypertensive treatment. This suggests that
autoregulatory mechanisms in the retina are more effective in counteracting increases, rather
than decreases in perfusion pressure. Therefore, some retinas are more liable to
hypoperfusion than previously thought, even after relatively small intraocular pressure rises
or blood pressure drops. By using intraocular pressure stimulation, we showed that this lower

autoregulation limit prediction was in agreement with in vivo physiological observations.

These findings could enhance our understanding of the vascular component in ophthalmic
diseases and improve treatment decisions in patients with coexisting ophthalmic and
cardiovascular pathology, especially arterial hypertension. In particular, monitoring retinal
blood flow in longitudinal designs could elucidate the ‘chicken-egg’ dilemma in glaucoma,
according to which it is unknown whether reduced BF is the cause or consequence of RGC
death. Further studies are needed to assess the diagnostic value of this approach, its efficacy
in personalized intervention, such as antihypertensive treatment, and its applicability in other

vascular networks.
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5.1. Abstract

Purpose: We wanted to investigate the association of blood pressure (BP) status with the
ganglion cell-inner plexiform layer (GCIPL) and retinal nerve fiber layer (RNFL) thickness
of non-glaucomatous eyes and to elucidate whether this effect is related to vascular metrics

proxying retinal perfusion.

Methods: For this case-control study, we prospectively included 96 eyes of 96 healthy
subjects (age 50-65) from a large-scale population-based cohort in the northern Netherlands
(n =167,000) and allocated them to four groups (low BP, normal BP [controls], treated
arterial hypertension [AHT], untreated AHT). We measured macular GCIPL and RNFL
(mRNFL) and peripapillary RNFL (pRNFL) thicknesses with optical coherence tomography
(OCT). We estimated retinal blood flow (RBF), retinal vascular resistance (RVR), and
autoregulatory reserve (AR) from quantitative OCT-angiography, fundus imaging, BP, and
intraocular pressure. We compared structural and vascular metrics across groups and

performed mediation analysis.

Results: Compared to controls, GCIPL was thinner in the low BP group (P = 0.013), treated
hypertensives (P = 0.007), and untreated hypertensives (P = 0.007). Treated hypertensives
exhibited the thinnest MRNFL (P = 0.001), temporal pRNFL (P = 0.045), and inferior
PRNFL (P = 0.034). The association of GCIPL thickness with BP was mediated by RBF
within the combined low BP group and controls (P = 0.003), by RVR and AR within the
combined treated hypertensives and controls (P = 0.001, P = 0.032), and by RVR within the
combined untreated antihypertensives and controls (P = 0.022).

Conclusions: Inner retinal thinning was associated with both tails of the BP distribution and
with ineffective autoregulation. Longitudinal studies could clarify whether these defects can

explain the reported glaucomatous predisposition of these population groups.
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5.2. Introduction

Glaucoma is a chronic optic neuropathy characterized by thinning of the retinal nerve fiber
layer (RNFL), loss of retinal ganglion cells (RGCs), and progressive visual function decline.t
Although elevated intraocular pressure (IOP) is considered as the most important modifiable
risk factor, glaucoma may also manifest in those with apparently normal IOP (normal-tension
glaucoma [NTG]).2* Therefore, certain components of the disease remain elusive or

insufficiently addressed.

It has been proposed that low or unstable blood supply could lead to reduced oxygenation of
the RGCs.*® From a hemodynamic perspective, blood flow is determined by the balance
between ocular perfusion pressure (OPP) and vascular resistance.® Therefore, low blood
pressure (BP) could result in low OPP, thus increasing the risk for glaucoma incidence and
progression, possibly because of flow-mediated damage to the RGCs. Indeed, this has been
observed in some cross-sectional and longitudinal population-based studies.”'° However,
other studies do not confirm this finding, and there is also evidence that this association
becomes relevant only when low BP manifests as pronounced nocturnal dipping.*!2 On the
other hand, although arterial hypertension (AHT) is also frequently reported as a risk factor
for glaucoma, conflicting results exist on whether BP reduction exacerbates or protects from
glaucomatous optic neuropathy (GON), possibly depending on individual medication effects

and on how aggressive the treatment strategy is.*>2°

Current assessment of RGC structure is based on optical coherence tomography (OCT),
whereas its more recent extensions, OCT-angiography (OCTA) and Doppler OCT, enable the
noninvasive evaluation of retinal perfusion.?-23 These imaging modalities have already
revealed that, in glaucoma patients, reduced blood flow is associated with visual field (VF)
deterioration, independently of neural tissue damage.?*2° However, perfusion deficits could,
at the same time, be the cause (low supply) or consequence (low demand) of GON. This
realization is known as the ‘chicken-egg’ dilemma in glaucoma. Therefore, without first
establishing a clear picture of the baseline interplay between vascular risk factors (in this case
BP status), perfusion, and structure in healthy eyes, it is difficult to objectively assess GON

for a potential vascular component.
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The retinal microcirculation normally demonstrates the ability of autoregulation, i.e., active
modification of vascular caliber in response to local signals, keeping retinal blood flow
(RBF) essentially constant.?” This property protects the tissue from ischemia, in case of OPP
drops. BP status can interfere with this process: BP lowering brings subjects closer to their
lower autoregulation limit (LARL), thus at risk of hypoperfusion, whereas AHT may cause
endothelial damage and flow dysregulation.? In this study, we hypothesized an inverse U-
shaped association between BP status and structural OCT measures in nonglaucomatous eyes.
Although the detrimental effect of AHT to the RGCs and their axons has been previously
documented, this effect has not been studied in subjects with low BP, nor has it been
examined in combination with RBF autoregulation.?®-3? Studies until now have used linear
models to describe the association between BP and structural OCT measures, thus potentially
neglecting any signal coming from the left tail of the distribution.3334

Therefore, the aims of this study were to investigate the effect of low BP, treated AHT, and
untreated AHT on the inner retinal layer thicknesses of non-glaucomatous eyes and to
elucidate whether this effect is related to retinal perfusion and to crossing the lower limit of
RBF autoregulation. For this purpose, we performed multimodal structural and vascular
imaging in ophthalmically healthy normotensive controls, treated arterial hypertensives, and
individuals belonging to the lower and higher (untreated) tails of the BP distribution.
Participants were selected from the large-scale population-based Lifelines cohort, which
enabled us to study the real extremes, especially from the low BP tail, in an unbiased manner.

5.3. Methods

5.3.1. Study Design and Population

For this cross-sectional, case-control study, we prospectively recruited subjects via targeted
invitation among the participants of a large-scale prospective cohort study of the northern
Netherlands (Lifelines Biobank; n = 167,000).%® Subjects were invited solely on the basis of
their BP status and age. After a strict selection procedure, 105 participants between 50 and 65
years of age satisfied both the BP criteria (see next paragraph) and the ophthalmic and
medical history inclusion criteria: unoperated eyes; best-corrected visual acuity > 0.8;

spherical refractive error between -3 and +3 D; cylinder not exceeding 2 D; IOP <21 mmHg
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(non-contact tonometer Tonoref II; Nidek, Aichi, Japan); no reproducibly abnormal VF test
locations (Frequency Doubling Technology [C20-1 screening mode]; Carl Zeiss, Jena,
Germany); no family history of glaucoma; no ophthalmic, hematologic, or cardiovascular
disease (except for AHT), and no diabetes. We performed additional documentation of
ophthalmic health with the subsequent imaging sessions (see 5.3.3). We allocated participants
to one of four non-overlapping groups: (1) low BP, (2) normal BP (controls), (3) treated
AHT, and (4) untreated AHT (see next paragraph).

All participants provided written informed consent. The ethics board of the University
Medical Center Groningen approved the study protocol (no. NL61508.042.17). The study

followed the tenets of the Declaration of Helsinki.

5.3.2. Blood Pressure Group Definitions

We defined low BP (group 1) as both systolic and diastolic BP (SBP, DBP) lower than the
10th percentiles of the Lifelines Biobank age-matched population (110 mmHg and 65 mmHg,
respectively), without any AHT record. This criterion had to be confirmed on at least two
previous, separate occasions (ascertaining that subjects truly belonged to the tail of the
distribution and did not regress towards the mean). We defined untreated AHT (group 4)
similarly, with the criteria being both SBP and DBP higher than the 90th percentiles of the
Lifelines Biobank age-matched population (149 mmHg and 88 mmHg, respectively), verified
at least twice previously. Subjects of this group were aware of their BP status, but never made
use of antihypertensive medication, by choice. For the aforementioned groups, recruitment
started from the tails of the SBP and DBP distributions (outside the first and ninety-ninth
percentile), moving upwards towards the tenth percentile bound for group 1 and downwards
towards the ninetieth percentile bound for group 4. For treated AHT (group 3), we randomly
invited participants documented as receiving (and still making uninterrupted use of)
antihypertensive medication for at least one year. Lastly, we defined normal BP (group 2) as
both SBP and DBP within 1 standard deviation (SD) from the mean of the age-matched
population (SBP: 113 mmHg to 143 mmHg and DBP: 67 mmHg to 85 mmHg, measured on

site) and no previous record of AHT.

For all groups, recruitment ended upon group completion or upon unavailability or

unresponsiveness of participants with the required characteristics. Specifically, the power
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analysis for a one-way ANOVA design (power, 0.8; alpha level, 0.05; effect size f, 0.35;

groups, 4) recommended 24 subjects per group, which was rounded up to 25.

The definitions used for group 1 (low BP) and group 4 (untreated AHT) are based on
predetermined cutoffs of an otherwise continuous variable (BP), based on multiple previous
measurements. To verify the robustness of statistical findings and allow for direct comparison
with relevant studies, for these groups we also used the standard, cross-sectional definition,
based on the on-site BP measurement. Specifically, low/high SBP was defined as SBP
outside the 5th/95th percentile of the Lifelines Biobank population (105 mmHg and 155
mmHg, respectively). The same definition was used for low/high DBP (61 mmHg and 92

mmHg, respectively).

5.3.3. Data Collection

All participants were examined at the same time of the day (5:00 PM-6:30 PM) and were not
given any instructions regarding their routine before their visit. Following screening (see
previous section), we applied mydriatic drops that have been shown not to affect RBF
(tropicamide 0.5%).%® After the participants had rested in a quiet room for 20 minutes, we
recorded BP from the brachial artery, in sitting position, with an automatic monitor (Omron
M6 Comfort, Omron Healthcare, Kyoto, Japan). We averaged two readings, unless there was
a discrepancy of at least 10 mmHg in SBP or 5 mmHg in DBP, in which case we averaged

three readings. We also measured the weight and height of each participant.

For the imaging session, we selected, randomly if both eyes fulfilled the inclusion criteria,
one eye per participant. We performed macular and optic nerve head (ONH) structural OCT
imaging, as well as parafoveal OCTA (Canon HS100 SD-OCT; Canon, Inc., Tokyo, Japan).
The device automatically segments and quantifies macular RNFL (mRNFL) thickness and
ganglion cell-inner plexiform layer (GCIPL) thickness within a 10-mm diameter circular
region of interest (ROI) centered at the fovea (Fig. 1A), a region that has been shown to be
advantageous over the commonly used 5-mm diameter ROl for mRNFL measurements.*’ It
also reports peripapillary RNFL (pRNFL) thickness at a 3.45-mm diameter circle centered at
the ONH (Fig. 1B). We further subdivided pRNFL into temporal, superior, nasal, and inferior
and also recorded values for the neuroretinal rim (NRR) area and the vertical cup-to-disc ratio
(VCDR). We additionally acquired two 6 x 6 mm OCTA scans centered at the fovea (Fig.
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1C). We required an image quality of 7/10 or better, as well as the absence of any artifacts or
segmentation errors for all OCT and OCTA scans, resulting in the exclusion of 9 out of the
105 subjects.

After registering and binarizing the signal of the en face OCTA images, we calculated the
fractal dimension (FD) of the superficial vascular plexus, inside a 3-mm diameter circle
centered at the fovea (Fig. 1C). We have previously provided details on FD and its
calculation, as well as on the specifications and repeatability of the Canon OCTA .23 |n
short, FD represents the complexity of the branching pattern and is lower in conditions with

sparser vasculature, such as glaucoma.*

Lastly, we acquired two 45° high-quality and artifact-free fundus images (TRC-NW400;
Topcon Corporation, Tokyo, Japan), centered at the ONH (Fig. 1D). For Gullstrand’s
schematic eye, that is, not accounting for variations in corneal curvature or axial length and
assuming a distance of 17 mm between the secondary nodal point and the retina, the
resolution of this camera is ~6.9 um per pixel. For each image, we derived the central retinal
artery and vein equivalents (CRAE, CRVE; i.e., diameters) using the standardized Knudtson-
Parr-Hubbard iteration, whose details and validation can be found elsewhere.3#! In short, we
back-calculated vessel diameters using the six largest arteriolar and six largest venular
branches, identified within a ring centered at the ONH (2 and 3 optic disc diameters). We

recorded the average CRAE and CRVE of two images.

Ficure 1. Structural (A, B) and vascular (C, D) regions of interest. (A) The mRNFL and GCIPL thicknesses measured within the larger (10
mm diameter) circle centered at the fovea, excluding the innermost 1 mm diameter circle and the nasal sector of the outer ring. (B) The
pRNFL measured at a circle of 3.45 mm diameter centered at the ONH. (C) OCT-A scan of 6 x 6 mm centered at the fovea. Signal intensity
inside the innermost 3-mm diameter circle is binarized in flow (black) and non-flow (white). (D) A 45° fundus image centered at the ONH.
The six largest arterioles and six largest venules between rings of two and three optic disc diameters are marked in blue.
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5.3.4. Retinal Blood Flow and Lower Autoregulation Limit

We calculated total retinal vascular resistance (RVR) using the measured FD, CRAE, and
CRVE of each participant, as well as population-based hematocrit values (Lifelines Biobank),
adjusted for age, sex, and blood pressure status. We have previously documented the
mathematics behind this Poiseuille-based model and its validation in vivo, by means of Laser
Speckle Flowgraphy (LSFG).384? Subsequently, we computed total RBF, using RVR and
retinal perfusion pressure (RPP), a more precise estimation of OPP for the retinal

circulation:®®

RBF = — )

where RPP = (0.39-MAP + 10.1) - IOP mmHg and MAP = %SBP + %DBP is the mean

arterial pressure.

We defined LARL as the lowest RPP value for which RBF can be maintained constant (Fig.
2). At this critical point, the vasculature has reached its maximal autoregulatory capacity and
any further pressure drop will not trigger compensatory vasodilation, resulting in flow

reduction. We have previously shown and experimentally validated, by means of LSFG, that

LARL can be approximated as:
LARL =RBF-RVR, ., 2)

where RVRmax is an upper bound

observed in a population.®

autoregulation

In this study, we defined RVRmax as the range
95th percentile of the RVR distribution.

RBF (a.u.)

L_T_l

autoregulatory
reserve

Due to the possible occurrence of

structural remodeling in retinal vessels

autoregulation curve
B measured RPP
B lower autoregulation limit

belonging to subjects with AHT, we
separated the RVR distributions of the

RPP (a.u.)
nOﬂ-hprrthSlveS (grOUpS 1 and 2) and Ficure 2. Theoretical autoregulation curve (axes in arbitrary units).
h . 3 d 4 6 RBF is displayed as a function of RPP. Within the autoregulation
ypertenS|Ves (groups an ) range, blood flow is maintained constant. The distance of the actual

(measured) RPP from the LARL is the AR.
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Lastly, for each participant, we defined the autoregulatory reserve (AR) as the difference
between measured RPP and predicted LARL (Fig. 2).

5.3.5. Statistical Analysis

This study is divided in three parts. For the first part of the analysis (structural OCT analysis),
to establish the existence of a U-shaped association (if any), we univariably compared
structural OCT metrics (MRNFL, GCIPL, and pRNFL) between the four BP groups, without
accounting at this point for any vascular factors. For the second part of the analysis, to
investigate whether any vascular factors could possibly explain this association, we
univariably compared RVR, RBF, and AR between the groups. For the last part of the
analysis, we performed mediation analysis to examine whether the vascular metrics lie in the
explanatory pathway of the relationship between MAP and the structural OCT metrics that
were significant in the first part of the analysis. All analyses were initially performed using
the recruitment BP definitions and were reiterated using the standard, cross-sectional
definitions based on the fifth and ninety-fifth percentiles of the SBP and DBP distributions
(see 5.3.2).

We described normally distributed variables with the mean and standard deviation (SD) and
variables with a skewed distribution with the median and interquartile range (IQR). We used
one-way ANOVA with post hoc tests for group mean comparisons, adjusting for potential
confounders. To account for multiple testing, we implemented the Tukey HSD correction.
We applied Levene’s test to check for equality of variances. Whenever ANOVA assumptions
were not met, we used nonparametric tests, Welch’s one-way ANOVA with the Games-

Howell correction, or quantile regression.

To determine a mediation effect, we used Baron and Kenny’s mediation steps.*® In short, a
vascular factor M was considered a mediator of the effect of MAP (X) on structural OCT (Y),

if the following were true in linear regression analysis:

a) X was a significant predictor of Y (Y~X).

b) X was a significant predictor of M (M~X).

¢) When M was added to the model (Y~X+M), M was a significant predictor of Y and
the significance of X as a predictor of Y was reduced.


https://paperpile.com/c/88P8tp/AKgk

Chapter 5: Blood Pressure, Retinal Perfusion, and Structural OCT

We verified these findings by using the Sobel test for indirect effects. Mediation analysis was
performed separately for the low BP group together with the controls, the treated AHT group
together with the controls, and the untreated AHT group together with the controls. RBF,
RVR, and AR were examined as potential mediators.

All analyses were performed using R (version 3.3.3; R Foundation for Statistical Computing,
Vienna, Austria) and SPSS (version 26; IBM Corp., Armonk, NY). A P value of 0.05 or less
was considered statistically significant.

5.4. Results

In total, 96 eyes of 96 subjects fulfilled all the criteria and were included in the analysis.
Table 1 displays the characteristics of the population, stratified by BP status. Sex and body
mass index (BMI) were significantly different between groups, aside from BP. As expected,
the low BP group comprised almost exclusively females, whereas higher BMI was present in
the hypertensive groups.**“® Other factors that could affect the comparisons, such as age,

IOP, spherical equivalent (SEQ), and ONH area, were similar between groups.

Tasie 1. Characteristics of the Study Population

Group 1 Group 2 Group 3 Group 4

{Low BP) {Normal BP) (Treated AHT) {(Unireated AHT) P Value
Group size (N) 31 21 26 18
Age (y), mean (50) 56.1 (4.4) 55.9 (4.7 56.4 (4.8) 57.2 (4.6) 0.81
Sex, % female 93.5 47.6 42.3 44 4 <=0.001
SBP (mm Hg), mean (SD) 106 (9) 126 (6) 142 (18) 159 (22) <0.001
DBP (mm Hg), mean (SD) 66 (G) 79 (6) 86 (11) 99 (8) <0.001
BMI (kg - m~2), median (IQR) 22,1 (21.2 to 24.3) 23.3 (22.1 to 26.5) 26.9 (24.7 to 29.8) 27.3 (24.3 to 28.4) <0.001
Smoking, % exposed 226 38.1 30.8 389 0.57
IOP (mm Hg), mean (50) 13.9 (3.0) 13.2 (3.1) 14.3 (3.0) 14.6 (3.7) 0.56
SEQ (D), mean (SD) —0.10 (1.41) 0.27 (1.67) —0.23 (1.55) —0.68 (1.69) 0.51
ONH area (mm?), median (IQR) 1.89 (1.69 to 2.24) 1.96 (1.71 to 2.20) 1.94 (1.72 to 2.31) 200(1.78 to 2.29) 0.75

5.4.1. Structural Metrics

Table 2 and Figure 3 present the comparison of structural OCT metrics across the four BP
groups (recruitment BP definitions). Adjusted post hoc comparisons revealed that, compared
to the controls, GCIPL was significantly thinner in the low BP group (Pagj = 0.013), the
treated AHT group (Pagj = 0.007), and the untreated AHT group (Pagj = 0.007). The mRNFL
was also thinner, but this was only significant for the treated AHT group (Pagj = 0.001).
Interestingly, mRNFL in treated hypertensives was even significantly thinner than in
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untreated hypertensives (Pagj = 0.033). Figure 3 shows the characteristic (inverse) U shape for
the macular OCT metrics. There was no clear effect of BP group on the mean pRNFL, the
NRR area, or the VCDR. However, treated hypertensives had a thinner temporal pRNFL
(Padj = 0.045) than normotensives. Also, inferior pRNFL was borderline thinner in subjects

Taere 2. Structural OCT Metrics as a Function of BP Status

Group 1 Group 2 Group 3 Group 4
(Low BP) (Normal BP) (Treated AHT) (Untreated AHT) P value
GCIPL (pm), mean (SD) 53.6 (2.7) 56.2 (3.00 53.4 (3.3) 53.1(2.5) 0.002
mRNFL (pm), mean (SD) 37.7 (3.3) 39.8 (3.4) 36.0 (2.8) 38.7 (3.4) 0.001
Total pRNFL (pm), mean (SD) 99.4 (8.2) 103.1 (10.1) 96.9 (9.2) 100.3 (8.8) 0.14
Temporal pRNFL (um), mean (SD) 71.8(10.5) 74.0 (8.1) 65.5 (9.5) 726 (15.3) 0.038
Superior pRNFL (um), mean (SD) 119.6 (14.7) 124.1 (16.7) 119.5 (13.5) 126.1 (16.6) 0.36
Nasal pRNFL (pm), mean (SD) 82.2(11.2) 80.6 (14.1) 814 (11.4) 80.6 (14.0) 0.96
Inferior pRNFL (pm), mean (SD) 124.5 (12.9) 134.0 (13.3) 122.7 (14.3) 121.5 (15.7) 0.019
NRR area (mm*), median (IQR) 1.43 (1.21 to 1.63) 1.37 (1.27 1o 1.74) 1.35(1.18 to 1.64) 1.52 (1.41 to 1.69) 0.50
VCDR, median (IQR) 0.54 (0.42 to 0.60) 0.49 (0.39 0 0.55) 0.47 (0.42 to 0.60) 0.51 (0.39 to 0.59) 0.82
85 Pig=0.013 p.:]omr
[ g Pyq = 0.007 |
60
3
s 4
E_' 55 m
= |t |
0 @
a
m ; )
45
Low BP Mormal BP Treated AHT Untreated AHT
50 Pg = 0.033
45
Ew
-t
w
£
E 35
30
25
Low BP Mormal BP Treated AHT Untreated AHT
120
110 I
=]
£ ° :
5100 &
1
w
g
: w s
80
70

Low BP Mormal BP Treated AHT Untreated AHT

Figure 3. GCIPL, mRNFL, and pRNFL as a function of BP status. Significant differences after post hoc comparisons (adjusted for multiple
testing} are marked. The thicker layers observed in the control group (normal BP) than in the low BF or AHT groups create a characteristic
(inverse) U shape.
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with low BP (Pagj = 0.083) and clearly thinner in both treated and untreated hypertensives
(Padj = 0.034 and 0.033, respectively). Sex, SEQ, and BMI did not confound any of the
associations (all P values > 0.05) and this was still true after the omission of any group from
the analysis.

The structural comparisons using the 5th/95th percentile definition cutoffs are presented in
Supplementary Tables S4 (SBP) and S5 (DBP). Associations were consistent and adjusted
significances remained essentially unchanged.

5.4.2. Vascular Metrics

Figure 4 displays the vascular outcome variables (RBF, RVR, and AR) as a function of BP
status (recruitment BP definitions). For reference, Table 3 presents RPP, hematocrit, and the
components measured by fundus imaging (CRAE, CRVE) and OCTA (FD) that were used in

the calculation of the vascular outcome variables.

There were differences in RBF between groups (P = 0.034), but after adjusting for multiple
comparisons RBF was only significantly lower in the low BP group when compared to the
untreated AHT group (Pagj = 0.043). RVR was also different between groups (P = 9.0-1079),
with the additional presence of a larger variance in the treated AHT group (Levene’s test: P =
0.002). With regards to AR, the unequal variances were also statistically significant
(Levene’s test: P = 0.0002), showing that, unlike any other group, treated hypertensives could
have either a large or a small AR. As can be better seen in Figure 5 and Supplementary Table
S6, the low BP group had a significantly smaller AR than the control group, regardless of AR
quantile compared. Conversely, the untreated hypertensives had a significantly larger AR
than the control group, regardless of quantile compared. However, there was a mixed
response in the treated AHT group: the AR was significantly smaller than that of the controls
for small quantiles, although it was similar or larger for larger quantiles. In addition,
correlation analysis within the treated AHT group revealed that the smaller AR quantiles
corresponded to the lowest MAP values (Pearson’s r = 0.45, P = 0.020), that is., to the most
intensively controlled hypertensives. Again, sex, SEQ, and BMI did not confound these
associations. The use of the fifth/ninety-fifth percentile-based BP definitions resulted, again,

in almost identical findings (data not shown).
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Fiaure 4. Absolute total RBF, BVR, and AR as a function of BP status. Significant differences after post hoc comparisons (adjusted for
multiple testing) are marked. With increasing BF, RBF increases less than RVR, resulting in an autoregulation effect visible in the first panel.
A statistically significant larger variability is observed for the AR of treated hypertensives (thind panel), suggesting that subjects in this group
can be very close or very far from the lower autoregulation limit.

TasLe 3. Components Used in the Calculation of Vascular Outcomes, as a Function of BP Status

Group 1 Group 2 Group 3 Group 4

(Low BP) (Normal BP) (Treated AHT) (Untreated AHT) P value
RPP (mm Hg), mean (5D) 27.2(29) 33.8 (4.1) 36.6 (4.7) 42.0 (4.9) <0.001
Hematocrit, mean (SD) 0.408 (0.025) 0.428 (0.025) 0,427 (0.026) 0.441 (0.025) <0.001
CRAE (pm), mean (SD) 172 (12) 162 (12) 154 (13) 147 (7) <0.001
CRVE (pm), mean (SD) 228 (17) 228 (16) 229 (18) 222(12) 0.49
OCT-A FD, mean (5D) 1.626 (0.005) 1.626 (0.007) 1.625 (0.006) 1.626 (0.006) 0.85

" Data from Lifelines. Individualized values adjusted for age, sex, and BP status were used.
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Figure 5. Quantile regression models for AR at each BP status. Parameter estimates (y-axis) represent the relative AR (compared to controls)
for every AR decile (x-axis). Low BP individuals (/eft panel) have a smaller AR than controls (y < 0), whereas individuals with untreated AHT
(right panel) have a larger AR than controls (y > 0). Individuals with treated AHT (middle panel) have a smaller AR only when intensively
treated (leftmost deciles).

5.4.3. Mediation Analysis

Results from mediation analysis regarding the effect of BP status on GCIPL are presented in
Table 4 (recruitment BP definitions). RBF was mediating the association of GCIPL with BP
within the combined low BP group and controls, while RVR was mediating the same
association within the combined untreated AHT group and controls. RVR and AR were both
independently mediating the association of GCIPL with BP within the combined treated AHT
group and controls. In the complete model (GCIPL~MAP+RVR+AR), which accounts for
the covariance between RVR and AR, the opposite, real effect of AR became visible, that is,
small AR was associated with thinner GCIPL (see Discussion section). We did not observe

any vascular mediation for the effect of BP status on RNFL metrics.

TasLe 4. Effect of BP Status on GCIPL: Mediation Analysis

Controls + Low BP Controls + Treated AHT Controls + Untreated AHT
(Group 2 + Group 1) {Group 2 + Group 3) (Group 2 + Group 4)
Effect P Effect P Effect P
Mediation Step 1
GCIPL ~ MAP byap = 0.09 0.052 byap = —0.10 0.043 byap = —0.07 0.032
Mediation Step 2
RBF ~ MAP buar = 0.27 0.020
RVR ~ MAP buar = 0.005 0.008 byar = 0.005 0.0003
AR ~ MAP byap = 0.17 0.015
Mediation Step 3
GCIPL ~ MAP + RBF buap = 0.05 0.30
brer = 0.16 0.003
GCIPL ~ MAP + RVR byar = —0.04 0.42 byapr = —0.03 0.51
bryr = —11.87 0.001 bpyr = —10.23 0.022
GCIPL ~ MAP + AR byap = —0.06 0.21
bar = —0.21 0.042
GCIPL ~ MAP + RVR + AR byap = —0.04 0.40
brpve = —27.37 0.001
bar = 0.47 0.032
Sobel test 0.059 RVE: 0.041; AR: 0.095 0.031

Supplementary Tables S7 and S8 present the results of the same mediation analysis, using the

fifth/ninety-fifth percentile-based BP definitions. Interestingly, similar associations, but with
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slightly different patterns were present in the GCIPL-SBP analysis (Table S7) versus the
GCIPL-DBP analysis (Table S8). Although low RBF can account for the association of low
SBP with GCIPL thinning, it does not account as much for the association of low DBP with
GCIPL thinning. In addition, in the AHT groups, DBP is a more important determinant of
RVR and AR, compared to SBP.

5.5. Discussion

In this study, we reported three main findings. In the first part of the analysis (structural OCT
analysis) we uncovered an inverse U-shaped association between blood pressure status and
OCT metrics (GCIPL and RNFL), with both low and high blood pressure being associated
with thinning of the inner retinal layers. In the second part of the analysis (analysis of
vascular metrics), we showed that, despite the existence of retinal blood flow autoregulation,
only a small autoregulatory reserve is present in individuals with low blood pressure, as well
as in individuals with intensively treated arterial hypertension. In the last part of the analysis
(mediation analysis) we showed that this compromised capacity for retinal blood flow
regulation explains (mediates) the effect of blood pressure status on the GCIPL.

5.5.1. Low Blood Pressure

This is, to our knowledge, the first study to uncover an association between low BP and

thinning of the inner retina in ophthalmologically healthy subjects. This relationship and its
vascular mediation were more pronounced for the GCIPL, which has been shown to be the
main layer of early NTG manifestation.*® In addition, the association was entirely mediated

by RBF (no effect of sex, BMI, or other confounders in our population).

Indeed, we have previously shown that LARL for subjects without AHT corresponds to a
realistic SBP/DBP of ~105/65 mmHg (or even higher if IOP is above average).® Because, in
the present study, the average BP reading for the low BP group was at 106/66 mmHg, our
finding that this group had a borderline lower RBF (Fig. 4, Table 4) and a considerably
smaller AR (Fig. 5, Supplementary Table S6) than controls is in line with our estimations and

the general concept of autoregulation.
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Population studies have failed to report this association between low BP and GCIPL
thickness, possibly because of the implementation of linear models, but an explanation due to
differences in genetic background cannot be excluded.**** However, nonlinear models were
used is studies with glaucoma as the outcome measure and, in line with our findings, there is
evidence for the existence of increased glaucoma risk with low, usually diastolic or nocturnal,
BP.7710124748 It js unknown why low DBP appears to be more frequently associated with
glaucoma risk than low SBP.%1%1247 |n a study linking nocturnal DBP dips with glaucoma
progression, Kwon et al. argued that DBP might better reflect retinal tissue perfusion, which
mainly occurs during diastole.*® That said, this finding is not consistent and could be
ethnicity-dependent, since the Barbados Eye Study and the Early Manifest Glaucoma Trial
(EMGT) reported that lower baseline SBP increases the risk for glaucoma incidence or
progression.”® In our study, daytime mean RBF could not account for GCIPL thinning
associated with low DBP, further pointing towards the need to study the specific properties of

blood flow during diastole or during DBP dips.

An intriguing observation is that some studies that use BP binning report unfavorable
glaucoma outcomes already manifesting at a population level at apparently normal BP values
(e.g., SBP <125 mmHg in the EMGT or the first quartile of DBP in the Singapore Malay
Eye Study).”® The Los Angeles Latino Eye study found that a trend for increased glaucoma
prevalence starts at DBP < 71 mmHg, but reported strong evidence only for DBP <61
mmHg, which corresponds approximately to the fifth DBP percentile in our population.® In
our study, we used two different BP binning definitions: one using prospective recruitment
criteria based on multiple previous measurements consistently outside the first and ninth BP
deciles and one using the standard, cross-sectional fifth and ninety-fifth BP percentile cutoffs.
Results were insensitive to the definition chosen and therefore could help interpret the

findings of these population studies.

An interesting, albeit not unexpected, observation regarding the low BP group is the fact that
it predominantly comprises females whose BMI is on the lower side. This description
matches the central traits of a particular phenotype, sometimes referred to as ‘Flammer
syndrome’, which has been shown to be associated with NTG, likely owing to deficient RBF

or vascular dysregulation.®°

As also expected, the same group was characterized, on a population basis, by lower
hematocrit values. Hematocrit affects blood viscosity, which, in turn, affects RVR and RBF,
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something that has been accounted for and validated in our estimations.®°! Not accounting
for the correlation of BP with blood viscosity would erroneously underestimate RBF in the
low BP group and overestimate RBF in the hypertensive groups. As such, the viscosity-
related indirect effect on structural OCT measurements is actually incorporated in the
complete vascular mediation effect presented in Table 4. It is a matter of debate in
cardiovascular medicine whether BP is actively modified to compensate for this general
effect of hematocrit on organ blood flow.> Hyperviscosity has been linked in the past to
increased glaucoma risk, but, in our study, we did not find a protective effect of low
hematocrit for the low BP group.5%¢ We hypothesize that, due to the stratification of the
groups according to BP status and the range of BP examined, BP is the dominant player in
our population and a protective effect of hypoviscosity, if any, is masked by the detrimental
effect of low BP. Future studies with appropriate, controlled design are needed to elucidate

this ambiguity.

5.5.2. Hypertension

Despite a slightly higher RBF and a considerably higher AR (Figs. 4 and 5), untreated
hypertensives had thinner GCIPL, which has also been shown to be the location of first
progression in glaucoma patients with AHT.*® This was mediated by RVR (Table 4), i.e., the
negative effect of increased BP to the GCIPL is explained by increased vascular resistance
(but not by reduced blood flow - see below). Nevertheless, it was the treated AHT group that
exhibited the most pronounced thinning and this was present in the majority of structural
OCT metrics (GCIPL, mRNFL, temporal pRNFL, inferior pRNFL). For this group, GCIPL
thinning was independently mediated by RVR and AR (Fig. 5, Table 4). In the univariable
models, large RVR and large AR were both associated with thinner GCIPL, because of
substantial covariance. After controlling for the confounding effect of RVR, small AR was
associated with thinner GCIPL. This suggests that, in treated AHT, a combination of
increased resistance and being close to the autoregulatory tipping point explain the negative
effect to the GCIPL.

GCIPL thinning without a decrease in RBF seems counterintuitive. However, even when total
RBF is largely unaffected, increased RVR results in increased blood velocity (i.e., reduced
transit time), shunting of flow, and reduced capillary density.5”*® This could affect red blood

cell distribution and retinal oxygen extraction. Smaller AR was additionally present in
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intensively treated subjects (Fig. 4C, Fig. 5, Supplementary Table S6), which could mimic
low BP and lead to hypoperfusion of the RGCs. In this regard, our results reflect a possible
effect of the combined rightward shift of the autoregulation curve (due to atherosclerosis and
arteriosclerosis) and the variations of the measured RPP (Fig. 2), due to BP fluctuations
throughout the day. Last, chronic AHT also results in endothelial dysfunction and, therefore,

impaired autoregulation.®®

A number of previous studies have also shown an effect of AHT on GCIPL and RNFL
thickness.?>2%-32 However, some population-based studies did not detect this relationship.3334
Again, study design and analysis methods seem to be the most likely explanations for this
discrepancy. Regarding glaucoma risk, the role of AHT is controversial. Most evidence
points towards at least some benefit of timely AHT treatment, possibly due to the prevention
of microvascular damage, in combination with a slight IOP lowering.t3% However, it has
been suggested that aggressive treatment of AHT, resulting in low DBP, could negatively
affect glaucoma and we observed a structural effect with the same direction in this healthy
population.** The confounding contribution of individual antihypertensive medications,

whether neuroprotective or detrimental, remains inconclusive.>1°

In all, the existence of thinner GCIPL in both low BP and AHT creates the characteristic
inverse U-shaped association. Although, theoretically, structural thinning could be attributed
to thinner and sparser vasculature contributing to the OCT layer segmentation, it is highly
unlikely that this U-shaped association is artificial for two reasons. Firstly, the low BP group
had significantly lower RVR, due to significantly broader vascular caliber. This would have
led to overestimation, if anything, rather than underestimation of structural metrics.
Therefore, caliber-related segmentation inaccuracies cannot explain this U-shaped
association. Second, associations remained identical before and after compensating for these
anatomic confounders in a recent study on antihypertensive medication.*® The effect of image
magnification is also likely negligible, since only mildly ametropic eyes (-3 D to +3 D, see
5.3.1) were included and SEQ was similar between groups. Indeed, using the SEQ values
reported in Table 1, it can be estimated that the error in the observed differences attributed to
magnification is 0.6% to 1.5%.% SEQ was also never significant when adjusted for as a

potential confounder, further corroborating this claim.
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5.5.3. Study Strengths and Limitations

The main strength of this study was the strict selection process which allowed us to look at
the true extremes of BP. This reduces the noise that usually characterizes larger population
studies and results in indirect loss of power. In addition, our linearity-free assumptions and
the categorizing of BP (rather than considering it as a continuous variable) allowed us to
differentiate between BP status and uncover a U-shaped association that was previously
elusive. Last, to our knowledge, this study is the first to provide a rigorous explanation of the
differential effect of BP status on retinal structure, by directly linking it to total RBF and its

autoregulation.

With regards to limitations, there is certainly error associated with RBF, RVR, and AR
estimations in the second and third part of our study. In the absence of a gold standard way to
quantify these variables, it is difficult to predict the deviation from their actual values.
Overall, the physiological component of these variables can be seen in our results and the
range of values we report is in very good agreement with that reported in Doppler OCT
studies.®?%7 In addition, we have previously shown, in an independent population, that these
outcomes strongly correlate with in vivo blood flow metrics, as assessed by LSFG.%
Compared to Doppler OCT or LSFG, our approach has the advantage of using more
reproducible imaging techniques to quantify vascular caliber and, most importantly, allows
for estimation of autoregulation limits. However, it is likely inferior in estimating blood
velocity, since velocities are inferred from the calculation of pressures, calibers, viscosities,
and branching complexities (see Table 3), rather than directly measured. Combining these
methods could therefore further finetune estimations.

It should be also noted that our approach provides information on the effect of static RBF
autoregulation, but it is possible that BP status also results in impairment of the
autoregulatory latency, that is, dynamic autoregulation, which our study cannot evaluate. As
such, our results might only be part of a bigger underlying effect. Similarly, the absence of
24-hour BP monitoring could also result in underestimation of the true effect, since, as
already mentioned, individuals in the risk groups might also be prone to nocturnal
hypotension.'? We postulate that these unobserved variables might explain why structural
differences were more pronounced than differences in RBF. Because of the cross-sectional

nature of our study, absence of data on the first occurrence of AHT is a limitation. However,
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our threshold of an at least one-year-old diagnosis, together with the selection procedure
using multiple previous visits from another database, ensured no newly-diagnosed cases
(almost all cases had been diagnosed before at least three years). Last, our population was
predominantly Caucasian; it is to be determined whether the results can be generalized to

other ethnicities.

5.5.4. Further Considerations

From a theoretical standpoint, there exists a point in the predisease time course when the very
first vascular deficits or the very first structural deficits manifest. A subsequent causal
cascade of events would then result in further mutually mediated vascular and structural
deterioration, sometimes leading to a glaucoma diagnosis. In this regard, one novelty of this
study lies in demonstrating that interdependent structural and vascular deficits related to a
long-debated cardiovascular risk factor (especially low BP) can even be traced back to whom
we perceive as ophthalmologically healthy subjects. Therefore, while this cross-sectional
study cannot fully resolve the ‘chicken-egg’ dilemma (we showed that vascular deficits are
present without glaucoma, but not necessarily without smaller structural deficits), it provides
evidence towards a possible pathophysiological mechanism that warrants further

investigation.

Related to that, a similar mediation analysis approach has revealed that structural deficits
mediate, in turn, the effect of vascular deficits on glaucoma risk itself.%® Interestingly, the
structural deficits that we report were much more prominent on the macular OCT scans than
the ONH scans. It is possible that the initial spatial manifestation of glaucomatous-like
damage attributed to vascular factors (NTG phenotype) differs from that of high-tension
glaucoma.*® However, the subject matter is much more complex, since it is beyond doubt that
the pathology of NTG itself is still highly dependent on 10P levels and thus vascular etiology
is likely only secondary.®® Therefore, with the existing evidence, vascular factors should be
regarded as additional risk factors, rather than primary driving forces in glaucomatous
pathogenesis. The key question for future research is which vascular outcomes can identify

increased vulnerability to structural/functional deficit onset and progression.

We would like to stress here that, since there are benefits to intensive BP control with regards

to cardiovascular disease, our results should only be seen as such and should not be
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considered as a case for milder treatment of AHT in general.’®"* However, since a J- or U-
shaped effect is reported in both fields when intensive treatment becomes too intensive, it
could be a starting point for discussion with cardiologists in individual cases where, for
example, glaucoma continues to deteriorate despite adequate IOP control.”

In conclusion, on examination of structural metrics, we uncovered a previously elusive,
inverse U-shaped thinning of the GCIPL and RNFL associated with both tails of the blood
pressure distribution and with intensive treatment of arterial hypertension, in
ophthalmologically healthy individuals. Upon subsequent examination of vascular metrics,
we additionally found that GCIPL thinning was differentially associated with reduced retinal
blood flow, increased vascular resistance, or insufficient static autoregulatory capacity,
depending on blood pressure status. It remains to be seen whether these defects could explain
the recurring epidemiological finding of increased glaucoma risk in certain population
subgroups, especially subjects with nocturnal blood pressure dipping or intensively treated

arterial hypertension. Longitudinal studies are needed to examine this postulation.
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Chapter 6: Blood Pressure and Retinal Oxygenation

6.1. Abstract

Purpose: To compare retinal oxygen delivery (DO>) and oxygen extraction (VO>) in
ophthalmologically healthy subjects with different blood pressure (BP) status.

Methods: In this case-control study, we prospectively included 93 eyes of 93 subjects (aged
50-65 years) from a Dutch cohort (n = 167,000) and allocated them to four groups (low BP,
normal BP [controls], treated arterial hypertension [AHT], untreated AHT). We estimated
vascular calibers from fundus images and fractal dimension from optical coherence
tomography angiography scans. We combined calibers, fractal dimension, BP, and
intraocular pressure measurements in a proxy of retinal blood flow (RBF), using a Poiseuille-
based model. We measured arterial and venous oxygen saturations (S.O2, SvO2) with a
scanning laser ophthalmoscope. We calculated the DO> and VO> from RBF, S:0O2, and S,0O..
We compared the DO and VO between groups and investigated the DO2-VO; association.

Results: DO and VO were different between groups (P = 0.009, P = 0.036, respectively). In
a post hoc analysis, the low BP group had lower DO; than the untreated AHT group

(P =4.9-10%). The low BP group and the treated AHT group had a lower VO3 than the
untreated AHT group (P = 0.021 and P = 0.034, respectively). There was a significant DO3-
VO; correlation (Robs = 0.65, bobs = 0.51, P = 2.4-10°12). After correcting for shared

measurement error, the slope was not significant.

Conclusions: The DO, and VO, were altered in ophthalmologically healthy subjects with
different BP status. Future studies could elucidate whether these changes can explain the

increased risk of ophthalmic pathologies in those subjects.

Translational relevance: Understanding the baseline interplay between BP, retinal

perfusion, and oxygenation allows for improved evaluation of retinal disease manifestation.
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6.2. Introduction

Blood pressure (BP) is implicated as a risk factor in the pathogenesis of several ophthalmic
diseases, including leading causes of irreversible blindness, such as glaucoma, age-related
macular degeneration, and diabetic retinopathy.? Although each disease is characterized by
distinct, complex pathogenetic mechanisms, the implication of blood flow and tissue
oxygenation is considered to be a common denominator.®> However, to this day, our

understanding of the influence of BP on the retinal oxygenation is largely incomplete.

It has long been known that the retina is a metabolically active tissue, thus prone to reduced
oxygen (O2) supply owing to hypoperfusion.*® Retinal blood flow (RBF) is mostly
responsible for the O2 supply of the inner retinal layers through the superficial and deep
capillary plexus.® By diffusion, RBF also has a modest Oz contribution to the photoreceptors.’
BP is a major determinant of RBF, but, at the same time, its transient and chronic effects are
dampened by tight autoregulatory mechanisms and vascular wall remodeling, which buffer
the O, volume delivered to the tissues (DO2).81% In addition, even when DOy is eventually
altered, human body tissues, including the retina, are still able to control the extraction of O
volume (VO2) from the circulation, up to a certain extent.1*1* Consequently, it is difficult to a

priori predict the effect of BP on retinal metabolism.

There is evidence that the concept of BP status could be more relevant to tissue oxygenation
than BP alone, at least for certain ophthalmic diseases, such as glaucoma or ischemic optic
neuropathy.***” A low BP (especially when presented as nocturnal dipping) can directly lead
to hypoperfusion, whereas a high BP can cause chronic damage to the endothelium, resulting
in RBF dysregulation.'®!® Moreover, antihypertensive treatment may or may not fully protect
the tissue from ischemic damage. This factor would depend on disease stage, on the
individual contribution of certain medications, or even on low BP targets.%?2 The latter could
bring the retinal vessels closer to their critical (lower) autoregulation limit, below which

significant hypoperfusion may occur.?®2°

Regardless, after the onset of any disease, it is almost impossible to disentangle the temporal
relationship between perfusion deficits related to BP status and tissue apoptosis. Impaired
oxygenation could simultaneously be the cause (decreased supply) and consequence

(decreased demand) of cellular death. Therefore, to understand the involvement of BP in
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retinal disease, it is important, as a starting point, to establish how chronic BP status affects

the oxygenation of the otherwise healthy retina.

The aim of this study was to compare absolute retinal O delivery and extraction in
ophthalmologically healthy subjects with low BP, normal BP (controls), treated arterial
hypertension (AHT), and untreated AHT. For this purpose, we used previously described
approaches to combine static imaging-based modeling of absolute RBF with dual-wavelength

retinal oximetry.

6.3. Methods

6.3.1. Study Design and Population

This is a cross-sectional, case-control study. We prospectively recruited subjects participating
in Lifelines Biobank, an ongoing cohort study of the northern Netherlands (n =~ 167,000).
The study comprised four groups, each one describing a distinct BP status: ‘low BP’ (group
1), ‘normal BP’ (Group 2), that is, controls, ‘treated AHT’ (group 3), and ‘untreated AHT’
(group 4). The group definitions were based on information from multiple (at least two)
previous visits. The exact definitions and rationale have been extensively described in our
recent study on the same population.?® In short, we required both the systolic and diastolic BP
(SBP, DBP) of subjects belonging to groups 1 and 4 to consistently belong to the lowest and
highest deciles of the Lifelines distribution, respectively. We also required both SBP and
DBP in group 2 to fall no more than 1 standard deviation (SD) away from their means. Last,
for subjects in group 3, we required uninterrupted use of antihypertensive medication for at
least the past year. Invitations were sent to participants between 50 and 65 years old
satisfying these BP criteria. Subjects that responded to our invitation underwent further
screening for ophthalmic conditions and a general medical history interview. For each study
group, the achievement of predetermined power levels (or lack of participant availability)

was considered as the end of the recruitment.

We excluded participants with best-corrected visual acuity less than 0.8 (20/25), spherical
refractive error larger than +3 diopters (D) or -3 D, cylinder exceeding 2 D, IOP higher than
21 mmHg (noncontact tonometer Tonoref Il, Nidek, Aichi, Japan), reproducibly abnormal

visual field test locations (Frequency Doubling Technology [C20-1 screening mode], Carl
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Zeiss, Jena, Germany), family history of glaucoma, and any ophthalmic pathology, including
history of previous ophthalmic surgery. Absence of ophthalmic disease was confirmed with
the subsequent imaging sessions (discussed elsewhere in this article). We also excluded
participants with diabetes, cardiovascular disease (except for AHT in groups 3 and 4),
hematologic disease, and lung disease. We did not exclude smokers, but, because early
chronic obstructive pulmonary disease cannot be completely ruled out in these participants,

we recorded any previous or current regular smoking.

All participants provided written informed consent. The ethics board of the University
Medical Center Groningen approved the study protocol (#NL61508.042.17). The study

followed the tenets of the Declaration of Helsinki.

6.3.2. RBF Measurements

In total, 105 participants satisfying the BP definitions and screening criteria qualified for the
subsequent imaging session. Before the start of the imaging session, we performed standard
on-site BP measurements. The collected imaging data relevant to this study were, in short:
ONH-centered fundus images, 6 x 6 mm OCTA macula scans, and retinal images obtained
with a scanning laser ophthalmoscope (SLO). The details behind fundus imaging and OCTA
scans can be found in our related study on the same population, and the details behind the
SLO scanning are provided elsewhere in this article.?® For the imaging session, we selected
one eye per participant. If both eyes satisfied the ophthalmic inclusion criteria, this selection

was random.

RBF estimations were based on a static imaging model-based approach. This protocol has
been shown to have very good agreement with in vivo RBF measurements of the human
retina, assessed by Laser Speckle Flowgraphy.?* Hereunder, we provide an outline of the
procedure. After data collection, we first estimated the central retinal artery and vein
equivalents, that is, vascular calibers, from fundus images and the microvascular branching
complexity (fractal dimension [FD]) from en face OCTA scans, using standard methods.?%-2
In short, we used full-spectrum amplitude decorrelation angiography (Canon OCT-HS100
SD-OCT; Canon, Inc., Tokyo, Japan) to generate 6 x 6 mm images of the superficial vascular
plexus, centered at the macula. We subsequently binarized the images in ‘flow’ and

‘nonflow’ pixels using a local Otsu thresholding algorithm.?” The FD was ultimately
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calculated from the binarized images with the standard box-counting technique.?® We then
calculated total retinal vascular resistance (RVR) for each subject, by combining these
measurements with blood viscosity in a Poiseuille-based fractal branching model.?*?° Lastly,
we calculated RBF from RVR and refined estimates of the retinal perfusion pressure (RPP):

RPP
RBF = — (1)
RVR
where RPP = 0.39 - [DBP + %(SBP - DBP)] - IOP + 10.1 mmHg. )

OCT and OCTA scans with image quality less than 7 out of 10, segmentation errors, or
artifacts were excluded.®® This resulted in the exclusion of nine subjects. All subjects had

high-quality fundus images.

6.3.3. Oxygen Saturation Measurements

An SLO (Optomap 200Tx, Optos PLC, Dunfermline, United Kingdom) was used to measure
arterial and venous O; saturations (S0, SvO2), by means of a commonly used dual-
wavelength technique.®>*? The device simultaneously acquires two retinal images, one at a
wavelength of 532 nm (oxygen insensitive; Fig. 1A) and the other at a wavelength of 633 nm
(oxygen sensitive; Fig. 1B). Three images per eye were obtained with the ResMax option
(approximately 60°), at the same laser intensity, and with the gain set at medium iris
pigmentation. Images were exported and stored in uncompressed format (.tiff). Three more

subjects were excluded, owing to persistent blinking artifacts.

Figure 1. (A) SLO image at 532 nm. At this isosbestic (“oxygen-insensitive”) wavelength, arteries and veins seem to be similar in terms of
OD. Measured arterial and venous segments are marked in red and blue, respectively. The path of minimal intensity inside the vessel and a
parallel path outside the vessel are shown for the IT vein. (B) SLO image at 633 nm. At this nonisosbestic (“oxygen-sensitive”) wavelength,
arteries appear brighter than veins, owing to higher O, content.
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The optical density (OD) of a vessel at a given wavelength is defined as:

OD = log(=) )

Lin

where loyt IS taken equal to the average grayscale intensity over a measurement area outside

the vessel and i, is taken equal to the average grayscale intensity inside the vessel.

The OD ratio (ODR) of a vessel at two given wavelengths (in this case, 633 nm and 532 nm)

is defined as:

_ ODg33

ODR : 4)
ODs3;
By using the Beer-Lambert law, it can be shown that, under ideal conditions:
+532°ODR -
SO, (%) = T332 633 100% (5)

(ar,532 - (107532)-ODR - (ar,633 - 0,633)

where ar is the absorption coefficient of reduced hemoglobin (Hb) and a, is the absorption

coefficient of oxyhemoglobin.

Because 532 nm is an almost isosbestic wavelength (o532 = 0o,532) and the ODR is small, it is
commonly assumed (and experimentally verified) that the SO falls linearly with increasing
ODR, that is:

SO, (%) = (k;-ODR +k,)-100% (6)
where k1, ko are constants determined after calibration.31:3334

In order to obtain saturation values for the central retinal artery and vein, we first need to
measure the saturation of their visible branches. We selected the largest artery and vein of
each quadrant (superotemporal [ST], inferotemporal [IT], superonasal [SN], inferonasal [IN])
and ignored smaller vessels, because this approach has been found to minimally affect
estimations.® To minimize O, diffusion losses, measurements were taken close to the border
of the optic disc, according to a previously described, semiautomatic protocol.>* In short, the
path of minimal intensity (thus, avoiding the vessel light reflex) between the starting point of
the vessel and the first major branching was automatically traced. A parallel path outside the
vessel, at a fixed distance of 30 pixels was also traced automatically (Fig. 1). ODR was
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subsequently calculated, according to Egs. 3 and 4, with the image grayscale value as the
standard proxy for intensity.>® For each vessel, we recorded the median of three
measurements. Feasibility, repeatability, and reproducibility of this approach have been
previously established, also for an SLO.36-40

The obtained ODR values have to be corrected for the artifactual influence of factors other
than O saturation, mostly related to magnification errors, heterogeneous light absorption, and
photon backscattering, before they can be used to calculate SO via Eq. 6.3334 For each
vessel segment, we implemented linear compensations by means of a backward regression
model, with ODR serving as the dependent variable and the independent variables being
potential confounders, that is, laterality, optic disc area, spherical error, cylinder, vessel
diameter, and quadrant pigmentation index (PI). Only the significant variables of the reduced
(final) model were subsequently used to construct the following correction formula:

ODRCOI‘ = ODR - (bo + bIXI + ...+ ann) + ODR (7)

where ODRcor is the corrected ODR, bj are the regression coefficients, X are the confounders
that remained in the reduced model, and ODR is the average ODR of the study population.

The ODRcor was evaluated for each quadrant separately.

P1 was calculated based on extravascular reflection, as follows:

PI = log( 263y 8)

I0ut,532

Because the increase in light absorption with increasing melanin is more pronounced at

longer wavelengths, lower Pl values indicate increased pigmentation.*

The O saturation in the central retinal artery can be calculated as the average measured

saturation in the four major arterial arcades:

SaOZ,ST + sao2,1T + Sa02,SN * SaOZ,IN

4

Sa02 = (9)
The O saturation in the central retinal vein can be calculated as the average measured
saturation in the four major venous arcades, weighted by the relative flow contribution of
each arcade. The weigh factor equals a power of the radius of the relevant venular segment*?;

the Poiseuille-based model used for absolute RBF estimations assumes that the power is
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equal to FD + 1.15, where FD is the two-dimensional FD measured by OCTA (see 6.3.2) and
1.15 is a branch length coefficient.?42%4 Therefore:

FD+1.15 | FD+1.15 FD+1.15 . FD+1.15 .
S 0O, = Iy g1 SvO2 g7 * 1y 11 SvO2 11 + 1y g SvO2 gn +1v 1y SvO2 1y
v2 T
ty gr DTS, (DTS £ p o FDFLIS - FDALIS

(10)

where ry denotes the radius of the relevant venular segment.

Owing to measurement artifacts, paradoxically different arteriolar saturations may be
measured in each of the four retinal quadrants. Therefore, for the sake of comparison, the
weighted average calculation proposed in Eq. 10 for the venules was also used for the
arterioles, instead of Eq. 9. Henceforth, we refer to this calculation as the ‘alternative S.0-

calculation’.

Using Egs. 6, 7, 9, and 10, we can express S;02 and SyO> as a function of the regression
coefficients bj and the constants ki and k2. As described elsewhere in this article, the b; can be
calculated from a standard linear fitting. Now, to determine ki and ko, we need two distinct
calibration values. The average S:0O> and SyO: values for healthy eyes reported by Schweitzer
et al. (92.2% and 57.9%, respectively) are the values most frequently used for calibration.3?
With these values, the calibration constants were ki = -2.46 and ko = 1.26. Calibration is

unrestrictive and allows saturation measurements to exceed 100%, owing to variability.3"*°

6.3.4. Total Retinal DO, and VO,

We can now estimate the outcome variables, DO, and VO, from the Fick principle, as
demonstrated by Werkmeister et al.*®:

DO, =1.35 - [Hb,] - S,0, - RBF (11)
VO, =1.35 - [Hb,] - (5,0, - S,0,) - RBF (12)
where [Hby] is the total Hb concentration.

In both formulas, we omitted a term for unbound O> content, because it is smaller than bound
O content by more than two orders of magnitude.*” We did not obtain blood samples and we,
therefore, used the average [Hb:] values reported in the Lifelines Biobank, stratified by age,

sex, and BP status. For this reason, we also conducted a sensitivity analysis, repeatedly
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replacing the average [Hbt] values with random values taken from identical distributions.

Last, the oxygen extraction fraction (OEF) was defined as:

VO S,0, - S,0
OEF — 2 — a2 V2
DO, S.0,

(13)
6.3.5. Statistical Analysis

We compared the general characteristics and outcome variables (DO, and VO>) between the
four groups, by means of analysis of variance (ANOVA) models. Potential confounding
factors from the population general characteristics were included as covariates in the outcome
variable models. In post hoc analysis, we used the Tukey honest significant differences
correction to account for multiple comparisons. Whenever ANOVA assumptions were not

met, we used Welch’s ANOVA or nonparametric tests.

To examine the overall association between the DO, and VO», we used a linear regression
analysis. The observed correlation of these two variables is inflated, owing to shared
measurement error, stemming from the mathematical coupling of these variables. This
phenomenon is commonly reported in other systems.*®> We used the method described by
Stratton et al. to calculate the corrected regression coefficient.® In short, we calculated a

reliability coefficient rp:

var(DO,) - var(eerOz)

I' =
D var(DO5)

(14)

where var(DO.) denotes the variance of DO, and var(errpoz) denotes the variance attributable

to measurement error.

The variance attributable to measurement error, var(errpoz), was calculated from the error
variances of RBF and S.03, used in the calculation of DO2 (Eq. 11). As described by Stratton
et al., these error variances need to be derived from calibration.*® In the absence of a gold
calibration standard, the error variance of the RBF was approximated from a previous
experiment in an independent population, from the residual variance of RBF fitted on in vivo
Laser Speckle Flowgraphy measurements.?* Because the physiological variation of S,02 in

healthy individuals is expected to be minimal, the error variance of S:O2 was set as equal to
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the observed variance of S;02. The corrected slope (beor) for VO2 as a function of DO; can

then be calculated as:

bobs - (1 - 1) begr
bcor — Dobs (1 -1p) be (15)
D
where bobs is the observed slope and ber the slope of measurement errors, which accounts for
the covariance of the error in DO, and VO». We will not demonstrate here the detailed
mathematical calculations of var(errpoz) and berr, as they are extensively provided in the

aforementioned paper by Stratton et al.*3

Henceforth, all normally distributed variables are described with the mean and standard
deviation (SD). Variables with a skewed distribution are described with the median and
interquartile range. All analyses were performed using R (version 3.3.3; R Foundation for
Statistical Computing, Vienna, Austria) and SPSS (version 26; IBM Corp., Armonk, NY). A

P value of 0.05 or less was considered statistically significant.

6.4. Results

6.4.1. General Characteristics

We excluded 12 out of 105 participants (3 from the low BP group, 3 from the control group,
4 from the treated AHT group, and 2 from the untreated AHT group), owing to artifacts or
insufficient image quality at any stage of the imaging session. This resulted in a total of 93
eyes from 93 participants being included in the analysis. Their general characteristics are
summarized in Table 1. The BP measurements in this table represent the actual on-site
measurements preceding the scanning; the highly significant P values confirm the robustness
of the inclusion procedure. Groups differed furthermore significantly in sex and body mass
index (BMI), which is expected owing to the prevalence of low BP in females and high BMI
among hypertensives, also verified in the Lifelines cohort.**°° Therefore, we adjusted
subsequent analyses (discussed elsewhere in this article) for sex and BMI. We additionally
adjusted DO and VO analyses for smoking status (despite not being significantly different

among groups), because it could affect O, metrics.
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Table 1. Characteristics of the Study Population

Group 1 (Low BP) Group 2 (Normal BP) Group 3 (Treated AHT) Group 4 (Untreated AHT)

Group Size (N) 30 20 26 17 P Value
Age; years [median (IQR)] 56.0(51.0-59.3) 53.5(51.3-60.5) 55.5(52.8-61.0) 58.0(53.0-61.0) 0.74
Sex, % female 933 50.0 423 471 22x107*
SBP, mmHg [mean (standard deviation)] 107 (9) 125(5) 142(18) 159 (23) 21 x10°%
DBP, mmHg [mean (standard deviation)] 66 (6) 79 (6) 86(11) 99 (8) 41x10°8
BMI, kg/m2 [median (IQR)] 22.4(21.2-243) 23.4(22.2-26.7) 26.9 (24.7-29.8) 27.4(24.3-28.5) 50x10°°
Smoking, % yes 233 35.0 308 9.2 0.62
I0P, mmHg [mean (standard deviation)] 14.0 (3.0) 134(3.1) 143 (3.0) 145 (3.8) 0.72
SEQ, D [mean (standard deviation)] —-0.11(1.44) +0.19(1.67) —0.23 (1.55) —0.65(1.58) 0.45
ONH area, mm? [median (IQR)] 1.89(1.68-2.24) 1.97 (1.71-2.20) 1.94(1.72-2.31) 1.98(1.78-2.15) 0.81

IOP, intraocular pressure; ONH, optic nerve head; IQR, interquartile range; SEQ, spherical equivalent.

Supplementary Table S9 displays the significant variables of the reduced linear models used
for the ODR correction. Corrected ODR values per retinal quadrant and the global averages
are provided in Supplementary Table S10. In general, aside from the Oz content, ODR values
were also influenced by measurement location (quadrant), pigmentation, refractive errors,

and, in some cases, eye laterality (see the Discussion).

6.4.2. Associations with BP Status

Table 2 summarizes the measured components used in the estimation of DOz and VO3,
stratified by BP status. The reported mean (SD) [Hbt] values are those of the age-matched
Lifelines population. Groups were similar in terms of Sa02 and S\Oz, but differed in terms of
RBF, on univariable analysis. Sex, BMI, and smoking history did not confound this
relationship when included as covariates, nor did they after omitting each one of the four
groups from the analysis (P >> 0.05 in all cases). In a post hoc analysis, after adjusting for
multiple comparisons, the low BP group had a significantly lower mean RBF than the
untreated AHT group (P = 0.032).

Table 2. Group Summaries for Vascular and Oximetry Measurements

Group 1 (Low BP) Group 2 (Normal BP) Group 3 (Treated AHT) Group 4 (Untreated AHT) P Value
Total RBF, uL/min [mean (standard deviation)] 40.7 (6.0) 45.7 (9.6) 45.1(8.6) 47.6(8.3) 0.028
RPP, mmHg [mean (standard deviation)] 27.2(2.8) 335(3.9 36.6 (4.7) 41.2(5.1) 1.6 x 107"
CRAE, um [mean (standard deviation)] 172(12) 162(12) 154 (13) 148 (7) 7.0 x 1071
CRVE, pm [mean (standard deviation)] 228(18) 229(16) 229(18) 223(12) 0.57
OCTA FD [mean (standard deviation)] 1.625 (0.005) 1.626 (0.007) 1.624 (0.006) 1.626 (0.006) 0.67
[Hb,]*, g/dL [mean (standard deviation)] (population-based data) 13.6(0.8) 14.3(0.8) 14.2(0.9) 14.7 (0.8) 5.3 x 107397
Sa03 (%) [mean (standard deviation)] 94.7 (12.8) 88.6(12.4) 89.3(11.2) 96.3(12.7) 0.12
$.03 (%) [mean (standard deviation)] (alternative calculation) 91.5(11.7) 87.7(12.3) 87.5(12.4) 94.2(11.8) 0.22
SvO3 (%) [mean (standard deviation)] 59.1(14.2) 53.2(13.6) 60.2 (14.5) 56.3(14.8) 036

CRAE, central retinal artery equivalent; CRVE, central retinal vein equivalent.
"Data and comparison taken from Lifelines (n = 28,888).

Figure 2 shows the final outcome variables, DO2 and VO, stratified by BP status. Both
variables were significantly different between groups (P = 0.009 and P = 0.036, respectively)

in univariable analysis and the significance of this relationship was largely unaffected when
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[Hb] values were repeatedly replaced with random values taken from the same distribution
(DO2: P[average] = 0.008, P[95% of repetitions] = 0.002-0.028; VO_: P[average] = 0.025,
P[95% of repetitions] = 0.014-0.044). The significance of this relationship was also

unaffected when sex, BMI, and smoking history were included as covariates (Table 3). All

three covariates had additional, independent effects, which are summarized in Table 3

(reported as coefficients from the equivalent generalized linear models). The significance of

this relationship was also
unaffected when the alternative
Sa02 calculation was used inside
the DO- and VO formulas

(P =0.005 and P = 0.025,
respectively). In a post hoc
analysis, after adjusting for
multiple comparisons, the low
BP group had a significantly
lower estimated marginal mean
DO, than the untreated AHT
group (P = 4.9-10%), while both
the low BP group and the treated
AHT group had a significantly
lower estimated marginal mean
VO3 than the untreated AHT
group (P =0.021 and P = 0.034,

respectively).
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Figure 2. Total retinal DO, and extraction (VO,) as a function of BP
status. DO; is higher in subjects with untreated AHT, compared with
the low BP group. The VO, is higher in subjects with untreated AHT,
compared with both the low BP and the treated AHT group.

Table 3. Factors Associated With DO, and VO, in Multivariable Analysis

DO; (uL/min) VO, (pL/min)
Coefficient PValue Coefficient PValue
BP status; ref.: untreated AHT
Low BP —24 2.2x10°° —-1.4 0.002
Normal BP -1.5 0.013 -09 0.042
Treated AHT -1.1 0.041 -1.2 0.003
BMI; kg/m? —-0.14 0.027 -0.13 0.006
Sex; female =1 NS NS -0.7 0.038
Smoking; yes = 1 NS NS -0.7 0.017

NS, not significant.

For the BP status, P = 0.008 is taken as the adjusted threshold of significance.
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The mean (SD) OEF was 0.37 (0.15) and was similar between groups (P = 0.20). In
multivariable analysis, smoking was associated with a decrease in the OEF (b =-0.07,
P =0.039).

6.4.3. DO,-VO, Relationship

The pooled (n = 93) association of DO2 and VO is plotted in Figure 3. Initially, there was a
significant positive correlation between the two variables (Robs = 0.65, bobs = 0.51,

P =2.4-10"2; Robs = 0.64, bops = 0.50, P = 8.1-107*? with the alternative S,O calculation).
However, after correcting for shared measurement error owing to mathematical coupling, the
true slope was flatter and no longer statistically significant (bcor = 0.19, P = 0.29), and the
true correlation coefficient could not be calculated.*®

6.5. Discussion

In this study, we showed that BP status was associated with altered total retinal DO, and VO>
at rest in ophthalmologically healthy subjects. Specifically, we reported an increase in the
DO; and VO- with increasing BP, which was more prominent at the tails of the BP
distribution. In addition, the VO-

was also higher in subjects with

untreated AHT than in subjects "

with treated AHT. The true z

association between DO, and g

VVO2 was, at best, weak, 4

suggesting these variables are 2 Bear

mostly independent at rest.

DO2 (pl/min)

6.5.1. Oxygen Delivery

Figure 3. Pooled (n = 93) data for total retinal VO, plotted as
a function of total retinal DO,. The observed slope of the linear
relationship (continuous black line) is denoted by b,,. The compo-
Although the average RPP nent of the slope (dashed blue line) introduced purely via shared
. 0 measurement error, owing to mathematical coupling of the two
increased by 51% on the way variables, is denoted by b,.,. The true, corrected slope of the relation-
from the low BP group to the ship (continuous red line), that is, adjusted for shared measurement
error, is denoted by bc,,. The small, nonsignificant slope of the true
untreated hypertensives (Table relationship indicates little interdependency of resting DO, and VO,.
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3), the average RBF only increased by 17% (Table 3) and average DO by 27% (Table 3, Fig.
2). As a result, the differences in the RBF and DO were noted as significant only between
the groups representing the tails of the BP distribution. This observation is not surprising, and
it is consistent with the general concept of RBF autoregulation and with the subsequent
structural remodeling of blood vessels, after chronic BP elevation.®1%%! Experimental studies
and mathematical models have shown an increase in the tissue oxygen partial pressure with
transient BP manipulations.>>° Our results suggest that chronic low or high, but still
physiological, resting BP values can also have a subtle effect on the DO». The increase in
DO: (which is the product of the RBF and O content) with increasing BP was larger than
that of RBF alone. Since S:O2 was similar between groups (Table 3), this is mostly owing to
the increasing [Hbt] with increasing BP (Table 3). This association is known from other

population studies.>**°

A higher BMI was found to be independently associated with a reduced DO, but not RBF,
which likely reflects the documented effects of obesity on lung function and pulmonary gas

exchange.>®

6.5.2. Oxygen Extraction

A significantly higher VO2 was also observed in untreated hypertensives (Table 3, Fig. 2),
relatively to subjects with a low BP (+41%) and treated hypertensives (+46%). Again, no
group was significantly different from controls, after adjusting for multiple comparisons
(Table 3). The smaller effect size, in combination with the high variability that is present in
our estimates, seems to be the most likely explanation for this phenomenon. Indeed, although
our average estimates for both DO, and VO are similar to previously published values (and
almost identical when the same calibration values are used), the variability we report is
higher.%®4" This outcome was owing to the larger error introduced by the SLO-based retinal
oximetry (which is consistently present in all studies using the SLO), compared to the error

yielded by tailored fundus cameras.®”3%40

The reported alterations in the VO, can have a number of pathophysiological explanations.
We have recently shown that, in the same population, the low BP group and the treated
hypertensives were characterized by subtle thinning of the ganglion cell-inner plexiform layer

and the macular and peripapillary retinal nerve fiber layer.?®> Although we do not know for



Chapter 6: Blood Pressure and Retinal Oxygenation

sure if these insults are primary or secondary to a decreased DO, a lower VO in these
groups could, at least partially, suggest a current state of decreased O, demand. However, a
thinning of the inner retina was also present (albeit less pronounced) in the untreated
hypertensive group, which contradicts the higher average VO reported for these subjects. In
this regard, in the next paragraphs we speculate about potential mechanisms that could

explain this finding.

First, it is estimated that about 15% of the O extracted from the retinal circulation is not
consumed by the inner retina, but actually complements the choroidal O, supply of the
photoreceptors in the outer retina. As a result, any condition that compromises the choroidal
supply could lead to a compensatory increase in the retinal VO2.” This VO; increase has
already been observed in mice with early diabetes, and it has also been reported that deficits
of the deep retinal capillary plexus in human diabetics are associated with photoreceptor
loss.>"® This could also apply to AHT, because it has been shown that AHT, especially when
poorly controlled, has a detrimental effect on the choriocapillaris.>® The magnitude of this
effect is unknown, but it should be able to counteract opposing forces that would tend to
decrease the VOo, at least theoretically, such as a decreased mean circulation time, shunting

of flow, and deep capillary rarefaction.®%6!

Second, experimental evidence and mathematical models support that, in the presence of
increased O availability, the O2 consumption of the inner retina (especially that of the inner
and outer plexiform layers) increases, a mechanism that helps to keep inner retinal Oz levels
relatively stable.®526263 This could pertain to subjects with untreated, chronic AHT. Indeed,
while hyperoxic conditions such as 100% oxygen breathing achieve control of O levels
mostly by inducing RBF reduction through vasoconstriction, this is obviously not possible in
conditions where RBF is a priori increased, despite vessels being already constricted.5
Increased resting consumption in these subjects could, at least partially, explain increased
VO..

That said, the true correlation analysis for DO2-VO; indicates that this increase in resting O
consumption with increased resting delivery cannot be too pronounced, if any. Indeed,
although mitochondrial oxidative phosphorylation could act as a sensor of O tension, it also
has a saturation ceiling.® It is not impossible, nevertheless, that a metabolic transition to a
more oxidative state, with decreased glycolytic activity, occurs.®® Other factors could also
play a role in determining the DO2-VO- slope. With constant consumption, an increase in BP
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would initially cause an increase in RBF (and DO.), which would be compensated by
autoregulation. Now, with constant BP, an increase in consumption would cause an increase
in local CO», inducing vasodilation, thus causing an increase in DO>. The gain of this
feedback loop at equilibrium is possibly a major determinant of this slope and is, therefore,

likely close to zero.

A higher BMI was, again, independently associated with a decreased VO, possibly pointing
towards reduced retinal function due to oxidative stress and inflammation.®” The VO, was
lower in females than males, on which conflicting evidence exists, and could reflect the lower
systemic basal metabolic rate.*”% Smoking was also associated with a decreased VO and
could be related to the reported reduced O uptake present in other systems. Last, although
the average, resting OEF was consistent with previous reports, we found that it was lower in
smokers.!! Studies with a tailored design could shed more light on these secondary

observations.

6.5.3. Study Strengths and Limitations

To our knowledge, this study is the first to describe alterations in DO and VO with different
chronic BP status. The strict selection process that we implemented within the setting of a
large-scale cohort (Lifelines Biobank) enabled us to investigate the true tails of the BP
distribution. Another novelty of our study is the fact that we describe the true resting DO»-
VO relationship in the retina, which avoids overestimations originating from mathematical

coupling. However, there are several limitations that should be considered.

First, the calculation of the outcome variables (DO2 and VO) is liable to propagation of error
associated with their measured components. Similar to other systems, retinal DO, and VO
are not directly measured, but estimated from the multiplication of RBF with oxygen
saturation (Egs. 12 and 13). There is currently no gold standard way to measure these
components in the clinic and there remain unresolved technical considerations with regards to
acquisition and quantification. As such, any in vivo validation of these estimates remains
liable itself to the same mathematical approximations. We only expect a small contribution of
RBF measurements to this error for two reasons: first, RBF estimations are in very good
agreement with Doppler OCT studies and, second, we have previously shown that RBF

estimations strongly correlate with in vivo blood flow metrics across a large BP range, as
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assessed by Laser Speckle Flowgraphy on an independent validation dataset.?446:69-73
However, elsewhere in this article, we discussed how the more substantial error introduced
by variability in oximetry measurements could have affected certain results. A lot of this
variability is likely of technical nature, owing to the documented presence of unaccounted
nonuniform magnification, distortion, and illumination in particular parts of the retinal image,
which can affect measurements, even with changes in the angle of gaze.*®"* These
observations can explain the unexpected between-eye ODR differences that were present in
certain retinal quadrants (Supplementary Table S9). Device-specific preprocessing of the
SLO images and suboptimal wavelengths are likely other sources of this increased variability.
Of course, physiological effects could also result in additional optical artifacts.” That said,
owing to the incorporation of this expected variability to our original power analysis, our
study was still able to show significant effects, despite the noise introduced by measurement

uncertainty.

Second, this cross-sectional study cannot conclude if and how these initial BP-related
alterations in O transport pertain to the development of ophthalmic pathologies. Owing to
the cross-sectional nature of the study, we also did not have robust information regarding the
onset and duration of AHT. However, the incorporation of BP measurements from multiple
previous occasions in the group definitions, as well as the requirement of uninterrupted use of
antihypertensive medication over (at least) the past year resulted in almost all diagnoses
occurring before at least three years.

Last, this population was almost entirely Caucasian and, as such, any results derived from it

should not be immediately generalized to other ethnicities.

6.5.4. Implications and Conclusions

By showing that BP-related alterations in O transport may already exist in subjects with no
signs of ophthalmic pathology, this study enhances our understanding of the baseline
interplay between BP, RBF, and retinal oxygenation. This finding is important, but is merely
a first step towards answering pertinent questions regarding the disease process. If hypoxia
plays a role in complicated pathologies such as age-related macular degeneration and diabetic
retinopathy, when does the retina really become hypoxic and how early can we detect it in

clinical practice?” Can we use this information to evaluate treatments and slow disease
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progression? A special mention should be made at this point for glaucoma: according to the
‘chicken-egg’ dilemma, structural loss could be both cause and consequence of impaired
blood flow.™® In this regard, future studies could examine whether deficits in perfusion and
oxygenation related to known glaucoma risk factors, such as BP status, can be helpful in

stratifying the risk of incidence and/or progression of the disease.

In conclusion, we reported alterations in retinal DO, and VVO2 in ophthalmologically healthy
subjects with different BP status. Future studies should incorporate the vascular supply of the
choroid to elucidate whether increased oxygen extraction in uncontrolled AHT could be the
result of compensatory mechanisms in effect. Longitudinal studies could investigate whether
compromised delivery and extraction in subjects with low BP and treated AHT can explain

the increased risk of glaucomatous damage in these population groups.
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Chapter 7: General Discussion - Overview and Future Perspectives

7.1. (Instead of an) Abstract

“If in a discussion of many matters (...) we are not able to give perfectly exact and self-
consistent accounts, do not be surprised: rather we would be content if we provide accounts

that are second to none in probability.” — Plato (Timaeus)

“I often quote myself. It adds spice to my conversation.” — George Bernard Shaw




Chapter 7: General Discussion - Overview and Future Perspectives

7.2. Summary of Main Results

Blood pressure (BP) has long been debated as an additional risk factor for glaucoma, but its
exact contribution lacks lucidity, due to the abundance of conflicting findings.! As a whole,
this dissertation constitutes a rigorous endeavor to present a cohesive story, explaining if and
under what circumstances BP could indeed predispose to susceptibility for glaucomatous
damage. To this end, even though each individual finding has already been extensively
discussed elsewhere within this treatise, hereunder | summarize all the main findings
collectively. I additionally provide some insight to the plot of this thesis, explaining how each
finding paved the way for the next, giving rise to new questions and setting up subsequent

studies.
7.2.1. Antihypertensive Medication and Glaucoma

In Chapter 2, we used data from the Groningen Longitudinal Glaucoma Study (GLGS) to
examine (among others) the association between the reported use of antihypertensive (AH)
medication and the rate of glaucomatous progression, as assessed by standard visual field
testing. We also investigated the same relationship, now for the odds of conversion of
glaucoma suspects to a definite glaucoma diagnosis. We found no overall effect, but we
reported protective associations, specifically for AH medication belonging to the renin-
angiotensin-system-acting agents, that is, angiotensin-converting enzyme inhibitors and

angiotensin 11 receptor blockers.?

At first, this might sound counterintuitive. Arterial hypertension (AHT) is long known to be
associated with elevated intraocular pressure (IOP), as well as with retinal nerve fiber layer
(RNFL) and ganglion cell-inner plexiform layer (GCIPL) thinning, which both indicate
proneness to glaucomatous optic neuropathy (GON).3# In addition, aggressive treatment of
AHT has also been linked to GON, likely not unrelated to ischemic insults to the retinal
ganglion cells.®> Do our findings then allegedly contradict a possible involvement of AHT in

the pathogenesis of glaucoma? This is not the case, mainly for two reasons.

First, it must be noted that the GLGS population consists of glaucoma patients and suspects,
hence creating selection bias, due to being already ‘further down the line’. Indeed, any
possible contribution of AHT to glaucomatous optic neuropathy (GON) or to elevated
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intl"aocular preSSU re Table 1. Factors conditioning the development of glaucomatous optic neuropathy (GON)
(10P) is likely already

Low GON probability High GON probability
neutralized, because

individuals receiving timely AHT treatment late AHT treatment
anti hypertenSive higher BP targets lower BP targets
treatment are com pal’ed neuroprotective AH medication retinal thinning or IOP elevation

with individuals who nocturmal dipping absent nocturnal dipping present

share similar

AHT, arterial hypertension; BP, blood pressure; 45, antihypertensive; JOF, intraccular pressure.

characteristics, in terms

of GON. For instance, they are compared to patients who developed glaucoma without
receiving AHT treatment, that is, to patients that may have untreated AHT or may be
vulnerable to glaucoma due to another - yet unidentified - factor. Second, it may well be the
case that the use of AH medication itself is harmful (from the perspective of glaucoma), but
only in populations where it is being introduced aggressively or after years of untreated AHT,
when chronic damage to the vessel walls renders regulation of blood flow problematic.
Therefore, with the implemented study design, it is not surprising that the potential
neuroprotective properties of certain AH medication categories that we discuss in Chapter 2
outshine any detrimental effect. The existence of a neuroprotective effect is supported by the
fact that findings were confined to the renin-angiotensin-system-acting agents, which are
already known to display such properties. It is also supported by the age-dependence of this
protection, with older patients, who are more likely to display disturbances of the ocular
circulation, benefiting more from their use. Table 1 summarizes the BP-related factors

suggesting whether a subject is susceptible or not to GON.

These realizations confirmed the considerable need to establish the baseline conditions of BP
status, retinal perfusion, and retinal neural structure, in what we currently perceive as
ophthalmologically healthy subjects, before we can claim a vascular component in the
pathogenesis of glaucoma. A question still lingered though: how can we assess retinal

perfusion, in order to find the missing link between BP and retinal structure?

7.2.2. Quantitative Optical Coherence Tomography Angiography

To answer this question, we first need to obtain reliable information on the morphology and

perfusion density of the retinal microvascular network. On the one hand, the larger retinal
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vessels are accessible and measurable by means of standard, validated fundus imaging
techniques, which were utilized in subsequent studies (Chapters 4-6). We have presented
additional documentation on the reliability of these techniques, currently published in abstract
form.” On the other hand, depicting the smaller vessels is a much more challenging task,
which requires the use of optical coherence tomography angiography (OCTA), a high-

resolution imaging modality, introduced over the last decade.®

In Chapter 3, we used image analysis techniques to develop an optimized method to
quantify the density and flux index of the microvasculature, based on existing OCTA
literature. We subsequently examined the test-retest variability and found that it ranged from
good to excellent, depending on the metric examined.® In addition, we showed that these
metrics correlated well with structural measurements obtained from healthy eyes, by means
of OCT. Last, in a supporting publication (again, not part of this treatise), we showed that this
microvascular information extracted from OCTA images was able to discriminate well
between glaucoma subjects and healthy controls.'® This software has been made freely

accessible (https://figshare.com/articles/software/Image Processing Scripts/12982115) and it

can be modified and tailored to OCT devices of different manufacturers.

Nevertheless, the metrics derived by OCTA mostly describe the structure of the vasculature,
thus they do not sufficiently describe perfusion in its entirety. How can we combine all this
information to predict retinal blood flow (RBF), that is, the volume of blood traversing the

retinal microvascular network in the unit of time?

7.2.3. A Model for Static Retinal Blood Flow Autoregulation

In Chapter 4, we addressed this question by extending a Poiseuille-based, biophysical model
for retinal vascular resistance (RVR) and RBF, based on the fractal geometry of the
vasculature. We also proposed a method to estimate the autoregulation range of the retinal
microcirculation, that is, the perfusion pressure range inside which RBF can be maintained
relatively constant. We validated the outcomes of this model against in vivo flow metrics
obtained from healthy and glaucomatous eyes, before and after IOP elevation, by means of
Laser Speckle Flowgraphy. We found that the model had a high predictive ability and was in
line with physiological expectations.


https://figshare.com/articles/software/Image_Processing_Scripts/12982115
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Our results showed that, despite their ability to autoregulate by changing their caliber, the
retinal vessels are still prone to flow reduction from perfusion pressure drops. This could
potentially explain why low BP and nocturnal hypotension have both been associated with
increased glaucoma risk in past studies.’?* Interestingly, in those studies, the BP values
below which the risk for glaucoma starts to increase correspond well to our estimated lower
autoregulation limit (LARL). This indicates, but does not yet prove that the association
between low BP and glaucoma can be attributed, at least partially, to perfusion deficits, or if
some other unknown, unaccounted factor is responsible for these population-based

observations.

Having established a way to assess retinal perfusion, we were now ready to answer the most
pertinent questions of this treatise: is there a link between BP status and retinal structure,
already apparent in ophthalmologically healthy eyes? If yes, could this link be attributed to

retinal perfusion?

7.2.4. Blood Pressure, Retinal Perfusion, and Structural OCT

In Chapter 5, we performed a rigorous, prospective recruitment of ophthalmologically
healthy participants with different BP status (low BP, normal BP, treated AHT, and untreated
AHT). Specifically, we recruited patients who had been documented to belong to the tails of
the BP distribution of a large-scale Dutch cohort (Lifelines), over multiple previous visits. A
significant amount of vascular, structural, and clinical data were subsequently acquired,
combined, and analyzed, with the knowledge gained from the previous chapters. We then
approached our hypothesis in steps.’®

First, we showed that a U-shaped association was present between BP and retinal thinning,
that is, the (otherwise healthy) retinas of subjects with low or high BP were thinner,
compared to controls. Second, we showed that subjects with low BP, as well as subjects with
intensively treated AHT (i.e., lower BP treatment targets), were close to their LARL, thus
potentially prone to episodes of hypoperfusion. Last, we established that retinal perfusion
mediates, indeed, the relationship between BP status and retinal thinning. In particular,
decreased RBF and compromised autoregulatory capacity lied in the explanatory pathway
between BP status and retinal thinning, in the low BP and the treated AHT groups,

confirming our hypothesis.
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However, we noted that increased vascular resistance was also a mediator of the same
relationship in both AHT groups, without a concomitant decrease in RBF. This finding
seemed somewhat puzzling. We hypothesized that this phenomenon could be attributed to the
observed increase in blood flow velocity, which is known to shorten the time taken by red
blood cells to traverse the retinal circulation.*® The reduced transit time could theoretically
result in suboptimal oxygen extraction, inducing tissue hypoxia. After all, if we can estimate
oxygen extraction, this would likely provide a more complete picture than RBF alone. This

observation brings us to our last chapter.

7.2.5. Blood Pressure and Retinal Oxygenation

In Chapter 6, we used the outcomes of the previous chapter, in combination with a
customized retinal oximeter, to estimate the net volume of oxygen delivered (DO.) and
extracted (VO-) by the retinas of the same healthy participants with different BP status.
Contrary to what we expected, subjects in the untreated AHT group had the highest VO,

compared to all other groups.’

We speculated on a number of potential mechanisms that could justify this apparently
paradoxical finding. The explanation that is mostly supported by the literature suggests that
this excess VO is actually not consumed by the inner retina, but by the photoreceptors in the
outer retina. This is already true in physiological conditions, but especially in conditions
where the main supply of the photoreceptors, that is, the choroidal circulation, becomes
compromised.'® Indeed, there is recent evidence that uncontrolled AHT has a detrimental

effect on the choriocapillaris.*®

Last, in order to debunk a common fallacy reported in the retina and other systems, we used
the same data to investigate the relationship between DOz and VO>. From a physiological
perspective, VO2 should only depend on tissue needs, but numerous studies have reported
that VO is dependent on DO2.2° We argue that this was only due to the inflated correlation
stemming from the mathematical coupling of these variables. Indeed, we used compensatory
statistical techniques to rigorously demonstrate that the two variables are independent within
their physiological range. DOz is already regulated through its RBF component, based on
signals from the tissue. This lack of strong association between DO and VO3 suggests that,

even when RBF and autoregulatory capacity are compromised, the oxygen extraction



Chapter 7: General Discussion - Overview and Future Perspectives

mechanisms constitute an additional line of defense, opposing tissue hypoxia. Only when
significant drops in RBF occur, for example during pronounced nocturnal BP dipping, do we

eventually expect a drop in VO2 with decreasing DO-.

7.3. Impact and Future Directions

The vascular theory of glaucoma has been a subject of interest for many decades, with
countless open problems yet to be solved and pertinent questions awaiting to be answered.
Although this dissertation helped further the field by enhancing our current understanding on
the topic of retinal perfusion, its completion only marks the beginning of a multitude of future

possibilities.

It has long been known that the death of ganglion cells results in decreased oxygen demand
and a concomitant decrease in RBF. In the ‘chicken-egg’ dilemma of glaucoma, this
observation is known as the ‘egg’ component. This thesis concluded that there likely also
exists a ‘chicken’ component in this causal cascade, according to which structural alterations
could also be secondary to vascular insults. Indeed, subclinical retinal thinning was found
without the presence of a glaucoma diagnosis and was associated with low and high BP,
which are both recognized as risk factors of glaucoma. In addition, although the coinciding
structural and vascular findings in these subjects still do not allow for disentangling
temporality, the novel finding of a compromised autoregulatory capacity mediating this
association contains the element of directionality, in the absence of an inverse explanatory
pathway (structural deficits can lead to decreased RBF, but not to a smaller autoregulatory
reserve). In the clinical setting, these observations could pertain to early detection of
glaucoma or to the timely identification and targeting of subjects who are more at risk of
developing the disease. However, future studies with a longitudinal design should verify

whether higher odds exist that the reported deficits will convert to a glaucoma diagnosis.

In the next decades, the prevalence of glaucoma is expected to increase, due to the constantly
aging population. In addition, based on recent interventional trial evidence, the guidelines for
treating AHT have been revised to target lower BP values.?* Therefore, based on the results
of this thesis, glaucoma and hypertension specialists should opt for collaborative assessment
and precision management of patients when both pathologies coexist. With regards to AH

medication and glaucoma, there is arguably merit in focusing on the neuroprotective
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properties that they have been shown to exhibit in vitro. However, it must be acknowledged
that tailored designs in the form of randomized control trials are almost non-realistic, because
these medications are widely used for the treatment of cardiovascular disease and their
assignment is also subject to multiple concomitant indications and contraindications, based

on coexisting clinical information.

Last, in view of the interesting results that we presented in the previous chapter, we hereby
stress the need for more complex imaging and modeling studies, in order to understand the
synergy between the retinal, choroidal, and retrobulbar circulation. It must be noted though
that, with the introduction of OCTA, the additive value of vascular metrics in glaucoma
management is not limited to the pathophysiological dimension. It has been shown that lots
of useful information can be extracted for diagnostic purposes, when combined appropriately
with structural and functional endpoints.?? In this dissertation, we presented feasible methods
for the rigorous assessment of the retinal circulation and oxygenation in the clinical setting.
This could be meaningful, because vascular parameters relate to the majority of ophthalmic
diseases, but currently there exists no gold standard for their objective evaluation. Our future
work, which is currently supported by Oogfonds (Stichting Oogfonds Nederland), aims to
expand on these topics. Our primary goal is to topographically combine vascular endpoints
with structural and functional information, in order to improve predictions of future

glaucomatous progression in the GLGS.

7.4. Major Findings

e The use of ARBs is associated with slower glaucomatous progression in older
subjects. The use of ARBs or ACEIs is associated with decreased odds of conversion

of glaucoma suspects to a definite glaucoma diagnosis.

e Quantitative OCTA with a customized image analysis tool showed good to excellent
test-retest variability.

e A Poiseuille-based model for RVR and RBF built based on BP, IOP, vascular
diameter, fractal branching dimension, and blood viscosity highly correlated with in
vivo Laser Speckle Flowgraphy measurements. Predicted RBF autoregulation limits

showed good concordance with measurements obtained before and after IOP
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elevation. The retinal microvasculature is closer to its LARL than thought before,

suggesting that drops in perfusion pressure are clinically relevant.

e A U-shaped association exists between BP status and RNFL or GCIPL thinning in

ophthalmologically healthy subjects. A small autoregulatory reserve is present in
patients with low BP and intensively treated AHT. Decreased RBF explains the
association between low BP and GCIPL thinning, increased RVR explains the
association between untreated AHT and GCIPL thinning, and increased RVR together
with small autoregulatory reserve explains the association between treated AHT and
GCIPL thinning.

e Ophthalmologically healthy subjects with untreated AHT have higher retinal VO2

than patients with treated AHT and higher retinal DO2 and VO2 than subjects with
low BP.
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Supplements

Table S1. Saturated model with median
rate of progression as dependent variable
(Chapter 2)

Table S2. Saturated model with glaucoma
suspect conversion as dependent variable
(Chapter 2)

Coefficient P value
Age (yrs) -0.007 <0.001
Gender (female) 0.115 0.014
BMI (kg/m?) 0.005 0.29
10P before treatment (mmHg) 0.005 0.062
CCT (um) -0.0007 0.12
VF MD at baseline (0 = below median MD) -0.016 0.71
Mean 10P during follow-up (mmHg) -0.005 0.49
Glaucoma Surgery (0=No) -0.020 0.69
Number of glaucoma medications -0.037 0.041
Statins -0.031 0.54
Diuretics -0.009 0.88
Angiotensin II receptor blockers 0.102 0.063
ACE inhibitors -0.028 0.54
Calcium channel blockers -0.085 025
Beta blockers 0.046 041
Proton pump inhibitors -0.052 0.32
BMI body mass index, JOP intraocular pressure, CCT central comeal
thickness, V'F MD standard automated perimetry mean deviation.

OR (95% CT) P value

Age (yrs) 1.02 (0.98,1.07) 0.29
Gender (female) 1.12 (0.45,2.81) 0.80
BMI (kg/m?) 0.97 (0.86,1.10) 0.60
1OP before treatment (mmHg) 1.01 (0.95,1.08) 0.65
CCT (pm) 0.99 (0.98,1.00) 0.11
Mean [OP during follow-up (mmHg) 0.94 (0.81,1.09) 0.42
Number of glaucoma medications 0.66 (0.40,1.09) 0.093
Statins 0.54 (0.14,2.12) 0.38
Diuretics 0.44 (0.10,1.96) 0.27
Angiotensin Il receptor blockers 0.15 (0.01,1.75) 0.09
ACE inhibitors 0.37 (0.07,1.78) 0.20
Calcium channel blockers 1.70 (0.32,9.19) 0.54
Beta blockers 1.23 (0.28,5.44) 0.78
Proton pump inhibitors 1.08 (0.37,3.14) 0.89
OR Odds ratio, C/ confidence interval, BMI body mass index, IOP
intraocular pressure, CCT central corneal thickness.
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Recalculation based on the in vive viscosity formulas by Pries et al.

RVR (mmHg min pl'') RBF (pl min™)
R 0.76 (P=1.9-10%) R 0.63 (P=2.0-10%)
Beta P value Beta P value
MV -0.067 4.1-107 MV 0.3 31107
FAI 0.497 26°10° FAI 2.7 6.1-10°
Skew -0.148 6.710° Skew 1.1 1.0-107%
Fluctuation -0.094 0.091 HR -0.1 0.030
Table S3. Reduced MAP 0.036 3.010° NA
Median (IOR): 1.81 (1.67 to 2.51) Mean (8D): 17 (5)

multivariable fitting models for

Recalculation based on the in vitro viscosity formulas by Pries et al.

retinal vascular resistance (RVR)

RVR (mmHg min pl'') RBF (pl min™)
and retinal blood flow (RBF) with - 076 (Po1910% - 060 (P=1010%
laser speckle flowgraphy metrics Beta P value Beta P value
MV -0.018 1.0-10° MV 0.9 37107
(Chapter 4) FAI 0.136 3.510° FAI 9.6 29107
Skew -0.044 2.7-10° Skew 4.6 1.0-10*
Fluctuation -0.027 0.080 HR -0.4 0.045
MAP 0.010 3010 NA
Median (IQR): 0.52 (0.46 to 0.74) Mean (5D): 61 (19)

MV: mean velocity in large vessels, FAL: flow acceleration index, MAP: mean arterial
pressure, HR: heart rate, N4: not applicable, IQR: interquartile range, SD: standard deviation

Group 1 Group 2 Group 3 Group 4

(SBP <5th | (Normal BP) | (Treated AHT) (SBP > 95th

percentile) percentile) Pvalue
Group size (N) 15 21 26 11
GCIPL; pm 53.9(2.7) 56.2 (3.0) 53.4 (3.3) 53.3(1.7) 0.007
[mean (SD)]
mRNFL; pm 373(3.7) 39.8(34) 36.0 (2.8) 39.5(3.9) 0.001
[mean (SD)]
Total pRNFL; pm 100.1 (8.0) 103.1 (10.1) 96.9 (9.2) 101.6(8.1) 0.13

[mean (SD)]

Table S4. Structural OCT metrics Temporal pRNFL; ym | 71.1(115) | 740(8.1) 65.5 (9.5) 738 (13.1) 0.025

[mean (SD)]

asa funCtlon Of bIOOd pressure Superior pRNFL; pm | 1209 (13.1) | 124.1 (16.7) | 119.5(13.5) 126.9 (14.5) 0.47
- ey [mean (SD)]
status with group definitions based
Nasal pRNFL; pm 83.3(11.6) 80.6 (14.1) 81.4 (11.4) 833(15.0) 0.91
on SBP 5th/95th percentiles (mean (S0
Inferior pRNFL; pm 124.9(13.8) | 134.0(13.3) | 122.7 (14.3) 120.6 (14.5) 0.024
(Chapter 5) {mean (SD)]
NRR area; mm?® 1.40 1.37 1.35 1.51 0.78
[median (IQR)] (1.29 to 1.56) | (1.27 to 1.74) | (1.18 to 1.64) (1.35 to 1.68)
VCDR 0.50 0.49 047 0.52 0.89
[median (IQR)] (0.42 to 0.55) | (0.39 10 0.55) | (0.42 to 0.60) (0.42 to 0.59)

OCT, optical coherence tomography; BP, blood pressure; SBP, systolic blood pressure; AHT, arterial
hypertension; GCIPL, ganglion cell-inner plexiform layer; SD, standard deviation; mRNFL, macular
retinal nerve fiber layer; pRNFL, peripapillary retinal nerve fiber layer; NRR, neuroretinal rim; VCDR,
vertical cup-to-disc ratio.
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Table S5. Structural OCT metrics
as a function of blood pressure
status with group definitions based
on DBP 5th/95th percentiles
(Chapter 5)

Table S6. Autoregulatory reserve
as a function of blood pressure
status, compared to controls per
decile (Chapter 5)

Group 1 Group 2 Group 3 Group 4

(DBP < 5th | (Normal BP) | (Treated AHT) (DBP > 95th

percentile) percentile) Pvalue
Group size (N) 5 21 26 15
GCIPL; pm 52.2 (2.0) 56.2 (3.0) 534 (3.3) 525(2.2) 0.001
[mean (SD)]
mRNFL; pm 36.0(1.2) 39.8(34) 36.0 (2.8) 384 (3.7) <0.001
[mean (SD)]
Total pRNFL; pm 91.2 (4.8) 103.1 (10.1) 96.9 (9.2) 99.6 (9.2) 0.036
[mean (SD)]
Temporal pRNFL; pm | 69.6 (14.5) 74.0(8.1) 65.5(9.5) 69.8(13.6) 0.067
[mean (SD)]
Superior pRNFL; pm | 106.6 (9.1) | 124.1(16.7) | 119.5(13.5) 127.0 (16.5) 0.055
[mean (SD)]
Nasal pRNFL; pm 76.2 (13.8) 80.6 (14.1) 81.4(11.4) 82.6(13.8) 0.81
[mean (SD)]
Inferior pRNFL; pm 113.6 (7.0) 134.0 (13.3) 122.7 (14.3) 119.7 (13.4) 0.002
[mean (SD)]
NRR area; mm? 1.22 1.37 1.35 1.51 0.31
[median (IQR)] (1.10t0 1.74) | (1.27to 1.74) | (1.181t0 1.64) (1.41 to 1.68)
VCDR 0.46 0.49 047 0.51 0.80
[median (IQR)] (0.16 to 0.59) | (0.39 t0 0.55) | (0.42 to 0.60) (0.40 t0 0.58)

OCT, optical coherence tomography; BP, blood pressure; DBP, diastolic blood pressure; AHT, arterial

hypertension; GCIPL, ganglion cell-inner plexiform layer; SD, standard deviation; mRNFL, macular

retinal nerve fiber layer; pRNFL, peripapillary retinal nerve fiber layer, NRR, neuroretinal rim; VCDR,

vertical cup-to-disc ratio.

Low BP (Group 1) Treated AHT (Group 3) Untreated AHT (Group 4)
Baseline: Group 2 Baseline: Group 2 Baseline: Group 2
Effect (b) P value Effect (b) P value Effect (b) Pvalue

Q10 -3.0 0.019 -3.0 0.027 21 0.15
Q20 -3.2 0.009 -23 0.065 33 0.026
Q30 -3.9 0.003 -3.6 0.009 29 0.057
Q40 4.3 0.004 -2.1 0.16 3.9 0.019
Qaso =3.5 0.038 -0.2 0.91 45 0.019
Q60 -3.7 0.027 15 0.39 44 0.020
Q7o -5.8 0.001 1.6 0.36 34 0.083
Q8o -4.6 0.025 1.9 0.37 49 0.034
Q90 -4.0 0.006 3.6 0.016 3.6 0.027

AR, autoregulatory reserve; BP, blood pressure; AHT, arterial hypertension.




Table S7. Effect of blood pressure
status on the GCIPL: mediation
analysis with group definitions
based on SBP 5th/95th percentiles
(Chapter 5)

Table S8. Effect of blood pressure
status on the GCIPL: mediation
analysis with group definitions
based on DBP 5th/95th percentiles
(Chapter 5)

Appendix A

Controls + Controls + Controls +
SBP < 5th percentile treated AHT SBP = 95th percentile
(Group 2 + Group 1) (Group 2 + Group 3) (Group 2 + Group 4)
Effect ‘ P Effect ‘ P Effect ‘ P
Mediation step 1:
GCIPL ~ SBP ‘ Dezp=0.07 ‘ 0.069 ‘ beer=-0.06 ‘ 0.056 ‘ Deze=-0.05 ‘ 0.016
Mediation step 2:
RBF ~ SBP bszp=0.21 ‘ 0.029
RVR ~ SBP bser=0.002 0.14 beee=0.003 ‘ 0.002
AR ~ SBP bepe=0.04 0.35
Mediation step J:
bsse=0.03 0.34
GCIPL ~ SBP + RBF
brer=0.15 0.017
bspe=-0.04 0.18 bsae=-0.03 0.21
GCIPL ~ SBP + RVR
bavr=-12.00 | 0.0005 brvr=-7.30 0.089
bspe=-0.05 0.085
GCIPL ~ SBP + AR
Dan=-0.24 0.016
beer=-0.03 0.29
GCIPL ~ SBP + RVR + AR bmr=2653 | 0.001
bar=0.44 0.048
Sobel test 0.092 RVR: 0.078; AR: 0.38 013
BP, blood pressure; GCIFL, ganglion cellinner plexiform layer; SBP, systolic blood pressure; AHT, arterial
hypertension; RBF, refinal bloed flow; RVR, retinal vascular resistance; AR, autoregulatory reserve
Controls + Controls + Controls +
DBP < 5th percentile treated AHT DBP = 95th percentile
{Group 2 + Group 1) {Group 2 + Group 3) (Group 2 + Group 4)
Effect ‘ P Effect ‘ P Effect ‘ P
Mediation step 1:
GCIPL ~ DBP ‘ bose=0.15 ‘ 0.019 ‘ bpee=-0.10 ‘ 0.070 ‘ boge=-0.10 ‘ 0.017
Mediation step 2:
RBF ~DBP bosp=0.32 ‘ 0.089
RVR ~DBP bope=0.007 0.001 boes=0.006 ‘ 0.0001
AR~ DBP brer=0.26 0.001
Mediation step 3:
bose=0.11 0.078
GCIPL ~ DBP + RBF
brer=0.12 0.064
bpee=-0.01 0.85 boze=-0.04 0.44
GCIPL ~ DBP + RVR
Drvr=-12.62 0.001 brr=-10.73 0.035
bres=-0.04 0.42
GCIPL ~ DBP + AR
ban=-0.22 0.050
bpas=-0.03 0.60
GCIPL ~ DBP + RVR + AR Drr=-2812 | 0.001
Dsr=0.49 0.029
Sobel test 019 RVR: 0.013; AR: 0.078 0.039

BP, blood pressure; GCIFL, ganglion cell-inner plexiform layer, DBP, diasiolic blood pressure; AHT, arerial
hypertension; RBF, retinal blood flow; RVR, retinal vascular resistance; AR, autoregulatory reserve.




Appendix A

Table S9. Regression coefficients of
confounding factors associated with
optical density ratios in multivariable
analysis, including only significant effects
(Chapter 6)

Table S10. Corrected optical density
ratios per retinal quadrant (Chapter 6)

Pl Sphere Cylinder Disc area Laterality
(negative) (0=0D, 1=08)

ODRan -0.158 NA NA NA NA
ST

ODRven -0.159 NA NA NA NA

ODRan NA 0.016 NA NA -0.102
IT

ODRven NA NA -0.062 NA -0.093

ODRan NA NA NA NA NA
SN

ODRven NA NA NA NA -0.096

ODRan NA NA NA +0.064 +0.085
IN

ODRven -0.139 NA NA NA NA

ODRen, arterial optical density ratio; ODRven, venous optical density ratio; ST,
superotemporal; IT, inferotemporal; SN, superonasal; IN, inferonasal; Pl, pigmentation index;
0D, oculus dexter; OS, oculus sinister; NA, not applicable.

Arterial ODRcor Venous ODRcor Pvalue

Global [mean (SD)] 0.138 (0.052) 0.262 (0.052) 25107

ST [mean (SD)] 0.178 (0.081) 0.269 (0.071) 261017

IT [mean (SD)] 0.170 (0.103) 0.313 (0.109) 321020

SN [mean (SD)] 0.078 (0.115) 0.202 (0.097) 20106

IN [mean (SD)] 0.124 (0.118) 0.265 (0.086) 3,710
P value 1.7-10-10 1.4101

ODRear, corrected optical density ratio; ST, superotemporal; IT, inferotemporal; SN,

superonasal; IN, inferonasal; SD, standard deviation.
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Abbreviations

AC
ACEI

AD
AH
AHT
AIC

ANOVA
AR
ARB

BF
BMI
BP
CCB
CCT
Cl
CoR

CRA
CRAE

CRV
CRVE

CVv
DBP
DCP
DO:2
EDV
ELM

autoregulatory change

angiotensin-converting
enzyme inhibitor

autoregulatory deviation
antihypertensive
arterial hypertension

Akaike Information
Criterion

analysis of variance
autoregulatory reserve

angiotensin Il receptor
blocker

blood flow

body mass index

blood pressure

calcium channel blocker
central corneal thickness
confidence interval

coefficient of
repeatability

central retinal artery

central retinal artery
equivalent

central retinal vein

central retinal vein
equivalent

coefficient of variation
diastolic blood pressure
deep capillary plexus
oxygen delivery

end diastolic velocity

external limiting
membrane

EMGT

FAI
FD
FD-OCT

FMD
GCC
GCIPL

GCL
GLGS

GON

HARL

HR
ICC

ICP

ILM
IN
INL
IOP
IPL

IQR

LARL

LSFG
MAP

Early Manifest
Glaucoma Trial

flow acceleration index
fractal dimension

Fourier Domain optical
coherence tomography

flow-mediated dilation
ganglion cell complex

ganglion cell-inner
plexiform layer

ganglion cell layer

Groningen Longitudinal
Glaucoma Study

glaucomatous optic
neuropathy

higher autoregulation
limit
hazard ratio; heart rate

intraclass correlation
coefficient

intermediate capillary
plexus

inner limiting membrane
inferonasal

inner nuclear layer
intraocular pressure
inner plexiform layer
interquartile range
inferotemporal

lower autoregulation
limit

laser speckle flowgraphy
mean arterial pressure
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MBR
MD
MRNFL

MV
NA
NFI
NO
NRR
NTG
OoCT

OCTA

oD
ODR
OEF

OHT
OHTS

ONH
ONL
OPL
OPP
OR

PCD

Pl
POAG

PPI

PRNFL

PSV
RBF
RCT
RGC

mean blur rate
mean deviation

macular retinal nerve
fiber layer

mean velocity

not applicable
normalized flux index
nitric oxide

neuroretinal rim

normal tension glaucoma

optical coherence
tomography

optical coherence
tomography angiography

optical density
optical density ratio

oxygen extraction
fraction

ocular hypertension

Ocular Hypertension
Treatment Study

optic nerve head

outer nuclear layer

outer plexiform layer
ocular perfusion pressure
odds ratio

perfused capillary
density

pigmentation index

primary open angle
glaucoma

proton pump inhibitor;
pulse pressure index

peripapillary retinal
nerve fiber layer

peak systolic velocity
retinal blood flow
randomized control trial
retinal ganglion cell

RI
RNFL
RNFLT

ROI
RoP
RPCP

RPE

RPP
RVR

Sa02
SBP
SCP/SVP

SD
SD-OCT

SEQ
SO2
SLO

SN
SS-OCT

ST
SV02
UMCG

VA
VCDR
VF
VO:2

resistivity index
retinal nerve fiber layer

retinal nerve fiber
layer thickness

region of interest
rate of progression

radial peripapillary
capillary plexus

retinal pigment
epithelium

retinal perfusion pressure

retinal vascular
resistance

arterial oxygen saturation
systolic blood pressure

superficial
capillary/vascular plexus

standard deviation

spectral domain optical
coherence tomography

spherical equivalent
oxygen saturation

scanning laser
ophthalmoscope

superonasal

swept-source optical
coherence tomography

superotemporal
Venous oxygen saturation

University Medical
Center Groningen

visual acuity

vertical cup-to-disc ratio
visual field

oxygen extraction
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Samenvatting

De retina is een gelaagde structuur die achterin het oog ligt en verantwoordelijk is voor de
complexe taak om visuele informatie op te vangen en door te geven aan de hersenen. De
functie van de retina is afhankelijk van een efficiénte, goed gereguleerde perfusie
(doorbloeding) en van voldoende zuurstoftoevoer. De binnenste cellaag van de retina is de
ganglioncellaag. De axonen van de ganglioncellen vormen de oogzenuw en zijn verweven

met de pathologie van een verraderlijke, neurodegeneratieve oogziekte, glaucoom.

Hoewel de pathogenese van glaucoom in wezen multifactorieel is, speelt een verhoogde
oogdruk een centrale rol. Daarnaast leverde onderzoek in de afgelopen decennia bewijs op
voor een vasculaire component van de ziekte. Vooral hypertensie (hoge bloeddruk) wordt in
verband gebracht met glaucoom, omdat het de mechanismen zou kunnen verstoren waarmee
de lokale microcirculatie voor voldoende weefselperfusie zorgt. De exacte bijdrage van

hypertensie aan glaucoom is onduidelijk, vanwege vele tegenstrijdige bevindingen.

Recente ontwikkelingen in beeldvormingstechnieken hebben een gedetailleerde weergave
van de retinale vascularisatie mogelijk gemaakt, samen met de neurale structuur van het
netvlies. Hoewel er verschillende methoden zijn voorgesteld voor de kwantificering van de
retinale perfusie en zuurstofextractie, heeft tot dusver geen enkele methode de weg naar de
kliniek gevonden, voornamelijk vanwege technische tekortkomingen. Als gevolg hiervan is
ons begrip van het samenspel tussen arteriéle bloeddruk, retinale perfusie en oxygenatie, en
hun relevantie voor glaucoom, vooralsnog grotendeels onvolledig. Als geheel vormt dit
proefschrift een rigoureuze poging om een samenhangend verhaal te presenteren, waarin
wordt uitgelegd of en onder welke omstandigheden bloeddruk inderdaad bijdraagt aan de

gevoeligheid voor glaucoomschade.

In Hoofdstuk 2 hebben we gegevens uit de Groningen Longitudinal Glaucoma Study
gebruikt om (onder andere) de associatie tussen het gebruik van antihypertensiva en de
snelheid van glaucoomprogressie te onderzoeken, zoals bepaald met perimetrie

(gezichtsveldonderzoek). Ook onderzochten we de relatie tussen het gebruik van
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antihypertensiva en de kans op conversie van glaucoomverdachten naar een definitieve
glaucoomdiagnose. We vonden geen effect van antihypertensiva in het algemeen, maar wel
beschermende associaties specifiek voor de renine-angiotensinesysteem-beinvioedende
middelen, dat wil zeggen de ACE-remmers en de angiotensine Il-receptor-blokkers. Omdat
het gebruik van antihypertensiva wel schadelijk was gebleken in epidemiologische studies,
vermoeden we dat het gebruik van antihypertensiva vooral schadelijk zou kunnen zijn (vanuit
het perspectief van glaucoom) bij patiénten waarbij een al langer bestaande hypertensie,
waardoor chronische schade aan de vaatwanden is ontstaan met een verminderde regulatie

van de bloedstroming tot gevolg, te agressief wordt behandeld.

Voor een beter begrip van de rol van bloeddruk bij glaucoom is betrouwbare informatie over
het retinale microvasculaire netwerk onmisbaar. In Hoofdstuk 3 hebben we
beeldanalysetechnieken gebruikt om een geoptimaliseerde methode te ontwikkelen om de
dichtheid en fluxindex van de microvasculatuur te kwantificeren, door middel van OCT-
angiografie (OCTA). Vervolgens hebben we de reproduceerbaarheid van deze beide maten
onderzocht en vastgesteld dat deze varieerde van goed tot uitstekend. Ook toonden we aan
dat deze maten goed correleerden met structurele metingen verkregen met OCT.
Desalniettemin beschrijven deze maten toch vooral de structuur van het vaatstelsel, en niet de
werkelijke perfusie. Hoe kunnen we al deze informatie combineren om de retinale perfusie te
voorspellen, dat wil zeggen, het bloedvolume dat per tijdseenheid door het retinale

microvasculaire netwerk gaat?

In Hoofdstuk 4 hebben we deze vraag beantwoord door een biofysisch model voor retinale
vasculaire weerstand en retinale bloedstroom te ontwikkelen, gebaseerd op de wet van
Poiseuille en de fractale geometrie van het vaatstelsel. We hebben daarbij ook een methode
ontwikkeld om het autoregulatiebereik van de retinale microcirculatie te schatten, dat wil
zeggen het perfusiedrukbereik waarbinnen de retinale bloedstroom relatief constant wordt
gehouden. We hebben de resultaten van dit model gevalideerd met in vivo perfusiemetingen
bij gezonde en glaucomateuze ogen, voor en na intraoculaire drukverhoging, door middel van
Laser Speckle Flowgraphy. We ontdekten dat het model een hoog voorspellend vermogen

had en in overeenstemming was met de fysiologische verwachtingen.

Onze resultaten toonden aan dat de retinale vaten, ondanks hun vermogen tot
autoregulatie, toch gevoelig zijn voor bloeddrukdalingen, wat dan leidt tot een verminderde
perfusie. Dat bracht ons op de meest relevante vraag van dit proefschrift: is er een verband
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tussen de bloeddrukstatus en de structuur van het netvlies in oogheelkundig gezonde ogen?

Zo ja, kan dit verband worden toegeschreven aan retinale perfusie?

In Hoofdstuk 5 hebben we prospectief oogheelkundig gezonde deelnemers gerekruteerd met
verschillende bloeddrukstatus (lage bloeddruk, normale bloeddruk, behandelde arteriéle
hypertensie en onbehandelde arteriéle hypertensie). In het bijzonder rekruteerden we
patiénten waarvan was gedocumenteerd dat ze behoorden tot de extremen van de
bloeddrukverdeling in de algemene bevolking (de deelnemers werden gerekruteerd uit een
grootschalig Noord-Nederlands cohort, Lifelines).

Ten eerste toonden we aan dat er een U-vormig verband was tussen bloeddruk en een dunner
netvlies, dat wil zeggen dat de netvliezen van (overigens gezonde) proefpersonen met lage of
hoge bloeddruk dunner waren dan de netvliezen van proefpersonen met een normale
bloeddruk. Ten tweede toonden we aan dat proefpersonen met een lage bloeddruk, evenals
proefpersonen met een intensief behandelde arteriéle hypertensie, dicht bij hun ondergrens
van autoregulatie waren, dus mogelijk vatbaar zijn voor episodes van hypoperfusie. Als
laatste hebben we vastgesteld dat retinale perfusie inderdaad de relatie tussen bloeddrukstatus
en dunner netvlies medieert: een verminderde retinale perfusie en aangetast
autoregulatievermogen lagen in de verklarende route tussen bloeddrukstatus en
retinaverdunning in de groepen met lage bloeddruk en behandelde hoge bloeddruk, wat onze

hypothese bevestigt.

We merkten echter op dat een verhoogde vaatweerstand ook een mediator was van dezelfde
relatie in beide hypertensiegroepen (behandeld en onbehandeld), zonder een gelijktijdige
afname van de retinale perfusie. Deze bevinding leek enigszins raadselachtig. We
veronderstelden dat dit fenomeen zou kunnen worden toegeschreven aan de waargenomen
toename van de bloedstroomsnelheid, wat de tijd verkort die rode bloedcellen nodig hebben
om de retinale circulatie te doorkruisen. De kortere transittijd zou kunnen resulteren in een
suboptimale zuurstofextractie, waardoor weefselhypoxie wordt veroorzaakt. Deze observatie

brengt ons bij ons laatste hoofdstuk.

In Hoofdstuk 6 hebben we de uitkomsten van het vorige hoofdstuk gebruikt, in combinatie
met een aangepaste retinale oximeter, om het netto volume van geleverde (DO-) en
geéxtraheerde (VO3) zuurstof door het netvlies van dezelfde gezonde deelnemers met

verschillende bloeddrukstatus te schatten. In tegenstelling tot wat we hadden verwacht,
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hadden proefpersonen in de groep met onbehandelde arteriéle hypertensie de hoogste VO3,

vergeleken met alle andere groepen.

We speculeerden over een aantal mogelijke mechanismen die deze schijnbaar paradoxale
bevinding zouden kunnen verklaren. De verklaring die grotendeels door de literatuur wordt
ondersteund, suggereert dat de extra VO, eigenlijk niet door het binnenste deel van het
netvlies wordt geconsumeerd, maar door de fotoreceptoren in het buitenste deel van het
netvlies. Dit is al het geval in fysiologische omstandigheden, maar vooral in omstandigheden
waarin de hoofdtoevoer van de fotoreceptoren, dat wil zeggen de choroidale circulatie, in

gevaar komt, iets wat bij hypertensie gebeurt.

Als laatste hebben we dezelfde gegevens gebruikt om de relatie tussen DOz en VO3 te
onderzoeken. We gebruikten speciale statistische technieken om aan te tonen dat de twee
variabelen onafhankelijk zijn binnen hun fysiologische bereik. Dit gebrek aan (sterke)
associatie tussen DOz en VO suggereert dat, zelfs wanneer de perfusie van het netvlies en
het vermogen tot autoregulatie worden aangetast, de zuurstofextractiemechanismen een extra

verdedigingslinie vormen tegen weefselhypoxie.

De vasculaire theorie van glaucoom is al tientallen jaren een onderwerp van debat, met vele,
relevante openstaande vragen. Het is al lang bekend dat de dood van ganglioncellen resulteert
in een verminderde zuurstofbehoefte en een daarmee gepaard gaande afname van de retinale
perfusie. In het 'kip-ei'-dilemma van glaucoom staat deze waarneming bekend als de 'ei'-
component. Dit proefschrift concludeert dat er waarschijnlijk ook een 'kip'-component
bestaat, volgens welke de structurele veranderingen secundair zijn aan de
vaatbeschadigingen. Hoewel samenvallende structurele en vasculaire bevindingen het niet
mogelijk maken om volgordelijkheid te ontwarren, bevat de nieuwe bevinding van een
gecompromitteerde autoregulatie die deze associatie medieert, het element van
directionaliteit, in afwezigheid van een omgekeerde verklaringsroute (structurele defecten
kunnen leiden tot een verminderde retinale perfusie, maar niet tot een kleinere autoregulatoire
reserve). Toekomstige studies met een longitudinaal ontwerp zouden moeten nagaan of de

gerapporteerde tekorten ook leiden tot een verhoogde kans op het ontwikkelen van glaucoom.
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Lay Summary

Glaucoma is a chronic eye disease characterized by thinning of the retina, death of ganglion
cells, and progressive loss of vision, eventually leading to blindness. The prevalence of
glaucoma is estimated at 1-3% of those over 40 years old. With a constantly aging
population, this number is expected to increase significantly over the next 10 years. Even
with treatment, about 15% of people with glaucoma currently develop residual vision or
tunnel vision and eventually become blind or partially sighted.

The mechanisms behind ganglion cell death are poorly understood. Elevated eye pressure is
the main risk factor for glaucoma, but treatment in the form of medication, laser, or surgery
can only slow the decline, not stop it. In addition, high intraocular pressure is neither
necessary nor sufficient for the development of glaucoma, indicating the existence of other

unknown risk factors.

It has been established that the death of ganglion cells results in a decreased oxygen demand
and a concomitant decrease in blood flow. However, there is also a hypothesis that reduced or
unstable blood supply is not only a consequence, but also a cause of glaucoma. This is known
as the ‘chicken-egg’ dilemma in glaucoma. It is supported by the observation that the risk of
developing glaucoma is higher in people with very low blood pressure (sometimes even as a

result of overtreatment of high blood pressure).

This dissertation is an attempt to methodically examine whether blood pressure can be linked
to changes in the retina that could suggest susceptibility to glaucoma. For this purpose, we
analyze epidemiological data from the Groningen Longitudinal Glaucoma Study, we use
advanced imaging techniques to model the microcirculation, and we describe its relationship
with the neural structure and oxygen consumption of the retina. We provide evidence leaning

towards the existence of a vascular component, likely pertinent to glaucoma.
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Publiekssamenvatting

Glaucoom is een chronische oogziekte die wordt gekenmerkt door dunner worden van het
netvlies, afsterven van ganglioncellen en progressief verlies van het zien, wat uiteindelijk
leidt tot blindheid. De prevalentie van glaucoom wordt geschat op 1-3% van de 40-plussers.
Met een constant vergrijzende bevolking zal dit aantal naar verwachting de komende 10 jaar
aanzienlijk toenemen. Zelfs met behandeling ontwikkelt momenteel ongeveer 15% van de
mensen met glaucoom uiteindelijk blindheid of slechtziend.

De mechanismen onderliggend aan de dood van ganglioncellen worden slecht begrepen.
Verhoogde oogdruk is de belangrijkste risicofactor voor glaucoom, maar behandeling in de
vorm van medicatie, laser of chirurgie kan de achteruitgang alleen maar vertragen en niet
stoppen. Bovendien is een hoge oogdruk niet nodig noch voldoende voor de ontwikkeling

van glaucoom, wat wijst op het bestaan van andere, tot op heden onbekende risicofactoren.

Het is vastgesteld dat de dood van ganglioncellen resulteert in een verminderde
zuurstofbehoefte en een gelijktijdige afname van de doorbloeding. Er is echter ook een
hypothese dat een verminderde of onstabiele bloedtoevoer niet alleen een gevolg is, maar ook
een oorzaak van glaucoom. Dit staat bekend als het “kip-en-eiprobleem’ bij glaucoom. Het
wordt ondersteund door de waarneming dat het risico op het ontwikkelen van glaucoom
hoger is bij mensen met een heel lage bloeddruk (soms zelfs als gevolg van overbehandeling

van een hoge bloeddruk).

Dit proefschrift onderzoekt systematisch of bloeddruk kan worden gekoppeld aan
veranderingen in het netvlies die kunnen wijzen op vatbaarheid voor glaucoom. Hiervoor
analyseren we epidemiologische gegevens van de Groningen Longitudinal Glaucoma Study,
gebruiken we geavanceerde beeldvormende technieken om de microcirculatie te modelleren
en beschrijven we de relatie met de neurale structuur en het zuurstofverbruik van het netvlies.
De resultaten pleiten voor het bestaan van een vasculaire component die waarschijnlijk

relevant is voor glaucoom.
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Ieplinyn Kowvov

To yAavkopa givar pua ypdvia opBadkn vocog, n omoia yopakpiletot ond AEnTuvoT Tov
apPPANGTPOEBOVS, BEVTO YOyYAOK®OV KUTTAP®V Kol TPOOSEVTIKT OATMAELL OPOUCTG, LE
KatdAnEn v teAmo. O emmoAacrds ToV YAAVKOLATOG broloyiletot og 1-3% TV
aTOp®V Ave TV 40 eTdv. AdYm TOL d10pKOG YNPACKOUEVOD TANBLGLOV, 0VTOC 0 aplOuog
avapéverol vo avéndet onupavtikd vtog g emopevng dekaetioc. Axoun kot vd Bepaneia,

nepimov 15% TV YAQUKOUATIKGOV avaTTOGGEL EAAEILUOTIKY Opacn 1 OpacT 1 payyos.

Ot unyaviopol ticw and to 0Gvato TV yoyyAlok®v KuTtdpov dev elvot TANP®S KotavonTot.
H avénpévn evdoepBdaipia ticon amotedel 1ov KupLdTEPO TAPAYOVTA KIVODVOL YAOVKMUATOG,

OAAG 1 Bepomeia pe T LOPPN POPUOKEVTIKNG ay®YNG, AEep M xEpovpYEiov pumopel povo va
KaBvoTEPNOEL TNV OTOTTMOT, Kot Ol va TNV omotpéyel. Emmpdobeta,  vynin evéoeddio
nieon dgv ivar 00TE KavN 00TE avaykaio GLVONKT Yo TNV AVATTLEN YAAUKOLOTOC,

KATAOEKVOOVTAG TNV VopEN GAADV dyveOoT®V TopaydvImVv KIvauVou.

Eivot yvooto 611 0 Bévatog Tov yoyyMokdv KuTtdpmv odnyel o€ petopévn avarykn yio
o&uyovo Kot cuvaKOAoVON pelmoN TG AUOTIKNG pOoNG. L26TOGO, VTTAPYEL Emiong 1 Voo
TOG 1 LEWOUEVN N 00TAONG AUATOON OEV OmOTEAEL LOVO GULVETELD, OAAG KO O{TIO TOV
YAOVKOUOTOG. AvTtd glvar yvomotd g 1o diAnupa ‘afyov-ko6tag’ 6to YAAHKOLLO.
Yrnootmpiletar and v Tapatipnon g o Kivouvog ELeEviong YAAUKOLOTOG elvat
VYNAOTEPOC GE ATOUO LE TTOAD YOUNAN apTNPLoKT TTiEST] (LEPIKES POPES QKON KO 1OG

AmOTEALEC O EVTOTIKNG Oepameiog TG LVITEPTAGNG).

Avt 1 dwtpPn emyepel va e€etdost peBodikd dv n aptnprokn tieon pmopet vo cuvoehet
pe oAAayéc otov apueBAncTpoeldn mov Ba propodcoav va tpodiabdétovy oto yAadkopa. I
TO GKOTO aLTO, AVOADOVUE ETONUOAOYIKE dedopéva amd v [Ipoomtikn Melétn
IMavkopoatog Tov XpoOvivyKey, ¥p1CLLOTOI0VUE TPONYUEVES TEYVIKEG OTEIKOVIONG Y10 VO
LLOVTEAOTOMGOLLE TN LIKPOKLKAOQOPI0 Ko TEPTYPAPOVLE T GYECT) TNG LE TN VEVPIKT dOUN
Kot TV Katovilmon o&uyovou tov apgiBinctposdots. [apéyovpe evoeilelg mov KAivouv

TPOG TNV VIOPEN ULOG OYYELNKNG GLVIGTMOGOS, THAVAOS GYETILOUEVNG LE TO YAUDKMLLOL.
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Epilogue

At times, one might get lost wandering in the world of thoughts and ideas. One should never
forget that it is people, not ideas, that guide us, support us, and motivate us to move forward.
In place of an epilogue, I would like to use this space to acknowledge all these people in my

life that made this piece of work possible.

To my mother, Hermione, and my father, Christos. Every step of the way, every hope and
aspiration, everything | have come to expect has your loving signature. No parent could
possibly top you. You have taught me everything, you have given me everything. There are

no words to express my gratitude. | am forever in your debt.

To my grandmothers, Maria and Yota (), and my grandfathers, Mimis (7) and Kostas ().
My childhood memories are entwined by your presence. Your faces, your voices, they hold

the most beautiful and nostalgic place in my heart.

To my brother, Dimitris. To the endless times that we have found ourselves tackling open
problems, discussing solutions, analyzing strategies. You are the most brilliant person I have
ever met. Your ideas challenge me, your charisma inspires me. You are my greatest blessing,
my younger self, my better self.

To my buddies from medical school, Romanos and Merkou. You are my long-time friends,
the ones | would strive to see no matter what, with every bimonthly AMS-ATH return ticket.

You made me feel like I never left. You never forgot me.

To my military medical ‘squad’. To the fruitful scientific and life discussions with Anastasis

and Maj. Kostas, which always ended with me nagging about this PhD thesis.

To the Kounatidis family and their wonderful restaurant ‘Athene’. You were a Greek island
of hospitality in Groningen. You were the place where | would feel like home. | will always
reminisce about your good food, your warm hearts, and our constant Olympiakos-AEK
grudge.
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To my dear friends from Groningen, Azzu (who keeps refreshing submission portals, not
unlike myself), Iris, Allison, and so many more. Our nights out, our trips, our discussions,
they are so greatly missed. To the rest of my friends, colleagues, and mentors from
Amsterdam, London, Magdeburg, Clermont-Ferrand, Turku, and every single person who
made EGRET/EGRET(+) possible.

“I am indebted to my father for living; to my teacher for living well. ” — Alexander the Great
To Nomdo, my great mentor and supervisor, my friend. You are wise, you are diligent, yet
you remain so humble. It is my greatest honour to know that half of everything in this work

belongs to you. You are the clinician, the scientist, the person I look up to.

“So by day she’d weave at her great and growing web — by night, by the light of torches set
beside her, she would unravel all she’d done. (...)What good sense resided in your Penelope
— how well Icarius’s daughter remembered you, Odysseus, the man she married once!”
(Homer’s ‘Odyssey’, excerpts)

To the ‘Penelope’ | left behind in this journey. To the ‘Penelope’ who sacrificed so much in
my anticipation. To her beloved family and our poodle, Rocky. To the love of my life. To my
Eleftheria.
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