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THE USE OF VESGEN FOR ANALYSIS OF RETINAL VASCULATURE IN 
PULMONARY ARTERIAL HYPERTENSION 

 

MARIANA DESIREE` DUPONT 

VISION SCIENCE  

ABSTRACT  

 

Pulmonary artery hypertension is a chronic and progressive disease leading to 

right heart failure and, ultimately, death if untreated. The goal of the studies in this 

dissertation was to determine if fluorescein angiography (FA), and color fundus 

angiography (CF) imaging could be used to garner critical information about retinal 

changes in individuals with pulmonary artery hypertension (PAH). VESsel GENerational 

Analysis (VESGEN) is a noninvasive computer program that assigns branching 

generation to large and small vessels. VESGEN was utilized to investigate vascular 

alterations in FA, and CF imaging investigating disease progression in PAH. This 

dissertation demonstrated that PAH patients had aberrant retinal vasculature in FA 

imaging when compared to controls, and that these abnormalities may correspond with 

standard clinical outcome metrics in PAH. Using CF in conjunction with VESGEN 

analysis as a retinal imaging modality in PAH patients rather than FA with manual in-put 

service as a safer way for retinal change monitoring. VESGEN, combined with deep 

learning processing, shows potential in identifying vascular pathology earlier and in more 

subtle vascular alterations. Based on our results, VESGEN with FA and CF imaging may 

serve as an additional research tool for monitoring small changes in the progression of 

PAH and other systemic vascular diseases. 
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Keywords: VESGEN, retinal imaging, image processing, vascular segmentation, 

PAH  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

v 

 

 

 

 

DEDICATION 

 To my mother (Nina DuPont), brothers (Tyson Smith and Michael 

DuPont, Jr), and my late father (Michael DuPont Sr.) 

My biggest support system! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

vi 

 

 

 

ACKNOWLEDGMENTS 

 I would like to thank my parents, Nina and Michael, Sr., for never 

allowing me to give up on my dreams and always being there for me during my most 

challenging times. I would like to thank my brothers, Tyson and Michael Jr., for listening 

to me vent when things did not go my way. I want to thank my best friend, Kelsey Gates, 

for never leaving my side, even on my most challenging days. With most profound 

appreciation, I thank my Ph.D. mentor Dr. Maria Grant. Thank you for accepting me into 

your lab, pushing me to become greater, and providing me with the tools I need to excel 

in science. Thank you for being patient with me during countless editing and revising of 

my manuscripts. Thank you to my committee members, Doctors Timothy Kraft, Timothy 

Lahm, Jarrod Barnes, and Stefanie Krick, for helping me throughout my five years at the 

University of Alabama at Birmingham. Thank you for all the sacrificed time to ensure I 

would achieve above and beyond. I thank the University of Alabama at Birmingham, the 

Vision Sciences Graduate Program, and the Vision Science faculty for accepting me into 

the program and providing me the opportunity to obtain this doctorate. Lastly, I would 

like to thank all my current and past lab mates for making to experience worth 

remembering.  

  



 

 

vii 

 

 

 

 

TABLE OF CONTENTS 

Page 

 

ABSTRACT  .......................................................................................................... iii 

DEDICATION .........................................................................................................v 

ACKNOWLEDGMENTS ..................................................................................... vi 

LIST OF TABLES  ................................................................................................ ix 

LIST OF FIGURES  ................................................................................................x 

LIST OF ABBREVIATIONS ............................................................................... xii 

INTRODUCTION  ..................................................................................................1 

The Structure of the Retina ......................................................................................1 
 Blood Vessels of the Retina ..........................................................................2 
Vasculature Structure ...............................................................................................5 
 Tortuosity .....................................................................................................5 
 Vascular Density ..........................................................................................6 
 Fractal Dimension .......................................................................................7 
History of Retinal Imaging ......................................................................................8 
 Color Fundus ...............................................................................................9 
 Fluorescein Angiography .............................................................................9 
Vessel Generations Analysis..................................................................................11 
 Deep Learning ...........................................................................................13 
Diseases with Retinal Involvement ........................................................................14 
 Diabetes Mellitus .......................................................................................14 
 Pulmonary Arterial Hypertension..............................................................15 
 Histologic and pathophysiology aspects of PAH .......................................18 
 PAH and the Retina ...................................................................................21 
Closing Remarks ....................................................................................................24 
  
RETINAL VESSEL CHANGES IN PULMONARY ARTERIAL 



 

 

viii 

 

 HYPERTENSION ................................................................................................26 
 
OPTIMIZING RETINAL VASCULAR IMAGING FOR DETECTING 

CHANGES IN PULMONARY ARTERY HYPERTENSION .........................................51 
 

CONCLUSIONS................................................................................................................77 

Summary ................................................................................................................77 
 Chapter 2 Associations between PAH and vasculature changes...............77 
 Chapter 3 Safer imaging method ...............................................................81 
Limitation ...............................................................................................................85 
Future Direction .....................................................................................................87 

GENERAL REFERENCES ...............................................................................................95 

APPENDIX ..................................................................................................................107 

A Institutional Review Board for Human Use Approval Letters ..................................108 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 



 

 

ix 

 

 

 

LIST OF TABLES 

 
Table                                                    Page 

RETINAL VESSEL CHANGES IN PULMONARY ARTERIAL HYPERTENSION  

1 Baseline characteristics of PAH cases and controls ....................................................44 
 
2 Association between retinal vascular parameters and disease severity measures 
 in subjects with pulmonary arterial hypertension ........................................................45 
 
 

 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



 

 

x 

 

 
 
 
 

LIST OF FIGURES 
 

Figures                                       Page 

INTRODUCTION 

1 Representative image of the retina .................................................................................1 

2  Simplified representation of key VESGEN outputs ......................................................8 

3 Vascular morphology examples of VESGEN..............................................................12 
 

 
RETINAL VESSEL CHANGES IN PULMONARY ARTERIAL HYPERTENSION 

 
1 Illustrative retinal vascular change in pulmonary arterial 
 hypertension (PAH) subjects ............................................................................................47 
 
2 VESsel GENerational Analysis (VESGEN) characterization 
 of retinal vascular phenotype in representative PAH patients  
and a control subject. .........................................................................................................48 
 
3 Retinas of pulmonary arterial hypertension (PAH) patients 
 exhibit higher vessel tortuosity than controls ...................................................................48 
 
4 Retinas of pulmonary arterial hypertension (PAH) patients without  
connective tissue disease (CTD) exhibit higher vessel tortuosity than  
PAH patients with CTD and controls ................................................................................49 
 
5 Age modifies the relationship with retinal artery 
 tortuosity in pulmonary arterial hypertension (PAH), but not controls ............................50 
 
 
OPTIMIZING RETINAL VASCULAR IMAGING FOR DETECTING CHANGES IN 

PULMONARY ARTERY HYPERTENSION 
 
1 Representative output image of VESGEN analysis of the retina vessel 
from PAH subjects .............................................................................................................70 
 
2 Fluorescein angiography and color fundus comparisons in tortuosity ........................71 
 



 

 

xi 

 

3 Fluorescein angiography and color fundus comparisons in vessels area 
density ................................................................................................................................72 
 
4 Fluorescein angiography and color fundus comparisons in microvessels 
number of vessels ...............................................................................................................73 
 
5 Binary images of manual and deep learning ................................................................74 
 
6  Manual and deep learning comparison .......................................................................75 
 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



 

 

xii 

 

 

 

LIST OF ABBREVIATIONS 

 

6MWD 6-minute walk distance 

AI artificial Intelligence 

Av vessel area density 

CF color fundus 

CI cardiac index 

CO cardiac output 

CTD connective tissue disease 

Df fractal dimension 

DL deep learning  

DM diabetes mellitus 

DME diabetic macular edema 

DR diabetic retinopathy 

FA fluorescein angiography 

GLMM generalized linear mixed modeling  

HF heart failure 

IGF-1 insulin-like growth factor-1 

LIF leukemia inhibitory factor 

mPAP mean pulmonary arterial pressure 

NASA National Aeronautics and Space Administration 



 

 

xiii 

 

PAH pulmonary arterial hypertension 

PAP Pulmonary artery pressure 

PCWP pulmonary capillary wedge pressure 

pFDR Benjamini-Hochberg false discovery rate 

PH pulmonary hypertension 

PVR pulmonary vascular resistance  

RAP right atrial pressure 

RHC right heart catheterization 

ROI region of interest 

SANS Spaceflight associated neuro-ocular syndrome 

ScvO2 superior vena cava oxygen saturation 

SvO2 pulmonary arterial oxygen saturation 

Tv tortuosity 

VEGF vascular endothelial growth factor 

VESGEN VESsel GENeration 

  

  

  

 



 

 

1 

 

 

 

 

CHAPTER 1 

INTRODUCTION 

The structure of the retina 

A window into the body is through the pupil and then directly to the retina. The 

inside of the eye is separated into two sections: anterior and posterior. The anterior 

segment consists of the cornea, iris, ciliary body, lens, and anterior and posterior chamber 

spaces filled with aqueous fluid. The retina, choroid, and optic nerve head are all part of 

the posterior segment, as is the vitreous compartment, which is filled with vitreous fluid 

(1).The retina is a spherical anatomic structure on the inner side of the back of the eye. 

The 

Figure 1: Representative image of the retina 
 Representative image of the retina identifying the layers of the retina and 

blood vessels. Cells within the retina layers are identified on the left and major 
layers on the right. Due to the limitations of the image not all layers were 
identified or visible.  
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retina is thinnest at the foveal floor (0.10, 0.150-0.200 mm) and thickest at the foveal rim 

(0.23, 0.320 mm)(2). It is the only part of the central nervous system (CNS) that can be 

directly visualized non-invasively. The retina is composed of 10 layers: The inner 

limiting membrane, nerve fiber layer, ganglion cell layer, inner plexiform layer, inner 

nuclear layer, middle limiting membrane, outer plexiform layer, outer nuclear layer, and 

the external limiting membrane (3). Among these layers, blood vessels are found from 

the inner limiting membrane to the outer plexiform layer (Figure 1).  

Blood Vessels of the Retina 

The peripheral vascular system (PVS) comprises all blood vessels located outside 

the heart. Each segment of the peripheral vascular system has a different function and 

structure depending on the organ it serves (4). All tissues rely on a blood supply, which  

relies on endothelial cells.  Endothelial cells can alter their quantity and configuration.  

Tissue development and healing would be impossible without endothelial cells` 

expansion and reconstruction of the blood vessel network (5,6). 

Arteries are vital in providing blood and nutrients to organs. Arteries are 

constantly under stress the presence of elastin in large arteries allows them to expand  in 

size and adjust their diameter (7). The aorta, the primary high-pressure conduit 

connecting the heart's left ventricle, then divides into the internal and external carotid 

arteries (3).  The aorta divides into smaller arteries known as arterioles and finally 

capillaries that go throughout the body. The pulmonary arteries transport oxygen-

depleted blood from the heart to the lungs at low pressure (8). 
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Arteries have three main layers: the adventitia, the tunica media, and the tunica 

intima. The adventitia, or outside layer, contains connective tissue, which allows for 

anchoring arteries to nearby tissues and provides structural support and form to the vessel 

(9). The tunica media, or middle layer, is composed of elastic and muscular tissue that 

allows arteries to handle high pressure and controls the internal diameter of the vessel. 

The last layer is the tunica intima, or inner layer, lined by endothelium and offers a 

frictionless passage for blood flow (4,10).  

When an artery reaches a target organ, it divides into smaller arteries. Arterioles 

are smooth muscular blood vessels that carry blood to the organs. The autonomic nervous 

system influences the diameter and shape of arterioles. Arterioles respond to a  tissue's 

demand for extra nutrients and oxygen. Because they have less elastic tissue in their 

walls, arterioles play an essential role in systemic vascular resistance. Capillaries have 

thin-walled vessels with a single endothelial layer. Because of the capillary's thin walls, 

nutrients and metabolites are predominantly exchanged by diffusion. The arteriolar lumen 

controls blood flow through capillaries (4). 

The ratio of artery width to related vein width is 2:3. Blood passes from venules 

into larger veins. Venules are the tiniest veins that collect blood from capillaries and are 

prone to rupture due to their thin walls. Venules also participate in the exchange of 

oxygen and nutrients. Unlike the arteries, the venous pressure is modest. Veins are less 

elastic compared to arteries; having thin walls allowing them to hold higher percentage of 

the blood in the circulation than arteries (4,10). In addition, veins have one-way valves 

inside them that allow blood to flow in a forward direction toward the heart. Respiratory 

alterations that impact pressure gradients in the abdomen and chest cavity similarly 
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influence forward blood flow from the lower extremities to the heart. This pressure 

disparity is most significant during deep inspiration but is present throughout the 

respiratory cycle (4). 

The retina requires a continual supply of highly oxygenated blood to keep it 

nourished. To accommodate these high needs, the retina has a dual blood supply system; 

it is supplied by the choroid and branches of the ophthalmic artery. The ophthalmic artery 

gives rise to the central retinal and posterior ciliary arteries, which nourish the inner and 

outer structural layers (3). The central retinal artery goes out the optic nerve through the 

dura mater right beneath the optic nerve, allowing the retinal and macular cells to be 

nourished (3,11). The first branch of the ophthalmic artery is the central retinal artery 

which emerges at the optic disk and provides 20-30% of all blood flow to the retina. 

Retinal arteries are distinguished from arteries of comparable size in other organs by a 

highly developed smooth muscle layer and the absence of an interior elastic lamina. The 

artery wall has five to seven layers of smooth muscle cells at the optic disk, dropping 

to one or two at the periphery (3). The posterior ciliary artery's second branch of the 

ophthalmic artery divides into the short and long posterior ciliary arteries, which enter the 

sclera and supply blood to the outer and middle retina (3). The long and short posterior 

ciliary arteries also supply blood to the choroid. Many smaller vessels branch off the 

superficial retina outer layers and penetrate deeper into the retina's inner layers (12). The 

vortex veins and the central retinal vein, which join the superior and inferior ophthalmic 

veins, are the primary venous outflow routes from the eye (13). Upon leaving the retina, 

the central retinal veins leave the eye via the optic nerve and drain into the cavernous 

sinus (11).  
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Vasculature Structure  

Early detection of alterations in retinal vessels allows for inferences about the 

overall health of blood vessels, potentially allowing for early treatment of retinal diseases 

that can prevent long-term damage, including blindness. Diabetes and hypertension, for 

example, can cause alterations in the retinal arteries, such as vascular narrowing, 

arteriovenous, and occlusion, leading to retinal pathology(14–17). 

 

Tortuosity 

Tortuosity (Figure 2A) is defined as the degree of the twistedness of a curved 

structure and is quantified as the ratio of vessel curve length over the linear distance 

between two ends. Tortuosity can damage any arterial bed, from subungual capillaries 

and retinal arteries to medium and major arteries like the coronary, cerebrovascular, or 

iliac vessels, as well as the aorta itself (18). This vascular aberration can affect a broad 

spectrum of vessels throughout the body, from big arteries and veins to small arterioles 

and veins, including the retina (18).  Vessel tortuosity may be limited to a single vessel or 

widespread, can be diagnosed at different ages, and typically processes over time. The 

first known depiction of vascular tortuosity in the body was in a drawing by Leonardo da 

Vinci (19). Leonardo da Vinci linked the aging process by showing that superficial 

arteries of the arm become twisted in the elderly compared to straight in the young  (19). 

Various terms have been used to describe different types of tortuosity, including s-curve, 
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kinking, looping, and coiling (20,21). Clinical studies have associated alterations, such as 

tortuosity changes, in arteries and veins with aging as well as various diseases, including 

atherosclerosis, hypertension, carotid artery,  genetic conditions, and type 2 diabetes 

(18,22–25). 

 

Vascular Density 

The production of new blood vessels (angiogenesis) is crucial for development, 

but aberrant blood vessel growth has been linked to various diseases. Vascular density 

(Figure 2B) changes are often a result of hypoxia. In return, a reduction in oxygen results 

in increased angiogenesis (growth of new blood vessels) in the retina and other organs 

throughout the body (26). Vascular endothelial growth factors (VEGF) and their 

receptors are the fundamental signaling mechanism that controls endothelial cell 

proliferation and migration, resulting in angiogenesis (27).  

Vascular density of the retina is defined as a ratio or percentage of total vessel 

area to the entire region of interest (ROI). Changes of the vascular density can occur in 

macro-and micro-vessels. Often microvascular changes such as capillary remodeling 

have been linked to changes in diabetic retinopathy and other diseases associated with 

hypertension (28,29). Imaging technologies such as the ones used in this dissertation can 

reveal the architectural organization of capillaries, which may be the first signs of 

ischemia/hypoxia, occurring before arteriolar and venular changes (30,31). Vascular 

density can be measured in a range of parameters. This dissertation examines vascular 

density based on vessel area density, vessel curvature based on tortuosity, structural 

changes based on fractal dimensions, and total vessel numbers. These parameters were 
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measured via vessel generation (VESGEN) analysis software, which is discussed in detail 

later in the introduction. 

Fractal Dimension  

Fractal dimension (Figure 2C) is a ratio that provides a statistical measurement of 

complexity by comparing details in a pattern. The goal of fractal analysis as it applies to 

branching structures in tissues, vasculature, and organs is to calculate the fractal 

dimension of the objects and structures then utilize this number as a classifier to 

differentiate between normal, aberrant and diseased structures (32,33). Most retinal 

microvascular abnormalities arise early in the disease process, are localized in capillaries, 

and result in permeability changes. The fractal analysis does not identify these early 

vascular changes. The fractal analysis of blood vessels in the retinal circulation is a 

global assessment of blood vessel pattern; as such, it is not sensitive to tiny changes in a 

small section of the entire pattern (33–35). 

The fractal dimension measures how well a fractal item fills space. Nonetheless, 

there is some correlation between a pattern's observed complexity or roughness and its 

fractal dimension. The fractal dimension grows in proportion to the intricacy of how the 

item fills space. The fractal dimension in a plane is “two” if the item fills the space.  

Several designs that fill space similarly share the same fractal dimension and exhibit 

comparable scaling relations. Nonetheless, the single number may be crucial in defining 

the process that led to the pattern's creation as a feature descriptor (33). 
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History of Retinal Imaging  

 Due to its structure, the retina provides a direct view into the body without an 

invasive procedure. During the early 1800s, a French physician, Jean Mery, performed 

the first documented attempt at retinal imaging. This was achieved by submerging a live 

cat in water, revealing the visible retinal vessels. It led to the invention of the 

ophthalmoscope in 1823 by Jan Evangelista Purkyně, later reinvented in 1845 by Charles 

Babbage (36). Lastly, the concept of the ophthalmoscope was further improved to what 

we know today by Helmholtz in 1851(37,38).  

The first retinal image was completed in 1885 by Messrs Jackman and Webster 

by exposing the retina to light for over 20 minutes (39). Imaging the retina is important, 

since it allows assessing vascular complications such as diabetes, hypertension, 

Figure 2: Simplified representation of key VESGEN outputs 
Representative output examples of, tortuosity (A), vessel area density (B), and 
fractal dimension (C), key output parameters.  
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retinopathy of prematurity, and other known diseases allowing for earlier detection 

(38,40,41). Today retinal imaging is used to detect retinal diseases and progression. This 

dissertation will focus on both invasive and non-invasive imaging techniques:  

Color Fundus 

Ocular fundus imaging is essential for monitoring the health of the human eye. 

Fundus imaging dates back to the early 1900s when discovered by Allvar Gullstrand and 

is still used today as a safe and cost-effective way to image vascular changes in the retina 

(38). Color Fundus (CF) provides color, or red-free, images via a specialized low-power 

microscope with an attached camera to capture the retina's color images to document the 

abnormalities' presence. CF imaging is typically provided between 30 and 55 degrees; CF 

imaging is often used in clinical trials and provides excellent insight into understanding 

retinal diseases such as diabetic retinopathy (42).  

While commonly used today for large-scale detect of retinal diseases. CF imaging 

has many limitations, including its ability to obtain only 2-D imaging of 3D objects, its 

inability to accurately establish the presence of macular edema, and coexisting media 

opacities such as cataracts and the vitreous hemorrhage; the field of view can be 

restricted (42).  

Fluorescein Angiography 

Discovered in the early 1960s, fluorescein angiography uses a fluorescent agent 

during the diagnostic procedure. Fluorescence is a form of photoluminescence that 

happens when fluorophores absorb electromagnetic radiation and are momentarily 

excited to a higher energy state (43). Fluorescein molecules are stimulated by blue light 

(465-490 nm) and emitted by green-yellow light (520-530 nm). The blue light and green-
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yellow light are separated by a barrier filter, which enables only the green-yellow 

fluorescent light to pass through while blocking the blue reflected light (44). This concept 

results in a narrow wavelength band allowing the ability to image and capture fluorescent 

dye injected into the arteries and veins and the dye binding to circulating leukocytes. 

Unlike conventional fundus pictures, fluorescein angiography produces remarkable 

contrast and documents leakage, neovascularization, dilatation, and capillary dropout in 

vascular diseases such as diabetic retinopathy and macular degeneration (45). These 

clinical diagnoses are used to identify the amount of damage, design a treatment plan, or 

monitor therapy progress (38,43). Furthermore, angiography can determine the existence, 

location, and characteristics of choroidal neovascularization, allowing treatment with 

laser photocoagulation, photodynamic therapy, or antiangiogenic medicines (43).  

While safe and well-tolerated by most patients, these dyes pose a risk of allergic 

reactions and nausea. Adverse reactions often occur in 5%-10% of patients and range 

from mild to severe (43). The incidence of fatal reactions is 1:49,557 angiographies, and 

of severe but non-fatal accidents, 1:18,020 angiographies (46). Among those incidents, 

individuals with a history of diabetes or systemic arterial hypertension have a 9.72% 

greater chance of adverse reactions (46).  

While the gold standard approach for seeing retinal arteries and veins has been 

fluorescein angiography, it has a limited resolution to identify deeper plexus and 

choroids, which look hazy and shadowy and lack the ability to provide sufficient detail of 

the deep retinal capillary plexus (43). 
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Vessel Generations Analysis 

Vessel generation (VESGEN) 2D analysis is a NASA-based application, user-

interactive image J plugin. Previously VESGEN has been used in several studies (14,47–

49), including a preliminary methodological study, where VESGEN 2D was used to 

investigate the progression of diabetic retinopathy (DR). This study showed oscillation of 

angiogenesis of the microvessels of diabetics during the progression of DR, with vessel 

density decreasing significantly in severe Non- Proliferative (NP) DR (14,47).  

  VESGEN 2D input is a user-supplied vascular binary image, which is 

based on the input image provided by the user, for which one of three analysis 

approaches can be chosen: (1) Vascular Tree, (2) Vascular Network, or (3) Tree-Network 

Composite. Images converted into different vascular maps are among the output data 

with measurements of vascular parameters that are specified for individual vascular 

branching and overall imaging measurements (48,50).  

Generations of vessels are determined by a set of rules where a decrease in vessel 

diameter is 71% of the primary determinant of a new branching generation. This is based 

on the idea that blood flow velocity is conserved at an asymmetric vessel bifurcation. 

VESGEN contains a user-adjustable 15% default tolerance factor (71% ± 15% at a 

relatively symmetric offspring vessel bifurcation) (VESGEN 2D User guide version 1.10 

Parsons-Wingerter et.al. 2011) (48). Each analysis approach will generate a color image 

in addition to the output data, used to indicate the generational branching and an optional 

grouped color map of the generational branching. There, VESGEN allows the ability to 

produce meaningful results by grouping into 3 or 4 generations, also known as small, 
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medium, and large vessels (48,50). This dissertation utilized one of the three vascular 

morphology known as vascular trees (Figure 3), a formation of tapering vessels that are 

very branched, asymmetric, and nonhomogeneous. In addition, the vascular tree pattern 

can be separated into arterial and venous trees using basic concepts of vessel connectivity 

and shape in a relatively quick and straightforward approach. The morphology of arterial 

and venous characteristics and the connectivity, branching, and tapering aspects of 

vascular trees are the two variables that make up these principles (VESGEN 2D User 

guide version 1.10, Parsons-Wingerter et. al. 2011).  VESGEN output parameters used in 

this dissertation include vessel tortuosity (length of vessel divided by the distance 

Figure 3: Vascular morphology examples of VESGEN 
Vascular images and VESGEN maps from an fluorescein angiography image 
from a subjects with type 2 diabetes and mild diabetic retinopathy (DR) (a) 
and color fundus from a subject with pulmonary arterial hypertension (b). 
Macrovascular vessels defined as results from generation 1-3 plus results of 
generation 4-5. Microvascular vessels defined as generation 6-11. Branching 
generation generated by VESGEN. Legend (center) identifies branching 
generations. 
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between endpoints of the vessel), fractal dimension (ratio providing a statistical index of 

complexity), vessel area density (density of total vascular area, Av = vascular area/ROI), 

and the number of vessels (Number of vessels) (VESGEN 2D User guide version 1.10, 

Parsons-Wingerter et. al. 2011). 

 

Deep Learning  

Deep learning is a subset of a larger class of machine learning approaches that 

combine artificial neural networks and representation learning. Deep learning has made 

significant progress in tackling challenges that have long withstood the best efforts of the 

field of artificial intelligence (AI). Deep learning mimics how people acquire specific 

types of knowledge and it is a critical component of data science, which also covers 

statistics and predictive modeling. Compared to traditional machine-learning techniques, 

which are limited in their ability to process natural data in their raw form, AI is 

supervised and the programmer must be precise (51). 

Artificial intelligence's ability to automate retinal vessel segmentation is an 

ongoing task. Deep learning segmentation uses a trainable neural network that learns 

from manually segmented samples before applying to a batch of images used in these 

studies. In this case of deep learning, the computer works to find ways to transition from 

an input picture to vessel segmentation. In this dissertation, the deep learning training 

approach used was STARE(52) (STructured Analysis of the Retina) dataset (training 

images) and RVGANs (53) (retinal vessel generative adversarial network (GAN) 

(automated segmentation). 
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Michael Goldbaum, MD, of the University of California, San Diego, launched the 

STARE (STructured Analysis of the Retina) Project in 1975. The STARE database 

contains 400 raw photographs with over 40 hand-labeled images used to compare blood 

vessel segmentation work. The STARE data was used for deep learning due to its higher 

specificity than other programs. It was later applied to fundus images and scaled down to 

match the STARE dataset resolution for correct segmentation by RVGAN (52,53). 

 

Diseases with Retinal Involvement 

The retina is affected by several systemic illnesses; therefore, imaging the retina 

aids in understanding eye disorders as a consequences of diabetes, hypertension, and 

other cardiovascular diseases to be recognized, diagnosed, and managed (38). The 

structure of the retinal microvasculature has been discovered as an independent predictor 

of hypertension, diabetes, cardiovascular disease, coronary heart disease, stroke, and 

other retinal factors such as the thickness of the retinal nerve fiber layer macular volume 

(34,54–56). VESGEN has been previously used in a cross-sectional study to examine the 

oscillation of vessel density during the progression of diabetic retinopathy, suggesting 

alternating phases of angiogenesis and vascular dropout, resulting of remodeling of the 

vessels (14).  

Diabetes Mellitus     

Diabetes mellitus (DM) is defined as the body's inability to properly process food 

for use as energy resulting in an abundance of sugar in the blood (57). DM affects 

approximately 420 million people worldwide, with an expected 578 million by 2030 (58). 

DM is categorized into two types. Type 1 results from the body's inability to produce 
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insulin and is often presented in children or adolescents. While type 2 is defined as the 

body's failure to respond or produce enough insulin (59) and often affects older adults 

who have presented long-term hyperglycemia, often resulting from poor dietary choices 

and lifestyles (57). DR is the leading cause of vision loss among working-age adults and 

is caused by damage to the blood vessels. DR contributes to over 12,000 new cases of 

blindness each year (60). DR falls into two main classes: non-proliferative (absent of 

neovascularization and typically earlier in stage) and proliferative (presence of 

neovascularization and later in stage). Each stage can be accompanied by macular edema 

or the buildup of fluid in the macula, the primary cause of vision loss (61). DR is often 

diagnostic using secondary vascular changes such as microaneurysms and hemorrhages. 

Although, previous studies have shown that 10% of individuals 40 years of age and older 

without diabetes may develop these secondary vascular changes making these more 

common in people without diabetes than previously known (62).  

Visibility of primary vascular changes such as vascular dropout and angiogenesis, 

two known hallmarks for identifying the progression of DR, are visible as early as mild 

DR (63,64). These changes are vital for understanding the progression and severity of 

DR. Some of the vital changes include narrowing of the retinal artery, which suggests 

increased risk of diabetes, and retinal vein widening, which has suggested progression of 

DR and higher risk of a stroke (62). Another disease, while not systemic, that has known 

to have an association with retinal vascular changes is pulmonary arterial hypertension.  

 

Pulmonary Arterial Hypertension 
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Pulmonary hypertension (PH) is defined as increased mean pulmonary arterial 

pressure ≥20 mmHg at rest as determined by right heart catheterization.  PH  is 

characterized by progressive loss and remodeling of the pulmonary arteries and small 

vessels. PH is divided into four subgroups: Pulmonary arterial hypertension (PAH, group 

1), PH due to left heart diseases (group 2), PH due to respiratory diseases or hypoxia 

(group 3), PH due to chronic thromboembolic (group 4), and PH with unclear and/or 

multifactorial mechanisms (group 5) (65). For this dissertation, we focused only on PAH 

(group 1). The inclusion of pulmonary hypertension (PH) subjects irrespective of 

subgroup (such as Group 2 and 3 PH) would have resulted in additional confounders 

(age, smoking, obstructive sleep apnea, diabetes mellitus, cardiovascular disease), which 

can be associated with retinal abnormalities and difficult to control.  

PAH is a chronic and progressive disease characterized by vascular obstruction 

leading to an increase in vascular resistance. Untreated, PAH can ultimately result in 

death. The effective diameter of the blood arteries diminishes as the severity of PAH 

worsens, resulting in a cumulative and permanent increase in pulmonary vascular 

resistance (PVR). While the right heart maintains its systolic function, cardiac output 

(CO) and mean pulmonary artery pressure (mPAP) rise gradually. As the PVR rises, the 

right heart begins to fail, in addition to CO. During severe right heart failure 

decompensation (reduction in CO), the mPAP reduces according to Ohm's law (66).   

PAH is relatively rare, affecting about 15 to 50 persons per million (66–68). Right 

heart catheterization (RHC) is essential to diagnose PH abnormalities and conclusively 

diagnose PAH. RHC provides useful information on the degree of hemodynamic 

impairment, assesses responsiveness to PAH medication, and defines prognosis, 
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consequently aiding clinical decision-making in managing PAH (69). In addition, the 

cardiopulmonary exercise test (CPET) is a noninvasive approach for assessing the 

integrative cardiopulmonary response to exercise. It  provides data on the circulatory, 

respiratory, metabolic, and muscle responses to physical exertion (70,71). Previously, 

some CPET parameters have shown to have association with 6 minute walk test and has 

shown suggested pattern of vascular disease which has resulted in suggestions of diseases 

progression (70).  

 PAH is divided into subgroups based on various underlying diseases or 

pathophysiological causes. PAH is characterized as a state with a mean PAP >20 mmHg, 

normal left atrial pressure, and pulmonary vascular resistance of 3 Wood units or greater. 

Patients with a family history of PAH or a known germline mutation are considered 

heritable PAH (HPAH). In addition, the mutation bone morphogenetic protein receptor 

type II (BMPR2) gene, has over 300 distinct mutations that have been linked, with a 

more than 75% among PAH families (72) and 11% (73) of all sporadic IPAH 

cases. BMPR2 causes function loss and results in signaling changes downstream of the 

receptor (74). 

APAH (associated PAH) refers to PAH caused by congenital heart disease 

(CHD), PAH caused by liver disease (porto-pulmonary PAH), HIV-related PAH, and 

schistosomiasis. PAH is also linked to auto-immune illnesses such as systemic sclerosis, 

mixed connective tissue diseases (MCTD), and systemic lupus erythematosus (SLE). In 

addition, no cause or related illness has been discovered in the biggest category of PAH, 

idiopathic PAH (IPAH) (75). 
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The right ventricle is thin-walled and crescent-shaped, making it prone to any 

sudden increase in wall stress for example, a rapid rise in PVR, may cause right 

ventricular dilatation and quick pump failure. However, when the left ventricle faces a 

sustained rise in systemic vascular resistance, a steady increase in PVR allows for RV 

adaptation and remodeling. In PAH angio-proliferative vasculopathy affects the pre-

capillary arterioles, increasing pulmonary vascular resistance, increasing the right 

ventricular afterload, and ultimately leading to right heart failure, which is the leading 

cause of death (76).  

Female patients accounted for 63 percent of all IPAH patients in the 1980s NIH 

registry, but this percentage has climbed to 80 percent in the more recently Registry to 

Evaluate Early and Long term PAH Disease Management (REVEAL) registry (77) . 

Several variables impact the female/male ratio, including geography, age, and etiology. 

PAH  can, however, occur in men and is frequently linked with worse clinical results (68) 

Patients with onset of PAH symptoms before 36 years of age showed the highest 

likelihood of delayed diagnosis. According to a 2011 study, 2967 individuals with PAH 

were enrolled in the Registry to Evaluate Early and Long-term PAH Disease 

Management (REVEAL Registry), about 21.1% had greater than two years between the 

onset of symptoms and diagnosis with PAH, resulting in the delay of treatment, which 

potentially worsens clinical outcomes or survival (78,79). 

 

Histologic and pathophysiology aspects of PAH 

PAH can be idiopathic or related to a variety of diseases. The fundamental causes 

of PAH subtypes vary; however, all are distinguished by excessive pulmonary 
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vasoconstriction and aberrant vascular remodeling processes. Which typically impacts all 

artery layers (intima, medium, and adventitia) resulting in substantial loss of cross-

sectional area and, as a result, increased right ventricular afterload. Pulmonary artery 

compliance is also reduced, adding to the load on the right ventricle (80,81).  PAH 

formation is complex and diverse, with a wide range of cell types inside the PA vascular 

walls implicated in the disease process. These cells include pulmonary artery endothelial 

cells (PAECs), pulmonary artery smooth muscle cells (PASMCs), fibroblasts, 

inflammatory cells, and platelets. Initial pulmonary vasoconstriction causes 

muscularization of peripheral arteries and medial enlargement of muscular arteries (82). 

PAEC damage and malfunction as a result of environmental stressors is also considered 

an early insult in PAH, and the healing process can result in neointimal development, 

vascular blockage, and later formation of plexiform lesions, which increases PVR (82).  

The physiological result of these changes is partial obstruction of small 

pulmonary arteries, which also results in increased PVR, right ventricular failure, and 

mortality. The disruption of four critical signaling pathways causes pulmonary vascular 

defects: nitric oxide (NO), prostacyclin (PGI2), thromboxane A2 (TXA2), and 

endothelin-1 (ET-1).  PAH is generated by decreased PGI2 synthesis (cyclooxygenase-2 

dysregulation) and NO synthase (eNOS) function, with concomitant vasoconstrictive and 

the mitogenic consequences of an elevated ET-1 signaling pathway (83). 

Through its strategic position in the arterial wall, the endothelium responds to 

changes in blood oxygen and nutrient content by sending signals that vary vascular tone, 

barrier permeability, and circulating cell recruitment. Endothelial dysfunction in PAH has 
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been widely characterized, as evidenced by diminished angiogenic responses, metabolic 

abnormalities, and inappropriate activation of inflammatory pathways (84,85). 

Nitric oxide (NO) is generated in endothelial cells by endothelial-derived nitric 

oxide, which catalyzes the oxidation of l-arginine to l-citrulline in the presence of oxygen 

and nicotinamide adenine dinucleotide phosphate (NADPH). NO diffuses into the 

underlying pulmonary vascular smooth muscle cells (PVSMC) and binds to soluble 

guanylate cyclase (sGC), which converts GTP to cyclic guanosine monophosphate 

(cGMP). Following activation of downstream cGMP-dependent protein kinases (PKG), 

pulmonary vasodilation occurs. Furthermore, NO reduces PVSMC proliferation, platelet 

aggregation, and thrombosis, all of which contribute to a healthy pulmonary vasculature. 

The reduction of bioavailability of NO results in vasoconstriction and increased smooth 

muscle cell proliferation, inflammation, and thrombosis in PAH (83,86). 

Reduced nitric oxide generation causes an increase in arginase activity, which has 

been linked to the development of pulmonary hypertension in numerous illnesses. In a 

trial of ten individuals with idiopathic pulmonary hypertension, a 30-minute infusion of 

500 mg/kg L-arginine lowered pulmonary artery pressure comparable to a prostacyclin 

infusion (87). Other studies have shown that inhalation of nitrite, a byproduct of NO 

oxidation that can be converted back to NO in the lung, reverses established PAH. Both 

nitrite and nitrate, which can be converted to nitrite by oral commensal bacteria, were 

demonstrated to reduce PAH via NO-dependent signaling (66,88–90). 

The antagonistic eicosanoids prostacyclin (PGI2) and thromboxane (TX) are 

produced by the action of cyclooxygenase on phosphomembrane arachidonic acid. 

Endothelial cells synthesize prostacyclins from arachidonic acid via cyclooxygenase and 
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prostacyclin synthase. PGI2 binds to particular I-prostanoid (IP) receptors in smooth 

muscle cells, causing adenylate cyclase to be activated. This enzyme converts ATP to 

cyclic adenosine monophosphate (cAMP), which results in smooth muscle relaxation and 

subsequent vasodilation. Prostacyclin reduces platelet aggregation, slows smooth muscle 

proliferation, and has anti-inflammatory and antithrombotic properties (83,86). In PAH, 

the pathway changes to produce thromboxane A2, which causes platelet aggregation, 

vasoconstriction, and proliferation (91). Furthermore, individuals with PAH have 

decreased prostacyclin synthesis as well as prostacyclin receptor and prostacyclin 

expression (86).  

Endothelin-1 (ET-1) is a 21-amino acid peptide potent vasoconstrictor and 

mitogen generated by endothelial cells that has powerful vasoactive capabilities by 

binding to receptors on vascular endothelium and smooth muscle cells, ET-A and ET-B. 

When activated, ETA is present on vascular smooth muscle cells and promotes 

vasoconstriction, hypertrophy, proliferation, cell migration, and fibrosis. Activating the 

ET-A receptor produces vasoconstriction in the pulmonary circulation under normal 

circumstances.  

On the other hand, activating the ET-B receptor promotes clearance of ET-1 and 

activation of NO and prostacyclin release. ET-B can be found on the surfaces of vascular 

smooth muscle and endothelial cells. ET-B activation promotes vasoconstriction on 

smooth muscle, but on endothelial surfaces, ET-B activation causes vasodilation and anti-

proliferation (66,86,92). ET-A and smooth muscle ET-B expression increases during 

PAH, while endothelium ET-B expression decreases. In addition, PAH patients have 

higher ET-1 levels in their plasma and pulmonary vascular endothelial cells (93,94).  



 

 

22 

 

 

PAH and the Retina  

The bulk of PAH research focuses on endothelial dysfunction in the pulmonary 

circulation, with little focus on whether comparative pathology might be seen in the rest 

of the circulatory system. In PAH, blood arteries in the lungs are restricted, obstructed, or 

damaged, resulting in injuries that reduce blood flow through the lungs and raise blood 

pressure in the lung arteries (95). This causes the heart to work harder, ultimately 

resulting in heart failure (HF).  

HF is a condition that serves as the last standard route for various disease 

processes. The heart cannot provide enough blood at normal filling pressures to meet the 

body's metabolic demands. “Forward heart failure” (left sided) is defined largely by 

reduced cardiac output and concomitant hypoperfusion symptoms such as tiredness, 

weakness, lightheadedness, disorientation, and lack of appetite. “Backward heart failure” 

(right sided) causes "congestive" pulmonary edema symptoms such as dyspnea, 

orthopnea, PND, cough, and peripheral edema. The differentiation between left sided and 

right sided failure is mainly based on physical examination symptoms and signs, although 

these findings can be insensitive and vague. In PAH, right heart failure is a major cause 

of morbidity and mortality (96).  

Although there are significant differences between the heart and the eye, the 

vasculature of the eye shares many characteristics with the systemic vasculature and is 

frequently subject to the same inherent and environmental factors. The development of 

many eye disorders is linked to cardiovascular functioning and risk factors (97,98). In 

particular, arterial pinching, constriction of retinal arteries, and dilatation of retinal veins 
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are major indicators of increased cardiovascular risk. Because of a malfunction in the 

venous outflow from the eye, pressure in the dilated veins is frequently considerably 

elevated. Because retinal blood flow is self-regulated, it is independent of perfusion 

pressure (PP) (98,99). The primary regulators include vascular endothelial cells and 

neuronal and glial cells.  When flashing light is transmitted onto the retina, the arteries 

and veins expand, a process mediated mainly by nitric oxide (NO). The visual stimulation 

of the retina dilates capillaries and arterioles, followed by flow-mediated dilatation of the 

larger retinal arteries. This provides information on the function of the vascular 

endothelium and may be of particular interest, as endothelial dysfunction is linked to the 

majority, if not all, cardiovascular risk factors (98,100). In line with this,  there is 

growing evidence that PAH patients have different morphological alterations in other 

regions of the body besides the lungs and heart (79,98,101,102).   

Aberrant episcleral arteries have been observed in individuals with familial PAH 

who have BMPR2 mutations (103). Additionally, abnormally dilated episcleral arteries 

were discovered in unaffected carriers before the onset of PAH (103). In addition to the 

eye, significant morphological alterations in nailfold capillaries (104,105) and sublingual 

(106) vasculature have also been reported. Two studies using nailfold capillaroscopy 

independently found altered capillary density in patients with IPAH compared to healthy 

people (104,105). Another team measured the blood flow, tortuosity, and curvature of 

sublingual arteries in 14 healthy controls and 26 PAH patients. Patients with PAH 

showed a lower sublingual blood flow index and increased tortuosity and curvature 

compared to healthy sex-matched control participants (106). After adjusting for age, 

gender, and comorbidities, including diabetes and systemic hypertension, these disparities 
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remained substantial. In individuals with PAH, there was no association between 

treatment status, disease severity, and the severity of sublingual vascular parameters 

(79,102,106).  

Changes in the retina associated with PAH were first mentioned in a 2012 case 

report (101). In this case study, a 28-year-old female (younger than average onset age) 

with Idiopathic PAH showed ocular findings of bilateral dilated episcleral vessels, small 

intraretinal hemorrhages, mild capillary leakage, and macular detachment. The medical 

record noted that this person had no history of diabetes or hypertension, two known 

diseases commonly associated with vascular changes (62). These findings were paralleled 

by elevated systemic venous pressure suggesting a possible worsening of PAH. Upon a 

right heart catheterization, mean pulmonary artery pressure had increased by 27%, and 

the right atrium and right ventricle pressures increased by 20% and 33%, respectively 

(101). In another study, adaptive optics scanning light ophthalmoscopy (AOSLO) was 

performed on two female patients with Group 1 PH: one was a 32-year-old functional 

class 2 patient with IPAH, and the other was a 41-year-old functional class 3 patient with 

Eisenmenger syndrome. Tortuosity was identified in a substantial proportion of imaging 

arteries in both individuals. Surprisingly, these findings are similar  to those reported in 

patients with systemic hypertension and diabetes, despite the fact that none of the 

individuals had these conditions or any other cardiac risk factors (107). This dissertation 

examines the associations between the retina and systemic diseases using fluorescein 

angiography, color fundus imaging, and VESGEN to facilitate the detection and 

progression of PAH while examining and comparing known imaging techniques for safer 

diagnosis. 
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Closing Remarks 

Unique alterations in blood vessels accompany a variety of systemic diseases. 

During an ophthalmoscopic examination, retinal vascular alterations and their immediate 

morphological repercussions are detectable. These discoveries can aid in better 

understanding serious systemic or localized disorders. Alterations in retinal vessels allow 

for making inferences about the overall health of unseen blood vessels. Diabetes and 

hypertension, for example, can cause pathological alterations in the retinal arteries, 

leading to retinal damage (108). Early detection and treatment of such disorders can 

frequently avert long-term damage, including blindness and death. As a result, assessing 

retinal arteries and veins should be an important aspect of every eye checkup. Healthy 

retinal vessels are uniform in diameter and travel with a slightly typical pattern (108,109). 

In closing, PAH patients should be monitored for ocular pathology and retinal 

abnormalities. Retinal abnormalities of PAH could serve as a screening tool to better 

understand progression of diseases.  
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ABSTRACT 

 

Pulmonary arterial hypertension (PAH) is classically considered an isolated small 

vessel vasculopathy of the lungs with peripheral pulmonary vascular obliteration. 

Systemic manifestations of PAH are increasingly acknowledged, but data remain limited. 

We hypothesized that retinal vascular changes occur in PAH. PAH subjects underwent 

retinal fluorescein angiography (FA) and routine disease severity measures were 

collected from the medical record. FA studies were analyzed using VESsel GENerational 

Analysis (VESGEN), a noninvasive, user‐interactive computer software that assigns 

branching generation to large and small vessels. FAs from controls (n = 8) and PAH 

subjects (n = 9) were compared. The tortuosity of retinal arteries was higher in PAH 

subjects compared to unmatched controls (1.17, 95% confidence interval: [1.14, 1.20] in 

PAH vs. 1.13, 95% CI: [1.12, 1.14] in controls, p = 0.01). Venous tortuosity was higher 

and more variable in PAH (1.17, 95% CI: [1.14, 1.20]) compared to controls (1.13, 95% 

CI: [1.12, 1.15]), p = 0.02. PAH subjects without connective tissue disease had the 

highest degree of retinal tortuosity relative to controls (arterial, p = 0.01; venous, p = 

0.03). Younger PAH subjects had greater retinal arterial tortuosity, which attenuated with 

age and was not observed in controls. Retinal vascular parameters correlated with some 

clinical measures of disease in PAH subjects. In conclusion, PAH subjects exhibit higher 

retinal vascular tortuosity. Retinal vascular changes may track with pulmonary vascular 

disease progression. Use of FA and VESGEN may facilitate early, noninvasive detection 

of PAH. 
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INTRODUCTION 

Pulmonary arterial hypertension (PAH), the most aggressive type of pulmonary 

hypertension (PH), is a progressive pulmonary vasculopathy without a cure. The hallmark 

of PAH is profound pulmonary vascular remodeling that leads to narrowed and ultimately 

obliterated blood vessels.1–3 A growing body of literature suggests that PAH is a systemic 

disease that involves vascular beds in other organ systems, including the kidneys, the 

systemic musculature, and the coronary circulation.2,4 Ocular manifestations have been 

reported in a handful of PAH cases,5–7 but it is not known whether these abnormalities are 

due to primary retinal vascular changes, adverse effects of PAH medications, or are 

reflective of PAH‐related changes in systemic blood flow or oxygen content. 

As the presenting symptoms of PAH are nonspecific, the diagnosis and treatment of 

PAH are frequently delayed, resulting in an unacceptably high mortality rate. Right heart 

catheterization (RHC) is the gold standard for diagnosing PAH which includes increased 

pulmonary artery pressure (PAP) and pulmonary vascular resistance (PVR) in the absence 

of elevated pulmonary artery occlusion pressure.8–10 However, while this method is the 

most direct measure of pulmonary vascular burden, it is invasive. In addition, central 

hemodynamics may be relatively insensitive measures of early or subclinical pulmonary 

vascular and microvascular changes. To date, noninvasive techniques for monitoring PAH 

lack sensitivity and specificity.11 Identifying additional noninvasive techniques for earlier 

detection or serial monitoring of PAH is a critical unmet need. Such markers may prove 

especially valuable in systemic conditions known to be associated with an increased risk 

of PAH development, such as connective tissue disease (CTD) or bone morphogenetic 

protein receptor 2 gene mutation carrier status. 
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    The retinal vasculature can be delineated by fluorescein angiography (FA), a 

minimally invasive technique that images the retina following systemic injection of 

solubilized fluorescein.12 Pathological changes seen on FA have been identified as a 

marker of vascular damage in systemic diseases such as diabetes.13 To map and quantify 

vascular morphology in PAH, we analyzed FA images using VESsel GENeration 

(VESGEN), a novel, automated software developed by the US National Aeronautics and 

Space Administration (NASA).14–18 We hypothesized that PAH subjects would exhibit 

retinal vessel abnormalities compared with controls and that the degree of retinal vascular 

pathology would correlate with markers of PAH severity, including hemodynamics. 

METHODS 

Subjects with a clinical diagnosis of World Symposium on Pulmonary Hypertension 

Group 1 PH (PAH) and meeting traditional hemodynamic criteria at diagnosis19,20 were 

recruited. For this pilot study, stable prevalent patients on PAH medications were 

enrolled. Exclusion criteria included age younger than 18 years, non‐Group 1 PH, 

diabetes mellitus (Hgb A1C ≥ 6.5 or being treated for diabetes mellitus), malignancy, 

imprisonment, pregnancy, or a known history of any retinal disease. The most recent 

hemodynamic parameters, performed within 1 year of study enrollment (but not 

necessarily meeting strict hemodynamic definitions for PAH), were extracted from the 

medical record and included: right atrial pressure (RAP), mean PAP (mPAP), pulmonary 

capillary wedge pressure (PCWP), superior vena cava oxygen saturation (ScvO2), 

pulmonary arterial oxygen saturation (SvO2), cardiac output and index (CO and CI, 
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respectively), and PVR. Clinical data, including 6‐min walk distance (6MWD) and 

functional class were extracted from clinic records as close as possible to study visit. 

  Inclusion criteria for healthy controls included any male or female of 21 years of age 

and older who were eligible to participate and able to cooperate with the eye exam 

protocol. Exclusion criteria included age‐related macular degeneration, glaucoma, uveitis, 

known hereditary retinal degenerations, diabetic retinopathy, or other significant ocular 

complications, and systemic conditions such as systemic hypertension, peripheral 

vascular disease, active malignancy, myocardial infarction, diabetes, cerebral vascular 

accident, or cerebral vascular procedure, current pregnancy, history of organ 

transplantation, presence of a graft, evidence of ongoing acute or chronic infection, and 

anemia. Both PAH and healthy control subjects provided written informed consent. 

Enrollment for PAH cases and healthy controls was coterminous and therefore not 

matched. 

Image acquisition 

All subjects had imaging performed by experienced retinal photographers with 

color fundus photographs and FA. Photographers were blinded to the severity of PAH or 

control status of the subjects. FA images from three eyes from three different PAH 

subjects could not be used due to poor quality. For this pilot study, we took a pragmatic 

approach and leveraged available control images that were acquired at a higher imaging 

resolution (35°) than the PAH images (55°), thus capturing more small vessels per unit 
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area. Comparisons were therefore limited to vessel tortuosity, which is independent of 

magnification (i.e., scale‐invariant).18 

 

Image processing 

Original FA images (2392 × 2048 pixel) were processed, traced into binary 

(black/white) images, and analyzed at various zoom levels using 2019 Photoshop Adobe 

Creative Cloud on a 15.6‐inch HP laptop at a resolution of 1366 × 768 pixel. A color 

fundus image was used to define the difference between arteries and veins that were 

separated from each other according to physiological vascular branching rules.14–16 

 

Vascular quantification 

 Automated algorithms for the VESGEN analysis are based on 

physiological rules of vertebrate vascular branching that include vessel bifurcational 

branch points and tapering, and characteristics of laminar blood flow. The VESGEN 

software is a user‐interactive JAVA‐based computer interactive vascular analysis that is 

globally available from NASA (https://software.nasa.gov/search/ software/vesgen) and 

operates as a complex plug‐in to ImageJ software (National Institutes of Health).16 Binary 

arterial, venous and combined arterio‐venous images with the enclosing region of interest 

(ROI) obtained by the image processing were imported into VESGEN to automatically 

map to quantify the vascular parameters of interest. These included: (a) tortuosity (Tv), 

which is calculated by the length of the centerline of a single vessel divided by the 

distance between the two endpoints of that single vessel, and (b) vessel area density (Av), 

defined as the density of the total vascular area.14–18 Macrovascular vessels were defined 

https://software.nasa.gov/search/software/vesgen
https://software.nasa.gov/search/software/vesgen
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as vessels identified as generations 1–5. Microvascular vessels were defined as vessels 

identified as generation 6 and greater. 

Statistical analysis 

 Data were summarized as median (range) or N (percentage). Arterial and 

venous Tv were modeled between cases and controls using generalized linear mixed 

modeling (GLMM) assuming a normal distribution with sandwich estimation, where 

observations (for each eye) were nested within subjects. Age was modeled as a moderator 

between cases and controls. We also conducted a sensitivity analysis in which cases were 

separated into CTD and non‐CTD and compared to controls. GLMM was also used to 

examine functional class (binomial distribution), 6MWD, RAP, mPAP, CO, CI, PVR, 

ScvO2 and SvO2 with predictors total artery Tv, total artery Av, microartery Av, and 

microvein Tv (normal distribution), respectively, as exploratory analyses. All analyses 

were conducted using SAS Software 9.4 (SAS Inc.) with the GLIMMIX procedure. 

Alpha was established a priori at the 0.05 level, and all interval estimates were calculated 

for 95% confidence. Exploratory analyses that examined the relationship between retinal 

parameters and PAH severity were adjusted using a Benjamini‐Hochberg false discovery 

rate (pFDR) of 0.20,21 where this value (and below) denotes significance. 

RESULTS 

Characteristics of subjects 

Nine PAH patients and eight control subjects were compared. Characteristics of 

PAH subjects and controls are summarized in Table 1. PAH subjects were predominantly 

female (88%). The most common PAH etiology was CTD‐associated (n = 4; 44%) 

followed by idiopathic PAH (n = 3; 33%). 
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VESGEN characterizes retinal vascular phenotype in PAH 

Illustrative examples of tortuosity (Tv) and vessel area density (Av) are displayed 

in Figure 1, which includes images of three representative cases from PAH subjects: a 

more extreme vascular pathology (Figure 1a), a case closest to the mean value of the 

quantified vascular results (Figure 1b), and a milder case (Figure 1c). After processing 

from a retinal FA image (Figure 2; first column), the binary image of arteries, veins, or of 

overlapping arteries and veins (Figure 2; second column), served as the input image to 

the VESGEN software, together with the ROI image. Vessel generations were then 

mapped and quantified by VESGEN (Figure 2; third and fourth columns). A control 

retina with the higher imaging resolution (35°) compared to the PAH images (55°) is 

included in Figure 2d. These analyses demonstrate the feasibility of retinal phenotyping 

and vascular quantification with VESGEN for PAH. 

 

Retinas of PAH patients exhibit higher vessel tortuosity than controls 

First, the retinal vascular Tv of PAH subjects compared to that of control subjects 

was assessed. The Tv of the retinal arteries was both greater and more variable in PAH 

(1.17, 95% confidence interval: [1.14, 1.20]) compared to controls (1.13, 95% CI: [1.12, 

1.14]), p = 0.01 (Figure 3a). As seen in Figure 4a, when PAH subjects were separated 

into those with and without CTD, this difference persisted. Subjects with CTD tended to 

have arterial Tv which was closer to controls (1.15, 95% CI: [1.12, 1.18] vs. 1.13, 95% 

CI: [1.12, 1.14], p =0.13) whereas non‐CTD PAH subjects had the highest degree of Tv 

(1.19, 95% CI: [1.15, 1.23] relative to controls, p = 0.01). However, the difference 
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between arterial Tv in PAH subjects with and without CTD was not significantly different 

(p = 0.15). The greater variability in PAH was accounted for, in part, by a significant 

interaction with age (p = 0.002). Specifically, in PAH, arterial Tv decreased −0.002 (95% 

CI: [−0.003, −0.0009], p = 0.0001) for every 1‐year increase in age, a relationship which 

was not observed with controls (p = 0.80; Figure 5a). Similarly, venous Tv was both 

higher and more variable in PAH (1.17, 95% CI: [1.14, 1.20]) compared to controls 

(1.13, 95% CI: [1.12, 1.15]), p =0.02 (Figure 3b). As seen in Figure 4b, when cases were 

separated by CTD, similar relationships were observed in venous Tv as with arterial Tv (p 

= 0.03). However, there was no significant interaction between age and the association 

between PAH cases and controls and venous Tv (p =0.22; Figure 5b). 

 

Retinal vascular measures and associations with disease severity in PAH patients 

A number of retinal parameters were associated with markers of disease severity 

in PAH (Table 2). Higher retinal arterial density was associated with greater 6MWD 

(pFDR= 0.19), lower RAP (pFDR = 0.12), and higher CI (pFDR = 0.14) and higher 

microartery density was associated with higher ScvO2 and SvO2 (pFDR = 0.10 and pFDR = 

0.01, respectively). Some of the observed associations were either discordant or 

directionally inconsistent. For example, higher arterial Tv was associated with higher 

RAP (pFDR = 0.15) but higher ScvO2 and SvO2 (pFDR =0.06 and pFDR =0.04, respectively); 

similar discordance was observed with macroarterial Tv. Additional significant 

associations were noted between microvein tortuosity and PAH parameters (Table 2), but 

not for macrovein tortuosity and PAH endpoints (data not shown). 
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DISCUSSION 

The salient features of this small pilot study demonstrate that vessel tortuosity was 

increased in PAH subjects as compared to controls. This observation held true 

irrespective of PAH subtype (CTD and non‐CTD). Age modified this relationship in 

PAH, such that younger PAH patients had more evidence of arterial tortuosity. While 

retinal tortuosity and density tracked with more severe PAH in some instances, some 

findings were inconsistent. 

Results of our study suggest that the major retinal vascular adaptations during 

PAH are increased retinal Tv and decreased Av. Abnormalities in Tv, the twisting and 

curving of a particular vessel, have previously been associated with severe systemic 

hypertension, ischemic heart disease, and retinopathy.22–25 Changes in Av provide 

information on vascular integrity.14–18 Retinal vascular density changes as a possible 

biomarker have been reported in several other diseases such Alzheimer diseases, mild 

cognitive impairment, Fabry disease and diabetes mellitus.26–28 Our control subjects Tv 

ranged from approximately 1.11 to 1.15 pixel/pixel. Higher Tv was observed in arteries 

(1.17 ± 0.04) and veins (1.17 ± 0.04) of PAH subjects, indicating that retinal Tv in treated 

PAH patients may be abnormally increased. We interpret this finding to indicate that 

either sustained elevations in PVR lead to retinal vascular remodeling or that retinal 

changes occur concurrently with pulmonary vascular disease, although our findings need 

to be validated in additional studies. 

Most of the individuals experienced similar bilateral vascular changes; however, 

unique cases existed where each retina displayed a distinct vascular pattern. In these 
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unique cases, differences in Tv and vascular density ranged from 0.02 to 0.05 pixel/pixel 

and 0.01–0.03 pixel2/pixel2, respectively, between the eyes of a single individual. 

Studies have previously shown that increased retinal arterial Tv is linked with 

severe systemic hypertension, female sex and aging.22,29 However, our results show that 

PAH Tv appears to decrease with age, and that the differences in Tv between cases and 

controls was greatest in those with predominantly idiopathic disease. This is unexpected, 

since CTD‐associated PAH tends to occur in older patients and concurrent with systemic 

vascular disease.30 It is also known that older PAH patients may have more risk factors 

for mixed disease (non‐Group 1 PH) and similarly experience less hemodynamic 

impairment.31 For these reasons, we enrolled only PAH patients. While these findings 

need to replicated, our results suggest that retinal abnormalities may be even more 

substantial in “pure” PAH than captured here. One potential explanation for the 

decreased Tv in older subjects could be that vessels from older subjects are stiffer and 

therefore less prone to becoming tortuous. 

Patients with PAH may exhibit systemic vascular dysfunction due to decreased 

systemic cardiac output32 that when chronic can lead to structural changes in systemic 

blood vessels, including those in the eye.32–35 Ocular abnormalities have been reported in 

several small case series in PAH. In a 2012 report, a 28‐year‐old female with PAH for 3 

years had blurred vision and metamorphopsia in the right eye. The subject had no prior 

ocular or medical history. Images of the vessels showed normal choroidal and retinal 

perfusion, scattered microaneurysms, and areas of mild capillary leakage in the temporal 

periphery of both eyes, findings consistent with elevated systemic venous pressure and 

that suggested PAH progression. After 7 months of PAH treatment, visual symptoms 
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resolved. This study was the first to report ocular findings preceded PAH exacerbation.5 

Nickel et al. demonstrated that murine retinas exposed to hypoxia have increased vessel 

area and vessel branching which correlates directly with right ventricular systolic 

pressure7 and that pathological retinal vascular changes were present in two female 

subjects with PAH, although no quantification of the vasculature was provided.7 Our 

study adds to these previous findings by demonstrating in a well characterized PAH 

cohort that retinal arterial Tv and density correlate with disease metrics. Discordant 

directions for arterial Tv and microarterial density particularly with ScVO2 and SvO2 are 

puzzling and deserve further study. It is conceivable that fluctuations in ScVO2 or SvO2 

stimulate angiogenesis via activation of hypoxiainducible factors, thus leading to a higher 

density of retinal vessels. However, these newly formed vessels may exhibit a tortuous 

appearance. This hypothesis remains to be tested in future studies.  

This cross‐sectional study has limitations. PAH subjects and controls were not 

matched. PAH subjects and controls for this study were drawn from different sampling 

populations and the imaging approach varied slightly, which may have created bias. We 

included only prevalent PAH subjects who were treated and had generally well‐

controlled disease. We are unable to assess the impact of certain PAH therapies that can 

cause ocular complications (e.g., phosphodiesterase type 5 inhibitors) on retinal health 

due to the small sample size. Clinical measures of PAH were taken from the medical 

record as close as possible to retinal imaging but were not measured as part of the study 

and were not concurrent. This may have contributed to some of the directionally 

inconsistent observations. Longitudinal changes over time should be assessed in future 

studies. The performance characteristics (sensitivity and specificity) of retinal imaging 
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and VESGEN versus standard screening echocardiography need to be established in 

future studies; differences in cost would also need to be considered. 

 In conclusion, we found that PAH patients exhibit abnormal retinal vasculature 

as compared to controls and that retinal abnormalities may correlate with traditional 

clinical outcome measures in PAH. These results suggest that PAH patients should be 

monitored for ocular pathology, and that retinal abnormalities may track with pulmonary 

vascular disease burden. Whether retinal abnormalities may precede PAH and whether 

retinal imaging could serve as a screening tool should be clarified in future studies. 
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Table 1. Baseline characteristics of PAH cases and controls 
 

Variables Controls PAH 

Number 8 9 
Age (years) 36 (25-52) 50 (26 – 72) 
Sex 

 Male 2 (25) 1 (11) 
 Female 6 (75) 8 (88) 

Race, n (%) 
 White 5 (62) 7 (77) 
 Black 1 (12) 2 (22) 
 Other 2 (25) 0 

BMI, kg/m2 . 34 (24 – 46) 
PAH etiology, n (%) 

 Idiopathic PAH . 3 (33) 
 Heritable PAH  1 (11) 
 Connective tissue disease-associated PAH . 4 (44) 
 Human immunodeficiency virus-associated PAH  1 (11) 

Hemodynamics 
 Right atrial pressure, mm Hg . 9 (5 – 17) 
 Mean pulmonary artery pressure, mm Hg . 40 (20 – 67) 
 Cardiac output, L/min . 6.0 (5.5 - 7.7) 
 Pulmonary capillary wedge pressure, mm Hg . 10 (5 – 15) 
 Pulmonary vascular resistance, Dynes-sec/cm-5 . 449 (186 – 775) 

Functional class, n (%) 
 Class 1  0 
 Class 2  4 (44) 
 Class 3  5 (55) 
 Class 4  0 

Six minute walk distance, meters  357 (150 – 446) 
PAH therapies*, n (%) 

 Calcium channel blockers . 2 (22) 
 Phosphodiesterase type 5 inhibitors . 5 (55) 
 Endothelin receptor antagonists . 3 (33) 
 Prostacyclin analogues . 3 (33) 

Note: Data are shown as median (range) or n (percentage). Abbreviations: BMI, body mass index; PAH, pulmonary 
arterial hypertension. a Subjects were represented individually even when taking combination therapy 
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Predictor (bold) Coefficient 95% CI p value 
Adjusted 
         P 
value 

                   Outcome 

Total artery tortuosity      

Functional class 8.80 2.20 15.39 0.017 0.13* 

Six minute walk distance 0.31 -1.07 1.68 0.61 0.74 

Right atrial pressure -12.97 -37.63 11.67 0.24 0.36 

Mean pulmonary artery pressure -76.94 -218.58 64.69 0.23 0.36 

Cardiac output 1.07 1.01 6.49 0.02 0.10* 

Cardiac Index 1.32 -11.43 -4.63 <0.01 <0.05* 

Pulmonary vascular resistance -815.91 -1412.90 -815.91 0.02 0.09* 

Superior vena cava oxygen saturation -98.53 -184.71 -12.35 0.03 0.10* 

Pulmonary arterial oxygen saturation -64.32 -171.86 43.20 0.19 0.33 

      
Total artery vessel area density      

Functional class 3.20 -41.47 47.87 0.87 0.95 

Six minute walk distance 5.11 0.65 9.58 0.03 0.09* 

Right atrial pressure -61.70 -142.13 18.72 0.10 0.24 

Mean pulmonary artery pressure -71.10 -345.17 202.96 0.54 0.68 

Cardiac output -1.69 -15.99 12.59 0.77 0.87 

Cardiac Index 12.78 -2.97 28.54 0.09 0.23 

Pulmonary vascular resistance 88.12 -2203.20 2379.46 0.92 0.99 

Superior vena cava oxygen saturation -2.85 -120.40 114.68 0.95 0.95 

Pulmonary arterial oxygen saturation -6.50 -196.91 183.91 0.93 0.97 

      
Macro artery tortuosity      

Functional class 7.25 1.05 13.44 0.028 0.10* 

Six minute walk distance 0.34 -0.93 1.62 0.53 0.68 

Right atrial pressure -11.94 -28.23 4.34 0.12 0.26 

Mean pulmonary artery pressure -72.61 -171.70 26.46 0.12 0.25 

Cardiac output 2.94 1.04 4.83 0.01 0.11* 

Cardiac Index -5.90 -8.66 -3.15 <0.01 0.02* 
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Pulmonary vascular resistance -630.02 -1031.12 -228.93 <0.01 0.02* 

Superior vena cava oxygen saturation -74.67 -137.14 -12.21 0.02 0.08* 

Pulmonary arterial oxygen saturation -59.90 -136.19 16.38 0.10 0.23 

 

Micro artery vessel area density 
     

Functional class 6.93 -175.92 189.77 0.93 0.95 

Six minute walk distance 24.08 -58.48 106.64 0.50 0.66 

Right atrial pressure 609.03 -938.95 2157.01 0.37 0.50 

Mean pulmonary artery pressure 1325.78 -1285.86 5202.29 0.19 0.32 

Cardiac output 74.41 -57.59 206.42 0.20 0.32 

Cardiac Index 24.86 -126.05 175.78 0.68 0.81 

Pulmonary vascular resistance -9795.78 -21502 1910.04 0.08 0.21 

Superior vena cava oxygen saturation 594.87 163.24 1026.50 0.02 0.08* 

Pulmonary arterial oxygen saturation 938.32 324.21 1552.42 0.01 0.09* 

      
Micro vein tortuosity 

     
Functional class 11.74 2.72 20.75 0.018 0.11* 

Six-minute walk distance -0.17 -0.43 0.08 0.16 0.29 

Right atrial pressure 1.53 2.27 9.76 0.01 0.08* 

Mean pulmonary artery pressure 22.40 1.61 43.20 0.03 0.08* 

Cardiac output -1.02 -3.22 1.17 0.28 0.39 

Cardiac Index 0.55 -3.41 4.53 0.73 0.84 

Pulmonary vascular resistance 183.17 -234.37 707.31 0.25 0.36 

Superior vena cava oxygen saturation 48.54 -18.67 115.77 0.12 0.23 

Pulmonary arterial oxygen saturation 19.67 -10.17 49.52 0.15 0.28 

*Denotes significance given the FDR 0.20; functional class is in logit space. 
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Figure 1: Illustrative retinal vascular changes in pulmonary arterial 
hypertension (PAH) subjects. Examples of vascular change during PAH 
illustrated by the complex retinal venous trees containing many vessels and 
branch points. (a) Retinal venous tree from right eye of 45‐year‐old female with 
mPAP of 47 mmHg, CO of 5.2 L/min, and PVR of 566 Dynes‐s/cm−5. High Tv 
(1.22 pixel/pixel) and Av (0.13 pixel2/pixel2) illustrated in boxed area. (b) Retinal 
venous tree from right eye of 57‐year‐old female with mPAP of 25 mmHg, CO of 
7.7 L/min, and PVR of 186 Dynes‐s/cm−5 on PAH therapy. Mean Tv (1.20 
pixel/pixel) and Av (0.08 pixel2/pixel2, boxed area). (c) Retinal venous tree from 
right eye of 72‐year‐old female with mPAP of 67 mmHg, CO of 5.5 L/min, and 
PVR of 775 Dynes‐s/cm−5. Low Tv (1.18 pixel/pixel) and Av (0.07 pixel2/pixel2, 
boxed area) 
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Figure 2: VESsel GENerational Analysis (VESGEN) characterization 
of retinal vascular phenotype in representative PAH patients and a control 
subject. Vascular images and VESGEN maps from the left retinas of (a) 57‐year‐
old female PAH subject with mPAP of 25 mmHg, CO of 7.7 L/min and PVR of 
186 Dynes‐s/cm−5 on PAH therapy; (b) 59‐year‐old female PAH subject with 
mPAP of 43 mmHg, CO of 4.8 L/min and PVR of 567 Dynes‐s/cm−5; and (c) 45‐
year‐old female PAH subject with mPAP of 47 mmHg, CO of 5.2 L/min and PVR 
of 566 Dynes‐s/cm−5. (d) Representative control retina from the left eye of a 46‐
year‐old female with 35° imaging resolution. First column: Images generated by 
fluorescein angiography (FA). Second column: Overlap of arteries (red) and veins 
(blue). Third and fourth columns: Branching generation of arteries and veins, 
respectively, generated by VESGEN. Legend (center) identifies branching 
generations 1–8 

Figure 3: Retinas of pulmonary arterial hypertension (PAH) 
patients exhibit higher vessel tortuosity than controls. (a) Artery Tv between 
PAH (case; red) and controls (blue). (b) Vein Tv between PAH (case; red) and 
controls (blue). Individual observations are color‐coded to denote the same 
patients (eyes) 
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Figure 4: Retinas of pulmonary arterial hypertension (PAH) 
patients without connective tissue disease (CTD) exhibit higher 
vessel tortuosity than PAH patients with CTD and controls. (a) 
Artery Tv between PAH patients with CTD (red), PAH without CTD 
(green) and controls (blue). Y‐axis is artery Tv, X‐axis is disease group 
based on the presence of CTD. (b) Vein Tv between PAH patients with 
CTD (red), PAH without CTD (green) and controls (blue). Y‐axis is 
vein Tv, and X‐axis is disease group based on the presence of CTD. 
Individual observations are color‐coded to denote the same patients 
(eyes) 
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Figure 5: Age modifies the relationship with retinal artery tortuosity in 
pulmonary arterial hypertension (PAH), but not controls. (a) Arterial Tv 
decreases with age in PAH, but not controls. Y‐axis is arterial Tv, X‐axis is age in 
years. (b) There was no evidence of interaction by age in venous Tv. Y‐axis is 
venous Tv, X‐axis is age in years. In both panels, PAH cases are in red, controls are 
in blue. Red dashed (PAH cases) and dark blue lines (controls), effect estimate; 
Light red (PAH cases) and light blue (controls) bands, confidence bounds 
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ABSTRACT 
 

Rationale: Retinal vascular imaging plays an important role in diagnosing and managing 

chronic diseases such as diabetic retinopathy, sickle cell retinopathy, and systemic 

hypertension. Previously, we have shown that individuals with pulmonary arterial 

hypertension (PAH) exhibit unique retinal vascular changes and that these changes 

correlate with pulmonary disease severity. In a previous study to visualize the retinal 

vasculature, we used fluorescein angiography (FA) which is an interventional study with 

inherent risk. 

Objective: The goal of this study was to determine if color fundus (CF) imaging could be 

used to garner identical retinal information as FA in individuals with pulmonary artery 

hypertension. 

Method: VESGEN, a computer software which assigns branching generation to vessels 

and details vascular patterns, was used to compare FA to CF imaging in PAH subjects 

(n=9) followed by deep learning processing output to increase the speed of analysis and 

facilitate clinical translation. Due to deep learning’s inability to separate arterial and 

venous structures, only total vasculature was assessed. 

Results: When FA and CF images were compared using VESGEN analysis, both showed 

identical tortuosity and vessel area density measures. This remained true, even when 

separating images based upon arterial trees. Deep learning only showed similarities when 

comparing FA and CF for structural differences (Df). When comparing CF imaging to 

deep learning imaging, similarities were lost for tortuosity or vessel area density. 
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Conclusion: CF, a non-invasive approach, can be used with VESGEN to provide an 

accurate and safer assessment of retinal vascular changes and provides additional clinical 

data to monitor disease progression in patients with PAH. 

INTRODUCTION 

The human eye offers a window into systemic diseases and disease progression 1–

3. As a result, imaging modalities of the retina that have the ability to detect changes in 

disease progression safely and effectively are in clinical demand1,2,4. Although widely 

used, fluorescein angiography (FA) is an invasive procedure involving the injection of 

sodium fluorescein to visualize the retinal vasculature. This imaging modality has been 

associated with an adverse event rate ranging from 1-22% 5. Most commonly nausea, 

vomiting, gastrointestinal upset, and urticaria are reported. There have been reports of 

more severe complications, including anaphylaxis, cardiac events, tonicclonic seizures, 

and even death associated with FA 5–9. According to a recent comprehensive literature 

review, there have been 11 reported deaths associated with FA amounting to an estimated 

1:220,000 to 1:100,000 death rate 5. Moreover, individuals with underlying systemic 

arterial hypertension, pulmonary artery hypertension, diabetes, sickle cell disease, or 

allergy history may be at increased risk of adverse events due to compromised kidney 

function. Importantly, retinal pathology has been associated with these systemic 

conditions10. 

Given these concerns, there is a need for non-invasive methods to detect retinal 

vascular changes without sacrificing image quality. Color fundus (CF) imaging typically 

is performed before FA. CF produces a colorized image using a fundus camera under the 
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illumination of white light. Unlike the adverse events associated with FA imaging, there 

have been no known reports of photic injuries from standard fundus photography 11. CF 

also offers a time-efficient and user-friendly technique typically completed in minutes 

during routine clinic visits. FA takes up to an hour to perform and also has greater 

associated cost 12. This study aimed to provide evidence that CF can be used in 

individuals with PAH allowing for a safe, non-invasive method for detecting the vascular 

changes typically observed with FA. 

METHODS 

Clinical Study  

The cohort of subjects for this study were individuals who have been confirmed to 

carry the diagnosis of World Health Organization (WHO) Group 1 PAH. In a previously 

published report, we compared these PAH subjects to controls and the relationship 

between retinal parameters obtained by FA and clinical measures of PAH severity (110). 

PAH subjects were recruited from the Rhode Island Hospital Pulmonary Hypertension 

Center. Each subject underwent both FA and CF on the same day. 

The Institutional Review Boards approved this study at Indiana University, Rhode 

Island Hospital (Study #411516). 

 

Image Acquisition and Processing 

CF images of the subjects` retinas were performed by retinal photographers at 

Rhode Island Hospital in Providence, Rhode Island. Images were acquired with a 55-
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degree field of view and resolution of 2392 by 2048 pixels, and processed, traced, and 

analyzed using 2019 and 2020 Photoshop Adobe Creative Cloud. To ensure uniformity 

among images, the final analysis of images was processed by a single individual, masked 

to the identity of the subjects and disease severity. Using the physiological vascular 

branching rules previously described, the CF image was used to define the difference 

between arteries and veins14. FA images of the same eye were acquired similarly. Due to 

the risk of inaccurate comparisons to CF images, three FA images were excluded from 

analysis due to poor image quality. 

Vascular Quantification 

The VESGEN software is a user-interactive JAVA-based computer interactive 

vascular analysis platform that is globally available from NASA 

(https://software.nasa.gov/search/software/vesgen) and operates as a complex plug-in to 

ImageJ software (National Institutes of Health, Bethesda, MD)15. Binary (black/white) 

images of the blood vessels were obtained from either manual preparation or via deep 

learning processing, The region of interest (ROI) was obtained by image processing. 

These images were imported into VESGEN, resulting in automatic mapping and 

quantification of various vascular parameters. Parameters of interest included the 

following: (1) Tortuosity (Tv; length of vessel divided by the distance between the two 

endpoints of the vessel), (2) fractural dimension (Df; a ratio for determining the 

complexity of the given measurement), and (3) vessel area density (Av; density of total 

vascular area, Av = vascular area/ROI). Macrovascular vessels were defined as 

generations 1 to 5. Microvascular vessels were defined as generation 6 and greater.  
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Deep Learning 

The deep learning approach used was RVGAN, short for retinal vessel generative 

adversarial network (GAN), programmed in Python using Tensorflow. More details on 

model training and operation are available at https://github.com/SharifAmit/RVGAN. CF 

imaging models were pretrained on the STARE dataset16,17 due to their higher specificity 

than other pre-trained models. Images in the STARE dataset had 18.5 pixels per degree of 

field of view (FOV), while the images used in this study had 40.9 pixels per FOV degree. 

Using linear interpolation, fundus images were scaled down to match the STARE dataset 

resolution for correct segmentation. Imaging dimensions were verified during output 

measurement of VESGEN. The output binary images were scaled up linearly to match 

the original input image sizes and for comparison with the traditional segmentation. 

Custom model evaluation code was written in Python to handle scaling and application of 

the pretrained model using libraries from the SciPy stack. 

The resulting binary segmentation images were cleaned in MATLAB R2021a by 

removing small, connected components. The fundus photograph region of interest (ROI) 

masks were eroded by 3 pixels and applied to the binary images to trim artifacts caused 

by model edge effects. A border of 3 pixels around the edge of the binary images was 

removed to trim the remaining edge artifacts. 

Statistical Analysis 

The Bland–Altman plot (Difference plots) was used as it compares two 

measurements of the same variable. The X-axis represents the mean of two 
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measurements, and the Y-axis represents the difference between the two measurements18. 

Plotting difference versus mean aids in the examination of any potential relationship 

between measurement inaccuracy and real value. A Bland-Altman plot provides 

information on the differences in measurements between two methods, and any 

relationship between the differences and true values. To compare the same eye with FA 

and CF imaging, the right and left eyes were analyzed separately. Agreement between 

biometrics was examined by eye (right vs. left) using Bland-Altman plots with 2 (red) 

and 3 (green) standard deviation reference bounds using SAS Software 9.4 (Cary, NC). 

Points scattered, above and below zero (mean black line) indicate that there is no 

persistent bias toward one imaging modality over the other19. In contrast if values 

increase/decrease, while the difference increases/decrease in a way that a slope could be 

fit, this indicates strong evidence that these measures are not concordant. Bland-Altman 

plots does not provide information on which method is better but simple suggest if they 

are similar. All data for Bland-Altman is provided as mean±SD. 

RESULTS 

Subject`s Characteristics 

FA and CF images of 15 eyes from 9 individuals were compared. Detailed clinical 

characteristics have been previously described13. The mean age of the subjects was 50, 

with the youngest age being 26 and the oldest 72 years old. Eight of the nine subjects 

(89%) were females, seven of which were Caucasian (77%).  

Color fundus imaging of retinal vascular phenotype in PAH 
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CF images (Figure 1; first column) with 55-degree field of view were processed, 

and binaries for VESGEN input were formulated to identify areas of interest. CF images 

were also used to identify arteries and veins, resulting in an overlapping image where red 

represented arteries and blue represented veins (Figure 1; second column). The 

generational summary was analyzed separately for arteries (Figure 1; third column) and 

veins (Figure 1; 4th column). Increasing severity is shown from column A to column C. 

Manual Segmentation: CF vs. FA 

To determine whether CF images could be used as a viable alternative to FA 

imaging using retinas from individuals with PAH. We compared total (artery and veins) 

vessels, and artery only, in both Tv and Av , in FA and CF images. Along with the micro 

vessels of total (arteries and veins) vessels. Tv and Av have previously been shown to 

indicate the progression of retinal pathology in diabetic retinopathy (14) and spaceflight 

associated neuro-ocular syndrome (SANS) (20,21). The right eye and left eye were 

separated for VESGEN analysis.  

Manual processing of FA images (Figure 2A) and manual processing of CF 

images (Figure 2B) were compared to better understand if Tv, a known hypertension 

characterization, can be identified via CF similarly to FA. Tv total vessels (arteries and 

veins) and arteries only, the key component of the vasculature affected by PAH were 

examined. Tv output between CF and Tv showed an equal scattering of points both above 

and below the red solid line (mean), suggesting both imaging techniques (CF and FA) 

can produce similar levels of for the analysis of Tv in both higher and lower ranges 

(Figure 2C, 0.021±0.28 vs. 0.013±0.024). When comparing FA and CF with respect to 
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arteries only, some points are scattered below and above the mean line (red solid line), 

suggesting both image methods result in similar Tv both below the mean and above 

(Figure 2D, -0.008±0.016 vs -0.007±0.028). These findings showed that manually 

segmented CF and FA fundus images contain similar levels of vessel tortuosity. 

To identify angiogenesis and proliferation by vascular density via the ROI Vessel 

area density (Av) was examined using total vessels (arteries and veins). When comparing 

total Av in FA and CF images (Figure 3A), points were scattered below and above the 

mean ( solid red line), suggesting good concordance was observed between FA and CF (-

0.051±0.006 vs. -0.057±0.024). Next, arteries only were examined separately. When 

comparing FA and CF with respect to arteries, only Av points were equally scattered both 

above and below the solid red line (mean), also suggesting that both imaging techniques 

can produce similar levels of arterial Av in both the left and right eyes (Figure 3B), 

0.012±0.005 vs. 0.002±0.0016). These findings support that manually segmented CF and 

FA fundus images contain similar vascular densities. 

Microvessels are commonly affected in many systemic vascular diseases so we 

examined the number of total microvessels (G≥6) detectable in (artery and veins) . When 

first comparing total microvessels (Figure 4A), points were present above and below the 

mean. However, comparing the two imaging methods resulted in a linear slope 

suggesting poor concordance between FA and CF imaging. In the right eyes, an equal 

scatters of points both above and below the mean (red solid line) suggests better 

concordance between FA and CF in the right eye than in the left eye (193.42±234.85 vs. 

98.22±214.29). When comparing to arteries, similarly total vessels resulted in a linear 
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slope suggesting the two image method outputs were not similar between FA and CF 

imaging. However the right eye suggest better concordance between FA and CF 

compared to the left eye due to the linear slope seen in the left eye (62.57±77.71 vs. 

46.56±77.69).  

CF manual segmentation vs CF deep learning segmentation 

Due to the extended preparation time required for inputting manual binary 

images, we sought to explore potential solutions to speed up image preparation. Manually 

processed images (Figure 5A) and deep learning processed (Figure 5B) images were 

compared. Due to deep learning’s inability to separate arterial and venous structures, total 

vasculature was assessed, and arterials were manually separated for comparison between 

processed arterial (Figure 5C) and deep learning identification of arteries (Figure 5D). 

Total tortuosity and fractal dimension were compared to determine if deep learning 

processing could detect structural changes for these parameters. With respects to Tv the 

left eye resulted in more points below the mean when comparing manual binary images 

prepared in CF and deep learning processing output suggesting one provided lower Tv 

levels compared to the other image method. This was also true of the right eye, indicating 

that one of the imaging method outputs for Tv based on VESGEN resulted in lower 

tortuosity levels and did not result in similar measures compared to the other method 

(Figure 6A -0.008 ± 0.025 vs 0.0008 ± 0.019). When comparing arterials similar to total 

vessels a greater number of points were above the mean suggesting one image method 

was greater in Tv compared to the other and did not result in similar measurements 

between manually processed CF image and deep learning processed CF image ( Figure 
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6B 0.007 ± 0.032 vs. 0.013 ± 0.034 ). When comparison of Tv between manual CF and 

CF deep learning segmentation using Bland-Altman plots showed a liner slope 

suggesting the failure of both image methods to provide similar Tv levels. 

When comparing fractural dimension (Df) in both manual and deep learning, 

imaging processing showed scattering among the plot, with most points near the mean 

(solid red line) in the left and right eye. This suggests both imaging methods can detect 

Df changes among the entire image (Figure 6C,-0.0063 ± 0.021 vs. -0.0089 ± 0.036). 

Nevertheless, in respect to arteries many points were scattered suggesting some similarity 

between manually CF and deep learning. However, the left eye resulted in a linear slope 

suggesting poor concordance of the left eye better concordance between FA and CF in 

the right eye (Figure 6D -0.0098 ± 0.023 vs. -0.00084 ± 0.025). 

Next, we compared to deep learning processing ability to compare density to 

manual binary imaging. These finding showed that manually segmented CF and CF deep 

learning segmentation contain similar vascular structures. Av showed an unfavorable 

comparison between the two imaging methods showing scattering with most points 

falling above the mean, suggesting the two imaging methods are not concordant. One 

method results in higher Av measurement than the other method (Figure 6E -0.0108 ± 

0.017 vs -0.014 ± 0.031). This remained true for Av of the arterial, which also suggested 

the two image methods were not concordant (Figure 6F -0.0052 ± 0.0096 vs. -0.0021 ± 

0.011) Last we compared deep learning's ability to identify the same number of vessels as 

manual preparation. Most points are gathered above the mean (red line), suggesting that 

one image method results in a higher number of vessels than the other image method 
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suggesting the imaging method did not result in similar output data (Figure 6G,-

769.4±581.91vs -674.66±453.41). Arterials showed a poor similarlity between manual 

and deep learning process using CF (Figure 6H -359.7 ± 225.6 vs. -352.9 ± 169.5). In the 

comparison of Av and number between manual CF and CF deep learning segmentation 

using Bland-Altman plots showed a linear slope suggesting the failure of the two image 

methods to provide similar density and number of vessel. 

DISCUSSION 

In this study, we provide further validation that a non-invasive technique may be 

useful for early detection or serial monitoring in PAH. Using VESGEN to analyze the 

images, CF images detect retinal vascular changes similar to FA in PAH subjects. We 

show that CF is able to detect retinal Tv and changes in total vascular area (Av = vascular 

area/ROI), two parameters that are associated with diseases serverity in PAH subjects13.  

Our results suggest that similar clinical information can be obtained from CF and 

has the added advantage of being safer for patients. While FA and CF were not 

concordant in identifying microvessels numbers, FA and CF resulted in similar Tv and Av. 

Due to the inability in CF to substitute for FA in monitoring microvascular diseases, 

using CF for diseases such as diabetic retinopathy may not be feasible. The second main 

finding of this study is that we identify deep learning as an approach to reduce image 

preparation time. Image processing segmentation combines algorithms that identify, 

refine, and extract features of interest from CF images. 

The difference between the left and right eyes outcome in similarity of image 

methods was an unexpected discovery. The left eye often resulted in poor concordance in 
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various vascular patterns between image methods, whereas the right eye had good and 

superior concordance. Notably, a 2018(22) investigation in early-stage systemic 

hypertension alterations in the retina intended to investigate choriocapillaris vasculature 

ocular/systemic variables. The eyes of 361 healthy people and 206 people with systemic 

hypertension were investigated in this study. They discovered that the right eye's 

choriocapillaris vascular density was substantially higher than the left eye's. The cause of 

vascular asymmetry in the left and right eyes remains unknown. 

One proposed theory is that the ophthalmic arteries differ somewhat between the 

left and right eyes because the ophthalmic artery arises from the internal carotids. Unlike 

the left common carotid, the right common carotid artery comes from the brachiocephalic 

trunk rather than directly off the aorta. 

VESsel GENerational (VESGEN) analysis produces colorized image maps with 

over 30 different quantitative data points. VESGEN is a user-friendly software already 

studied with FA and colonic vasculature imaging studies 14,15,23-25. It has been through 

several revisions and upgrades, and the latest version released in 2021(version 1.11) 

offers the most reliable and accurate output parameters. VESGEN generates parameters 

based on retinal vessel segmentation algorithms and physiological branching rules26,27. 

A drawback of VESGEN is that it requires hours of manual preparation preimage 

for analysis by the software. This meticulous process includes manually tracing retinal 

vessels, identifying arterial and venous characteristics, formatting images to appropriate 

input settings, along with implementing several checkpoints to ensure quality during the 

process. This time-consuming effort essentially precludes VESGEN as a feasible tool to 

be utilized in clinical practice and is currently limited to research only. This has resulted 
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in the need for an automated software with an ability to perform accurate vessel 

segmentation avoiding the laborious manual preparation process. Moreover, color fundus 

vessel segmentation is a notoriously challenging image processing problem. Numerous 

papers have been published over four decades attempting to solve the problem with 

varying degrees of success28-30. 

Deep learning models are implicitly programmed, requiring training examples 

consisting of pairs of CF images and their manually segmented vessels. During training, 

the model learns what combination of features are needed to result in correct 

segmentation. Deep learning programming is expected to be more viable for clinical 

practice. We use a pre-trained, two-scale generative adversarial network (GAN)31 trained 

on images from the STARE project. 

Deep learning processing could offer the benefit to VESGEN analysis in that it 

eliminates the laborious manual preparation efforts required for VESGEN inputs. Deep 

learning programming provided evidence of potential use in combination with VESGEN 

to become a feasible and highly sensitive tool for the visualization of the retina and could 

potentially be incorporated into clinical practice. However, while the use of deep learning 

will speed up the process of image preparation, a major limitation is the inability to 

separate arteries and veins, which can quickly be done using manual processing. Deep 

learning also lacks the ability to assess tortuosity and vessel area density of both total and 

arterial compared to images processed using manual input. This is likely due to the lack 

of ability of deep learning to identify smaller vessels. Deep learning showed the ability to 

define similar structural changes in large vessels seen as fractal dimension (Df) across the 

retina compared to manual tracing of CF imaging. 



 

 

65 

 

While this proof-of-concept study provides insight into the potential use of CF 

imaging in future studies of pulmonary vascular diseases, our study has the limitations of 

including a small number of subjects. VESGEN in conjunction with deep learning 

processing, has great potential for speeding the preparation of images and potentially 

making this approach feasible for future clinical use, specifically aiding in earlier disease 

detection while providing clinicians the ability for easy longitudinal monitoring of retinal 

vascular changes that are both objective and comparable for each subject. This 

combination may also improve patient safety by eliminating invasive imaging techniques, 

improving diagnostic power, and faster and cost-efficient examinations. 

CONCLUSION 

Based on our results, we identified several key advantages of utilizing CF paired 

with VESGEN analysis as a retinal imaging modality over FA with manual input of 

images. CF is non-invasive imaging modality. It possesses the ability, alongside image 

processing segmentation, to provide valuable insight into vascular patterns of vessel 

generations 1-5 to understand systemic manifestations of PAH in the eye repeatedly and 

rapidly in the clinic setting.  
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Figure 1: Representative output image of VESGEN analysis of the 
retinal vessels from PAH subjects. VESGEN imaging maps with a 55-degree 
imaging resolution of the right retina from a (A): 51year-old female PAH subject; 
(B) 36-year-old female PAH subject; (C) 72-year-old female PAH subject. First 
Column: Color fundus (CF) output image. Second column: Overlap of arteries 
(red) and veins (blue) generated manually. Third and fourth columns: Branching 
generation of arteries and veins, respectively, generated by VESGEN output. 
Legend (center) identifies branching generations 1-9.  

 



 

 

71 

 

 

 

 

 

  

Figure 2: Fluorescein angiography and color fundus comparisons of 
vascular tortuosity 

Fluorescein angiography (FA) binary images (A) and (B) color fundus (CF) 
prepared manually from the retina of a 45-year-old female with PAH. Right and left 
eyes were split on Bland-Altman plot where FA VESGEN output was compared to 
CF VESGEN output for total tortuosity, showing scatter of points suggesting similar 
results between imaging methods (C), and total artery tortuosity showing scatter of 
points suggesting similar results between image methods (D). The mean of the 
measures (x axis) and the difference of the measures (y axis). The reference line of 
no difference at 0 (solid black), a reference line at the mean of the difference in solid 
red (observed actual mean), a reference line at +/- 2SD of the mean of the difference 
in dashed red, and a reference line at +/-3SD of the mean of the differences in 
dashed green (C-D).  
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Figure 3: Fluorescein angiography and color fundus comparisons in 
vessel area density. 

 (A) Right and left eyes were split on Bland-Altman plot where 
fluorescein angiography (FA) VESGEN output was compared to color fundus 
(CF) VESGEN output for total vessel area density. Scattered points for both left 
and right eye data suggests no difference between imaging methods. (B) Total 
artery vessel area density with scattered points suggests no difference between 
imaging methods with points gather near mean. Plots show similarities between 
FA and CF imaging among total Av and total artery Av suggesting that CF can be 
used as a safer method for vascular change monitoring. The mean of the measures 
(x axis) by the difference of the measures (y axis). The reference line of no 
difference at 0 is the solid black, a reference line at the mean of the difference in 
solid red (observed actual mean), a reference line at +/- 2SD of the mean of the 
difference in dashed red, and a reference line at +/-3SD of the mean of the 
differences in dashed green.  
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Figure 4: Fluorescein angiography and color fundus comparisons in 
microvessel number.  

Right and left eyes were split on Bland-Altman plot where fluorescein angiography 
(FA) VESGEN output was compared color fundus (CF) VESGEN output for total number 
of microvessels (A) and total number of microvessels of the arteries(B). Plots show 
differences between FA and CF imaging in micro vessels of total vessels due to the linear 
scattering of the points. The mean of the measures (x axis) and the difference of the 
measures (y axis). The reference line of no difference at 0 (solid black), a reference line at 
the mean of the difference in solid red (observed actual mean), a reference line at +/- 2SD 
of the mean of the difference in dashed red, and a reference line at +/-3SD of the mean of 
the differences in dashed green.  
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Figure 5: Binary images of manual and deep learning 
CF binary images prepared (A) manually and by (B) deep processing 

using the retina of a 45-year-old female with PAH. CF binary images of the artery 
prepared (C) manually and by (D) deep processing using the retina of a 45-year-
old female with PAH. 
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Figure 6: Manuel and deep learning comparisons  
Right and left eyes were split on Bland-Altman plot where color fundus (CF) 

VESGEN output was compared deep learning VESGEN output for total tortuosity 
(A), arterial tortuosity (B), total fractal dimension (C), arterial fractal dimension 
(D),total vessel area density (E), arterial vessel area density (F), total number of 
vessels (G) and arterial number of vessels (H). Plots show difference between FA 
and CF imaging among total vessels (Tv) (A), total tortuosity (C), and total number 
of vessels due to the liner scattering of the points. Plots show similarities between 
FA and CF imaging among total Df. This suggesting CF can be used as a safer 
method for vascular change monitoring. The mean of the measures (x axis) by the 
difference of the measures (y axis). The reference line of no difference at 0 is the 
solid black, a reference line at the mean of the difference in solid red (observed 
actual mean), a reference line at +/- 2SD of the mean of the difference in dashed red, 
and a reference line at +/-3SD of the mean of the differences in dashed green.  
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CHAPTER 4 

DISCUSSION 

Summary 

Chapter 2- Associations between PAH and vasculature changes 

In addition to the eye, significant morphological alterations occur in nailfold 

capillaries and sublingual vasculature have been reported (105,111). Nailfold 

capillaroscopy shows lower capillary density in individuals with IPAH and scleroderma 

PAH compared to healthy controls (102,105,111). In addition, individuals with PAH 

showed a lower sublingual blood flow index and increased tortuosity and curvature 

compared to healthy sex-matched control participants (106).  

The key findings of this study show that, regardless of the PAH subtype, 

tortuosity increases in PAH participants compared to controls (CTD and non-CTD). This 

association varied by age, with younger PAH patients showing higher signs of vascular 

tortuosity. Retinal vascular adaptations during PAH showed increased retinal Tv and 

reduced Av. Use of images with a different magnification limited our comparison of 

vascular patterns to merely tortuosity, which is scale-invariant. 

When compared to controls, PAH patients had more tortuosity in their retinal 

arteries and veins. Compared to controls, PAH patients without connective tissue disease 

exhibited the greatest degree of retinal tortuosity.  
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Changes in retinal vascular density have been identified as a potential biomarker 

in various disorders, including Alzheimer's disease, moderate cognitive impairment, and 

diabetes mellitus (29,112,113). Most of the population in this study had identical bilateral 

vascular alterations; however, there were several cases where OS and OD retinas had a 

different vascular pattern. Differences in Tv and vascular density between the eyes of the 

same person varied from 0.02 to 0.05 pixel/pixel and 0.01–0.03 pixel2/pixel2, 

respectively. The Tv of our control subjects varied from around 1.11 to 1.15 pixel/pixel. 

We take this observation to imply that prolonged increases in PVR may be the cause of 

retinal vascular remodeling, or that retinal vascular pathology occurs concurrently with 

pulmonary vascular disease. However, additional studies are needed to confirm our 

findings. PAH patients have aberrant retinal vasculature compared to controls, and retinal 

abnormalities may correspond with clinical outcome markers in PAH. These findings 

imply that PAH patients should be evaluated for increased vessel density and Tv ocular 

pathology.  

In comparison, VESGEN has previously been used to examine vascular changes 

of both DR (14) and spaceflight-associated neuro-ocular syndrome (SANS)(114), 

resulting in different changes not seen in PAH retinas. In the first cross-sectional 

investigation, 15 eyes with DR were assessed using FA and graded using modified Early 

Treatment Diabetic Retinopathy Study criteria. This study aimed to examine branching 

patterns of the arterial and venous trees as diabetic retinopathy progressed. The main 

finding of this study was the oscillation (alternation) of increasing and decreasing density 

of tiny blood vessels, as mapped and measured by vessel length density and number 

density, in both arterial and venous trees during diabetic retinopathy from moderate to 
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severe NPDR/early PDR. Throughout the evolution of diabetic retinopathy, the density of 

bigger vessels (G1-5) remained essentially constant, but the diameters of larger vessels 

(Dv1-5) grew slightly but continuously (14,115). During our examination of PAH, no 

changes in vessel length or number density were determined.  The second study, which 

involved SANS (also known as visual impairment and intracranial pressure (VIIP) 

syndrome),found a combination of observations and symptoms observed in astronauts 

who have undergone long duration space flight (LDSF) missions in microgravity 

conditions.  

SANS is characterized clinically by retinal folds unilateral or bilateral optic disc edema, 

globe flattening, choroidal, retinal folds, hyperopic refractive error changes, and nerve 

fiber layer infarcts. All of which are common results associated with structural alterations 

on ocular and orbital imaging examinations (116).  

In this study, it was examined that prolonged headward fluid changes in SANS 

were mediated by retinal vascular remodeling, notably by smaller arteries. Only 11 of 16 

retinas for arteries and veins show significant postflight declines in Df, Lv, and smaller 

vessels. The highest vascular reductions were observed in the single retina with clinical 

signs of SANS in the form of choroidal folds and optic disc edema. A unique vascular 

pathology index determined that declines in vascular density from Df and vessel length 

ranged from minor to significant in the remaining 15 retinas (114). 

Neither of these studies correlated VESGEN parameters to known diagnostic 

measurement such as glycation hemoglobin (HbA1c) test (DR) or intracranial pressure 

(ICP; SANS). Damage to tiny blood vessels in the retina, kidney, and peripheral nerves is 

caused by glycation, where higher quantities of glucose expedite the process. This results 
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in complications of diabetes, such as diabetic retinopathy, nephropathy, and neuropathy, 

as well as the avoidable outcomes of blindness, dialysis, and amputation (57). Unlike 

PAH, neither of these studies mentioned changes in Tv or Av of either the small or larger 

vessels, suggesting these changes may be unique to PAH and that each disease may have 

its own “eye print”.  

Our PAH subjects showed changes in the larger vessel, which is a unique finding 

in PAH subjects that was not seen in either the DR or SANS studies. Arteries and other 

critical vascular irregularities, such as microaneurysms, are of the utmost importance for 

better longitudinal patient assessment (115). VESGEN allows minor detection changes 

that otherwise would be missed during a routine eye examination, allowing physicians an 

additional tool for monitoring the progression of diseases.  

The first known study to show that ocular abnormalities preceded PAH 

exacerbation was in 2012. In this study, a 28-year-old female with PAH for three years 

exhibited impaired vision and metamorphopsia in the right eye, showing no prior ocular 

or medical history of the individual. FA and CF images revealed normal choroidal and 

retinal perfusion, scattered microaneurysms, and patches of minor capillary leakage in 

both eye. These results were consistent with higher systemic venous pressure and 

indicated PAH development. A 2017 study by Watanabe et. al. (103),(79) showed the 

presence of abnormal episcleral vessels in patients with familial PAH with bone 

morphogenetic protein receptor type II mutations, a genetic cause of PAH, and unaffected 

carriers before the development of PAH(103). Our results expand on these findings by 

revealing that retinal arterial Tv and density correlate with disease parameters in a well-
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characterized PAH population. Changes in ScVO2 or SvO2 may induce angiogenesis by 

activating hypoxia-inducible factors, resulting in increased retinal vascular density.  

Thus, it was concluded that retinal abnormalities may correspond with established 

clinical outcome markers in PAH. These findings imply that PAH patients should be 

evaluated for ocular pathology and that retinal abnormalities may correlate with the 

severity of the pulmonary vascular disease.  

 

Chapter 3- Manuel and deep learning imaging method 

Systemic diseases such as diabetes, sickle cell, and systemic hypertension can 

benefit from retinal vascular imaging for diagnosis and management. Although 

commonly employed as a diagnostic and screening tool, FA is an invasive technique that 

has been linked to a 1-22 percent risk of adverse events. Often resulting in nausea, 

vomiting, gastrointestinal disturbance, and urticarial. Therefore, given these issues, non-

invasive approaches for detecting retinal vascular alterations without losing picture 

quality is an unmet need. CF generates a colorized image with a fundus camera with no 

reports of photic injuries from normal fundus photography, in contrast to the adverse 

effects linked with FA imaging. CF also provides a user-friendly procedure normally 

accomplished in minutes in contrast to FA, which takes up to an hour to complete. 

Chapter 3 sought to demonstrate that CF utilized in people with PAH, in conjunction with 

VESGEN analysis as a retinal imaging modality, has advantages over FA with manual 

picture input.  

This chapter identified a non-invasive approach for early detection or serial 

monitoring of PAH. The utilization of CF imaging in conjunction with VESGEN 
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detected retinal vascular alterations in PAH patients similar to what was found with FA 

images. CF detected retinal Tv and changes in total vascular area (Av = vascular 

area/ROI), which have been shown to predict pulmonary function in PAH patients. These 

findings imply that CF can provide comparable clinical information while being safer. 

While FA and CF did not recognize comparable microvessel counts, they agreed on Tv 

and Av. However, bigger vessels heavily weigh the overall vessel area density. Because 

of this, CF cannot be used to replace FA in monitoring microvascular disorders such as 

diabetic retinopathy. 

One unexpected finding was the difference between the left and right eye. In 

several vascular patterns, the left eye showed poor concordance, while the right eye 

resulted in good and better concordance. Interestingly, a 2018 (69) study in early-stage 

systemic hypertensive changes in the retina sought to explore ocular/systemic factors of 

the choriocapillaris vasculature. In this study, eyes from 361 controls and 206 individuals 

with systemic hypertension were examined. They found that choriocapillaris vessel 

density of the nasal area of the right eye was significantly larger than the left eye. 

In contrast, vessel density in the temporal area of the left eyes was larger than 

right. Vessel length in the total area of the left eye was longer than the right eye (117). In 

addition, Ruiz-Medrano et al., showed an asymmetry in normative macular choroidal 

thickness, with right eyes having a thicker macular nasal choroid layer than left eyes 

(118). While the etiology of vascular asymmetry between the left and right eyes is 

unknown. One suggested theory is that the ophthalmic arteries may be slightly different 

between the left and right eyes, as the ophthalmic artery arises from the internal carotids, 
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and these are different. The right internal carotid artery arises from the brachiocephalic 

trunk rather than coming directly from the aorta as does the left internal carotid. 

One disadvantage in this study was the use of VESGEN manual preparation prior 

to analysis by the program. VESGEN is a NASA based software that maps and quantifies 

major vessel parameters such as the ones used in chapters 2 and 3 . The rigorous manual 

procedure entails tracing retinal veins, detecting arterial and venous features, formatting 

photos to acceptable input settings, and executing multiple quality checks. This time-

consuming approach effectively eliminates VESGEN as a viable tool for clinical practice, 

and it is now restricted to research usage. This has led in the demand for automated 

software capable of performing precise vessel segmentation without the time-consuming 

human preparation procedure.  

Previously VESGEN has been used in several studies (14,47–49), including a 

preliminary methodological study, where VESGEN 2D was used to investigate the 

progression of diabetic retinopathy (DR). The main finding of this study was the 

oscillation (alternation) of increasing and decreasing density of tiny blood vessels in both 

arterial and venous trees as diabetic retinopathy progressed from mild to extremely severe 

NPDR/early PDR. The smaller microvessel density improved from VRS1 to VRS2, 

reduced from VRS2 to VRS3, and increased again from VRS3 to VRS4, as assessed by 

VESGEN with high statistical confidence. Although the progressive change was 

consistently favorably associated between arterial and venous trees, arterial remodeling 

dominated the first two phases of increasing vascular density (VRS1 to VRS2 and VRS3 

to VRS4) (14). In addition, the density of bigger vessels (G 1–5) remained largely 

constant during the evolution of diabetic retinopathy, whereas the diameters of larger 
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vessels (D v1–5) grew slightly but regularly. Based on VESGEN finding the oscillation 

between angiogenesis and vascular dropout with diabetic retinopathy progression shows 

that the diabetic retina retains the ability to restore a normal vascular phenotype to some 

extent during the early stages of retinopathy (14). 

The second significant outcome of this study is that deep learning reduces 

VESGEN picture preparation time compared to standard image processing. Image 

segmentation is the combination of algorithms that detect, refine, and extract aspects of 

interest from CF pictures. Deep learning processing may assist VESGEN analysis by 

eliminating the time-consuming manual preparation necessary for VESGEN inputs. Deep 

learning programming shown some promise for usage in conjunction with VESGEN to 

create a practical and extremely sensitive tool for retina imaging that may potentially be 

implemented into clinical practice. When compared to images processed with manual 

input, deep learning also lacks the capacity to detect tortuosity and vessel area density. 

Compared to the manual tracing of CF imaging, deep learning demonstrated the capacity 

to characterize identical structural changes in big vessels as a fractal dimension (Df) 

across the retina. This is most likely due to deep learning's inability to detect smaller 

vessels.  

Based on our findings, we believe that using CF in conjunction with VESGEN 

analysis as a retinal imaging modality has advantages over FA with manual picture input. 

While CF is a safer, non-invasive imaging technique, it also can provide helpful insight 

into systemic manifestations of PAH in the eye when combined with image processing 

segmentation. Additional investigation is needed to fully understand CF imaging's 

potential and capabilities as a replacement for FA imaging in other systemic disorders. 
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LIMITATIONS 

The studies in this dissertation have several limitations. First, a standard limitation 

among these chapters was the small population size. In Chapters 2 and 3, population size 

of the disease group was limited due to the rarity of pulmonary arterial hypertension, 

which only affects about 50 people per million each year. Due to this limitation, 

compiling a larger sample size becomes difficult. Inclusion of PH individuals as a whole 

regardless of subgroup (Group 2 and 3 PH) would have resulted in extra confounders 

such as age, smoking, obstructive sleep apnea, diabetes mellitus, and cardiovascular 

disease. Limiting our population group to those with PAH limited any factors associated 

with retinal abnormalities.  

Ideally, 40 distinct patient specimens should be chosen to encompass the 

procedure's whole operating range and represent the disease spectrum (119). The total 

quantity of specimens tested is less essential than their quality. The quality of the 

experiment and the estimates of systematic errors will depend more on obtaining a 

diverse set of test results than a large number of test results. The key advantage of a large 

population is that it detects individual patient samples whose findings differ due to 

interferences in an individual sample matrix. This is of importance when the new 

approach employs a different chemical process or a different measuring mechanism 

(120).  

Second, in Chapter 2, control images were acquired at a higher resolution than 

PAH images (Chapter 2, figure 1). We took a pragmatic approach in this chapter and 

leveraged images from another study cohort. Unfortunately, this did limit our 
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examination of vascular patterns compared to control to only tortuosity, which is scale-

invariant.  

 Third, one disadvantage of VESGEN is that it takes hours of manual preparation 

prior to picture processing by the program. This rigorous procedure entails manually 

tracing of retinal vessels, detecting arterial and venous features, formatting acceptable 

input settings, and executing multiple quality checks. This time-consuming process 

effectively eliminates VESGEN as a viable tool for clinical use. In addition, the lack of 

reproducibility while manually preparing an image can result in fluctuation of results, and 

CF imaging segments could not automatically separate arteries and veins. 

In deep learning, also known as machine learning, reproducibility means running 

an algorithm on different datasets and getting the same (or similar) results on other 

projects (121). This has resulted in the requirement for an automated software capable of 

performing precise vessel segmentation without the time-consuming human preparation 

procedure. Reproducibility can have a variety of connotations, particularly when it comes 

to computational methodologies. Reproducibility, repeatability, and replicability are 

related concepts used in different circumstances, with slightly different meanings. The 

capacity to recreate results using the original researchers' data, tools and parameters is 

referred to as reproducibility. The capacity to get the same results with new data is 

referred to as replication (122). The capacity to replicate a published analytic procedure 

and obtain the same findings is referred to as repeatability. As machine learning 

continues to impact more healthcare choices, it becomes increasingly important to ensure 

that the basis on which these technologies are constructed are reproducibility, 
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repeatability, and replicability. This means that computer intelligence is solely dependent 

mainly on the training material provided by the user. (123).  

Fourth, the Bland-Altman plot used in Chapter 3 does not detail which method is 

better but only suggest if differences or similarities are found between the two methods. 

It measures the bias and provides a range of agreement that includes 95 percent of the 

discrepancies between one measurement and the other. This is because the line of 

equality is not inside the confidence interval of the mean difference. Nonetheless, only 

analytical, biological, or clinical aims can determine if the agreement interval is too large 

or too small for our specific purposes. The ideal purpose for using Bland-Altman plot 

would be to determine the boundaries of maximum tolerable discrepancies (anticipated 

limits of agreement), based on physiologically relevant criteria (124,125). 

Bland –Altman plots, also known as difference plot is used when two techniques 

are supposed to agree one-to-one. These disparities should be distributed around the line 

of zero differences, with half above and half below. Any significant variances will stand 

out and bring attention to those specimens whose results require confirmation through 

repeat measurements (120,124).  In contrast to comparison (similarity), plots which are 

used when the one-to-one agreement is not expected. As points are amassed, a visual line 

of best fit should be made to demonstrate the broad link between the approaches and aid 

in identifying discrepancies (120). 

 

FUTURE DIRECTION 

This work has established the ability of retinal imaging in FA and CF in 

combination with VESGEN as a valuable tool for monitoring ocular pathology and 
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retinal vascular abnormalities of various diseases. This work has shown that larger vessel 

changes are unique to PAH, while microvessel changes appear more relevant to DR. The 

ideal next step in this experiment is to validation this study as a potential diagnostic tool 

for PAH. In order to achieve this, a validation cohort, or a set of patients also exhibiting 

PAH with a similar association and functional class should be examined. This cohort 

should be derived from a different location (different location/university), including a 

control group and different age groups and ethnicity. Each subject should be examining 

every 6 months for follow up examination to detect change. Each examination would 

include a retinal scan (126) and/or blood draw. This retina scan of a color fundus image 

may quickly be taken using a smart phone (126). Indirect ophthalmoscopy and the 

newest smartphone fundus photography both operate on the same principles. The 

flashlight on a smartphone is used as a light source or illumination system. After 

adjusting the filming distance, the smartphone camera focuses on an inverted image of 

the retina (126). A portable, cost-effective, affordable, and practical method for retinal 

imaging is smartphone fundus photography. The novice can become proficient in this 

method with practice and the use of smartphone camera applications made for this 

purpose. This images can then be applied to the newest VESGEN 1.11, which offers an 

automated segmentation of binary vascular patterns from grayscale photos using 

AI/machine learning and other computational breakthroughs (47,126,127). Ideally this 

entire process from acquiring images to binarizing images and finally generating analysis 

should result in completion in about two to three hours per image(47).  

To compliment the retinal scans, systemic marker could be measured. These 

markers include keratinocyte growth factor (KGF) (128), Vascular endothelial growth 
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factor (VEGF) (129),  thrombospondin-1 (TSP-1) (130) and circulating angiogenic cells 

(CAC) (131) all of which are markers of angiogenesis or the growth of new vessels from 

pre-existing vessels. This can potentially provide information on new vessels forming in 

the retina, which in return can suggest changes in vessel area density. 

KGF is a paracrine stimulator of proliferation and migration that uses  FGF 

receptor isoforms in the epithelium, but not endothelium, and is produced throughout the 

body by mesenchymal cells, such fibroblasts (128). KGF was initially thought as a 

keratinocyte mitogen in wound healing, but it has since been shown to have 

cytoprotective properties including  promoting repair and suppressing malignant 

epithelial phenotypes (128,132). A rupture in Bruch's membrane allows for the formation 

of aberrant new blood vessels, a key contributor to the pathogenesis of age related 

macular degeneration and vision loss as vessel enter from the underlying choroid and 

migrate into the subretinal pigment epithelium and into the photoreceptor layer. In one 

study, KGF significantly increased arterial tortuosity in an angiogenesis-related 

developmental model in the avian CAM, along with a minor rise in arterial density. In 

addition there were increases in tortuosity and vessel density of larger vessels (47,133). 

KGF, a vessel tortuosity regulator, may have boosted MMP activity in the chorionic 

epithelium, lowering tissue resistance to sinusoidal vascular patterning by pulsatile blood 

flow (47,133,134). In chapter 2, our study showed that individuals with PAH have 

increased Tv compared to controls. There was also a noticeable tortuosity of the larger 

retinal vessels which has not been previously seen in other retinal diseases. Elevations of  

KGF in the serum of PAH subjects may correlate with increased arterial Tv in the retina 

over time.  
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 In terms of VEGF which is a secreted protein that is activated by hypoxia and 

interacts with its receptors VEGFR1 and VEGF R2 which are  tyrosine kinases that 

promote  angiogenesis (129). The most prevalent cardiovascular event associated with 

VEGF-signaling pathway inhibitors is hypertension. ET-1 is a crucial signaling 

mechanism that induces pulmonary vascular failure in PAH, and VEGF has been 

implicated in ET-1 expression.  NO and prostanoid prostacyclin are downstream of 

VEGF signaling and have been shown to suppress ET-1 production.  Thus, reducing 

these  vasodilator products may elevate ET-1 levels, producing vasoconstriction, 

increased blood pressure, and promoting PAH (135–137).  

An important endogenous angiogenesis inhibitor is TSP1. TSP1 blocks the 

development of new blood vessels in a variety of ways, including through interfering 

with pro-angiogenic proteins (130). Previous studies have shown high plasma levels of 

TSP-1 in PAH patients compared to controls(138–141). In one study TSP-1 levels in the 

plasma were shown to be higher and correlated with cutaneous disease severity in people 

with scleroderma, a vascular disease that is frequently worsened by the development of 

PAH. TSP-1 concentration was tested in the plasma of seven scleroderma patients before 

and after the onset of PAH. The two blood drawing were obtained on average 4.9 years 

apart. TSP-1 concentrations increased considerably following the development of PAH 

(141). Ideally, TSP-1 marker may be particularly useful in subjects expressing BMPR2, a 

gene commonly associated with PAH.  

Lastly, CAC, which resemble monocytes, promote angiogenesis by secreting 

growth factors, including VEGF. Baseline blood levels of CACs and EPCs are low, 

which restricts their ability to reach ischemic regions and subsequently stimulates 
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revascularization  (131). One interesting study showed an increase in circulating 

CD34+CD133+ proangiogenic precursors of those with IPAH, suggesting evidence of 

vascular remodeling in the lungs of IPAH. In addition, it was suggested that these cells 

did not originate from the disease lung but in fact the lung's vascular microenvironment 

may stimulate their mobilization from the bone marrow and subsequent recruitment into 

lung vessels (142). Because of this, CAC cells may be used as a marker of worsening of 

the PAH or progression of lung damage to the lung.  

Of interest, PAH is an umbrella disease to pulmonary hypertension. Examining 

groups two to five of pulmonary hypertensions would be interesting to determine if these 

vascular and blood/serum findings are unique to PAH and provided further evidence on a 

possible “eye print” for this disease. Using PH groups 2 to 5 would allow for large 

population size to due to their higher prevalence.   

Second, these studies were limited to only three known imaging techniques. Other 

imaging, such as OCTA involving laser light instead of white light to illuminate the 

retina, should also be examined to determine the limitation of VESGEN`s ability to detect 

changes in the retina. Furthermore, addressing the unanswered questions in chapter 3, in 

terms of which image method results in better results. The Bland-Alman could only tell if 

the two methods were similar or if there was a threshold when the images no longer had 

similar methods. To address this question, ideally there must first be a standard or 

“ground truth” data to compare results. Since these methods are new, there is no true 

ground true image. Therefore, the simpler question is which method identifies more 

vessel numbers, in terms of both large and small vessels. In addition, if the two methods 

have significantly different Df and vessel length.  
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One possible way to address this, is by performing a simple standard student t-

test. A student t-test is a ratio that measures the significance of the difference between the 

'means' of two groups while accounting for variance or dispersion. Student's t-tests are 

classified into three types: (1) one-sample t-tests, (2) two-sample t-tests, and (3) two-

sample paired t-tests. The one-sample t-test assesses a single list of numbers to test the 

hypothesis that a statistic of that set is equal to a certain value, such as testing the 

hypothesis that the set's mean is equal to zero. To capture the dependency of measures 

between the two groups, a paired two-sample t-test might be utilized. The one-sample t-

test compares the statistic of a single set of numbers to a certain numeric value, whereas 

the two-sample t-test compares the values of a statistic between two groups. The 

dependence of the samples may be captured using a paired two-sample t-test (143). This 

would provide information on rather the mean of the two methods output results are 

similar or different which would provide information on which method identity more 

parameters.  

Another option is a Passing and Bablock regression. Passing and Bablock 

regression is a statistical strategy that enables the useful estimation of the agreement 

between analytical procedures and any potential systematic bias between them. Passing-

Bablok regression is a method comparison of a fitting a straight line to two-dimensional 

data where both variables, X and Y, are measured with error. It is helpful when  

comparing  two devices that should  provide the same measurements. This is done by 

generating a linear regression line and checking to see if the intercept and slope are both 

one. Regression using Passing and Bablok is a reliable and suitable model for analyzing 

the outcomes of method comparisons. Evaluating the proportional and constant bias 
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between two approaches is simple, and obtained parameters enable corrective actions 

(144). 

 Additionally, CF's inability to substitute for FA in monitoring microvascular 

diseases such as diabetic retinopathy is not feasible. Therefore, the need to identify ideal 

imaging techniques for different systemic diseases could improve retinal disease 

diagnostics and reduce costs due to unnecessary imaging. In this dissertation, VESGEN 

was only used in the human eye but has the capability to be utilized in non-human 

research. Of interest, examining retinal vasculature changes in known animal models of 

diabetic retinopathy, PAH would provide insight into an ideal animal model for 

examining vascular changes.  

Last, addressing the major drawback of VESGEN which, requires many hours of 

manual preparation pre-image. This meticulous process results in a time-consuming 

effort, which precludes VESGEN as a feasible tool for clinical practice. This has resulted 

in the need for automated software with the ability to perform accurate vessel 

segmentation. Unfortunately, the deep learning process failed to provide similar output 

imaging (Chapter 3) but demonstrated great potential. One possibility is to compare 

current data with newest VESGEN version 1.11 which offers an 

automated segmentation of binary vascular patterns from grayscale photos using 

AI/machine learning and other computational breakthroughs. A DR dataset was used for 

extensive AI research, which included 34 example cases of clinical retinal images in 

grayscale and binary (black/white) images of the vascular pattern that skilled vascular 

analysts retrieved. The methods of artificial intelligence and machine learning can 

generalize and do reasonably well on previously undiscovered images. However there has 
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been no published worked using these prototypes (47). The need to further train the deep 

learning process and explore other means of automated vessel segmentation is of great 

need for the future success of this study. 
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 Project Revision/Amendment 

Form 

Form version: June 26, 2012 

 

In MS Word, click in the white boxes and type your text; double-click checkboxes to check/uncheck. 

• Federal regulations require IRB approval before implementing proposed changes. See Section 14 of the IRB 

Guidebook for Investigators for additional information.  

• Change means any change, in content or form, to the protocol, consent form, or any supportive materials 

(such as the Investigator’s Brochure, questionnaires, surveys, advertisements, etc.). See Item 4 for more 

examples.  
 

1. Today’s Date 3/8/2018 

 

2. Principal Investigator (PI) 

 Na

me (with degree) 

Maria Grant, 

MD 

Blazer 

ID 

mabgrant 

 

 Department 

Ophthalmology Divisi

on (if 

applicable) 

      

 Offi

ce Address 

VH390D Office 

Phone  

205-996-8660  

 E-

mail 

mabgrant@uab.

edu 

Fax 

Number 

205-934-3425 

Contact person who should receive copies of IRB correspondence (Optional) 

 Na

me 

Karen Searcey E-Mail karensearcey@uabmc

.edu 

 Pho

ne 

325-8310 Fax 

Number 

205-325-8692 
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 Office Address (if different 

from PI) 

EFH609 

 

3. UAB IRB Protocol Identification  

 3.a. 

Protocol Number 

IRB-300000068 

 3.b. Protocol Title  LXR as a novel therapeutic target in diabetic retinopathy 

 3.c. Current Status of Protocol—Check ONE box at left; provide numbers 

and dates where applicable 

  Study has not yet begun No participants, data, or specimens have 

been entered. 

  In progress, open to 

accrual 

Number of participants, data, or 

specimens entered: 

13 

  Enrollment temporarily suspended by sponsor 

  Closed to accrual, but procedures continue as defined in the protocol 

(therapy, intervention, follow-up visits, etc.) 

Date 

closed:  
      

Number of participants receiving 

interventions:  
      

Number of participants in long-term 

follow-up only: 
      

  Closed to accrual, and only data analysis continues 

Date 

closed:  

      
Total number of participants entered: 

      

 

4. Types of Change 
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Check all types of change that apply, and describe the changes in Item 5.c. 

or 5.d. as applicable. To help avoid delay in IRB review, please ensure that you 

provide the required materials and/or information for each type of change checked. 

  Protocol revision (change in the IRB-approved protocol)  

In Item 5.c., if applicable, provide sponsor’s protocol version number, 

amendment number, update number, etc. 

  Protocol amendment (addition to the IRB-approved protocol) 

In Item 5.c., if applicable, provide funding application document from sponsor, as 

well as sponsor’s protocol version number, amendment number, update number, etc. 

  Add or remove personnel  

In Item 5.c., include name, title/degree, department/division, institutional 

affiliation, and role(s) in research, and address whether new personnel have any conflict 

of interest. See “Change in Principal Investigator” in the IRB Guidebook if the principal 

investigator is being changed. 

   Add graduate student(s) or postdoctoral fellow(s) working 

toward thesis, dissertation, or publication 

In Item 5.c., (a) identify these individuals by name; (b) provide the 

working title of the thesis, dissertation, or publication; and (c) indicate 

whether or not the student’s analysis differs in any way from the purpose of 

the research described in the IRB-approved HSP (e.g., a secondary 

analysis of data obtained under this HSP). 

http://www.uab.edu/research/administration/offices/IRB/guidebook/Pages/default.aspx
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  Change in source of funding; change or add funding 

In Item 5.c., describe the change or addition in detail, include the applicable OSP 

proposal number(s), and provide a copy of the application as funded (or as submitted to 

the sponsor if pending). Note that some changes in funding may require a new IRB 

application. 

  Add or remove performance sites  

In Item 5.c., identify the site and location, and describe the research-related 

procedures performed there. If adding site(s), attach notification of permission or IRB 

approval to perform research there. Also include copy of subcontract, if applicable. If this 

protocol includes acting as the Coordinating Center for a study, attach IRB approval from 

any non-UAB site added. 

  Add or change a genetic component or storage of samples and/or data 

component—this could include data submissions for Genome-Wide 

Association Studies (GWAS) 

To assist you in revising or preparing your submission, please see the IRB 

Guidebook for Investigators or call the IRB office at 934-3789. 

  Suspend, re-open, or permanently close protocol to accrual of individuals, data, or 

samples (IRB approval to remain active) 

In Item 5.c., indicate the action, provide applicable dates and reasons for action; 

attach supporting documentation. 

  Report being forwarded to IRB (e.g., DSMB, sponsor or other monitor) 

In Item 5.c., include date and source of report, summarize findings, and indicate 

any recommendations. 

http://www.uab.edu/irb/guidebook
http://www.uab.edu/irb/guidebook
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  Revise or amend consent, assent form(s) 

Complete Item 5.d. 

  Addendum (new) consent form 

Complete Item 5.d. 

  Add or revise recruitment materials 

Complete Item 5.d.  

  Other (e.g., investigator brochure) 

Indicate the type of change in the space below, and provide details in Item 5.c. or 

5.d. as applicable. 

Include a copy of all affected documents, with revisions highlighted as applicable. 

 report consent form issue 

 

5. Description and Rationale 

In Item 5.a. and 5.b, check Yes or No and see instructions for Yes responses.  

In Item 5.c. and 5.d, describe—and explain the reason for—the change(s) 

noted in Item 4. 

Yes No  

5.a. Are any of the participants enrolled as normal, healthy 

controls?  

 If yes, describe in detail in Item 5.c. how this change will affect 

those participants. 
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Yes No  

5.b. Does the change affect subject participation, such as procedures, 

risks, costs, location of services, etc.? 

 If yes, FAP-designated units complete a FAP submission and 

send to fap@uab.edu. Identify the    FAP-designated unit 

in Item 5.c.  

 For more details on the UAB FAP, see www.uab.edu/cto.  

5.c. Protocol Changes: In the space below, briefly describe—and explain the reason 

for—all change(s) to the protocol.  

 We would like to increase the participant payments from $20 to $50. We have discovered that 

this payment is lower than most other protocols in the department and we would like to 

increase so that is in line with other study payments.  

 It was discovered today that the Controls Non-Diabetic Participants Consent form contained a 

typo in the consent form version date. A PRAF was submitted on 10/13/2017 that revised the 

type of payment from a gift card to a check. The language in the payment section of the ICF 

was changed from a gift card to the standard language of Ask your study staff about the 

method of payment. The version date that was submitted on the revised consent form indicated 

the version date was 10/13/2013. This was a typo. It should have been 10/13/2017. The version 

date on the Diabetic consent form had the correct date of 10/13/2017. Due to the fact we are 

increasing the participant payment, the version date will be revised. 

 In going through the consent forms today, we found that the coordinator had failed to use the new 

consent forms that were approved on 11/02/2017 (version date 10/13/2017) with 12 of the 13 

participants enrolled in the study. The only change in this version of the consent form was the 

method of payment. The originally approved consent form indicated participants would receive 

a gift card whereas the payment section on the 10/13/2017 version of the consent form 

indicated the new language was changed from a gift card to the standard language of Ask your 

mailto:fap@uab.edu
http://www.uab.edu/cto
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study staff about the method of payment. All participants received a check as indicated in the 

PRAF that was approved 11/02/2017. 

 Of note is that the UAB Clinical Trials Admin Office has identified our department as one of the 

first departments to use the Greenphire/Clincard for participant payments. This week we began 

using the Greenphire system and participants will be receiving clincards and not checks. 

 

CORRECTIVE ACTION PLAN: I met with the coordinator of this study and 

discussed how this happened. It appears that the coordinator was using her hard copy consent 

to make copies of the consent form which was the original approved consent. Although she 

was emailed the revised consent on 11/2/2017 and was informed that the new consent was in a 

shared drive on the computer in a folder labelled “Current Consent Forms”, she inadvertently 

used the old consent forms that she had made copies of. Going forward, once she receives an 

email of a revised consent, she will print it immediately as a reference as to the Current 

Consent version date. Additionally, she will no longer make copies of the consent form in 

advance, rather she will go to the Current Consent folder on the computer and print the consent 

form from that folder. 

 We would like to add Mariana Dupont to the protocol. Mariana is a 1st year Vision Science 

graduate student and will assist with data collection, analysis and presentation. She has no 

conflict of interest and has current IRB training. 
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5.d. Consent and Recruitment Changes: In the space below,  

 (a) describe all changes to IRB-approved forms or recruitment materials and the 

reasons for them;  

 (b) describe the reasons for the addition of any materials (e.g., addendum consent, 

recruitment); and  

 (c) indicate either how and when you will reconsent enrolled participants or why 

reconsenting is not necessary (not applicable for recruitment materials).  

 

Also, indicate the number of forms changed or added. For new forms, provide 1 

copy. For revised documents, provide 3 copies:  

 • a copy of the currently approved document (showing the IRB approval stamp, if 

applicable) 

• a revised copy highlighting all proposed changes with “tracked” changes 

• a revised copy for the IRB approval stamp. 

 The version date that was submitted on the revised Control consent form indicated the version 

date was 10/13/2013 (they Diabetic consent form had the correct date of 10/13/2017). This was 

a typo. It should have been 10/13/2017 but because we are increasing the participant payment 

from $20 to $50, we will be revising the version date to today’s date. 
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Signature of Principal Investigator       

   Date 03/08/2018   

 

FOR IRB USE ONLY 

□ Received & Noted □ Approved Expedited* □ To Convened IRB 

 

________________________________________  ________________ 

Signature (Chair, Vice-Chair, Designee)      Date 

 

DOLA ___________________ 

 

Change to Expedited Category  Y /  N / NA 

 

*No change to IRB’s previous determination of approval criteria at 45 CFR 46.111 or 21 CFR 

56.111  
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 Project Revision/Amendment 

Form 

Form version: June 26, 2012 

 

In MS Word, click in the white boxes and type your text; double-click checkboxes to check/uncheck. 

• Federal regulations require IRB approval before implementing proposed changes. See Section 14 of the IRB 

Guidebook for Investigators for additional information.  

• Change means any change, in content or form, to the protocol, consent form, or any supportive materials 

(such as the Investigator’s Brochure, questionnaires, surveys, advertisements, etc.). See Item 4 for more 

examples.  
 

1. Today’s Date 3/6/2018 

 

2. Principal Investigator (PI) 

 Na

me (with degree) 

Maria Grant, 

MD 

Blazer 

ID 

mabgrant 

 

 Department 

Ophthalmology Divisi

on (if 

applicable) 

      

 Offi

ce Address 

VH390D Office 

Phone  

205-996-8660  

 E-

mail 

mabgrant@uab.

edu 

Fax 

Number 

205-934-3425 

Contact person who should receive copies of IRB correspondence (Optional) 

 Na

me 

Karen Searcey E-Mail karensearcey@uabmc

.edu 

 Pho

ne 

325-8310 Fax 

Number 

205-325-8692 
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 Office Address (if different 

from PI) 

EFH609 

 

3. UAB IRB Protocol Identification  

 3.a. 

Protocol Number 

IRB-300000173 

 3.b. Protocol Title  Human iPSC for Repair of Vasodegenerative Vessels in Diabetic 

Retinopathy 

 3.c. Current Status of Protocol—Check ONE box at left; provide numbers 

and dates where applicable 

  Study has not yet begun No participants, data, or specimens have 

been entered. 

  In progress, open to 

accrual 

Number of participants, data, or 

specimens entered: 

8 

  Enrollment temporarily suspended by sponsor 

  Closed to accrual, but procedures continue as defined in the protocol 

(therapy, intervention, follow-up visits, etc.) 

Date 

closed:  
      

Number of participants receiving 

interventions:  
      

Number of participants in long-term 

follow-up only: 
      

  Closed to accrual, and only data analysis continues 

Date 

closed:  

      
Total number of participants entered: 
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4. Types of Change 

Check all types of change that apply, and describe the changes in Item 5.c. 

or 5.d. as applicable. To help avoid delay in IRB review, please ensure that you 

provide the required materials and/or information for each type of change checked. 

  Protocol revision (change in the IRB-approved protocol)  

In Item 5.c., if applicable, provide sponsor’s protocol version number, 

amendment number, update number, etc. 

  Protocol amendment (addition to the IRB-approved protocol) 

In Item 5.c., if applicable, provide funding application document from sponsor, as 

well as sponsor’s protocol version number, amendment number, update number, etc. 

  Add or remove personnel  

In Item 5.c., include name, title/degree, department/division, institutional 

affiliation, and role(s) in research, and address whether new personnel have any conflict 

of interest. See “Change in Principal Investigator” in the IRB Guidebook if the principal 

investigator is being changed. 

   Add graduate student(s) or postdoctoral fellow(s) working 

toward thesis, dissertation, or publication 

In Item 5.c., (a) identify these individuals by name; (b) provide the 

working title of the thesis, dissertation, or publication; and (c) indicate 

whether or not the student’s analysis differs in any way from the purpose of 

the research described in the IRB-approved HSP (e.g., a secondary 

analysis of data obtained under this HSP). 

http://www.uab.edu/research/administration/offices/IRB/guidebook/Pages/default.aspx
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  Change in source of funding; change or add funding 

In Item 5.c., describe the change or addition in detail, include the applicable OSP 

proposal number(s), and provide a copy of the application as funded (or as submitted to 

the sponsor if pending). Note that some changes in funding may require a new IRB 

application. 

  Add or remove performance sites  

In Item 5.c., identify the site and location, and describe the research-related 

procedures performed there. If adding site(s), attach notification of permission or IRB 

approval to perform research there. Also include copy of subcontract, if applicable. If this 

protocol includes acting as the Coordinating Center for a study, attach IRB approval from 

any non-UAB site added. 

  Add or change a genetic component or storage of samples and/or data 

component—this could include data submissions for Genome-Wide 

Association Studies (GWAS) 

To assist you in revising or preparing your submission, please see the IRB 

Guidebook for Investigators or call the IRB office at 934-3789. 

  Suspend, re-open, or permanently close protocol to accrual of individuals, data, or 

samples (IRB approval to remain active) 

In Item 5.c., indicate the action, provide applicable dates and reasons for action; 

attach supporting documentation. 

  Report being forwarded to IRB (e.g., DSMB, sponsor or other monitor) 

In Item 5.c., include date and source of report, summarize findings, and indicate 

any recommendations. 

http://www.uab.edu/irb/guidebook
http://www.uab.edu/irb/guidebook
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  Revise or amend consent, assent form(s) 

Complete Item 5.d. 

  Addendum (new) consent form 

Complete Item 5.d. 

  Add or revise recruitment materials 

Complete Item 5.d.  

  Other (e.g., investigator brochure) 

Indicate the type of change in the space below, and provide details in Item 5.c. or 

5.d. as applicable. 

Include a copy of all affected documents, with revisions highlighted as applicable. 

 Report consent form issue 

 

5. Description and Rationale 

In Item 5.a. and 5.b, check Yes or No and see instructions for Yes responses.  

In Item 5.c. and 5.d, describe—and explain the reason for—the change(s) 

noted in Item 4. 

Yes No  

5.a. Are any of the participants enrolled as normal, healthy 

controls?  

 If yes, describe in detail in Item 5.c. how this change will affect 

those participants. 
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Yes No  

5.b. Does the change affect subject participation, such as procedures, 

risks, costs, location of services, etc.? 

 If yes, FAP-designated units complete a FAP submission and 

send to fap@uab.edu. Identify the    FAP-designated unit 

in Item 5.c.  

 For more details on the UAB FAP, see www.uab.edu/cto.  

5.c. Protocol Changes: In the space below, briefly describe—and explain the reason 

for—all change(s) to the protocol.  

 In going through the consent forms today, we found that the coordinator had failed to use the new 

consent forms that were approved on 12/12/2017 (version date 11/20/2017) with 6 of the 8 

participants enrolled in the study. The only change in this version of the consent form was the 

method of payment. The original approved consent form indicated participants would receive a 

gift card whereas the payment section on the 11/20/2017 version of the consent form indicated 

the new language was changed from a gift card to the standard language of Ask your study staff 

about the method of payment. All participants received a check as indicated in the PRAF that 

was approved 12/12/2017. 

 Of note is that the UAB Clinical Trials Admin Office has identified our department as one of the 

first departments to use the Greenphire/Clincard for participant payments. This week we began 

using the Greenphire system and participants will be receiving clincards. 

 

 CORRECTIVE ACTION PLAN: I met with the coordinator of this study and discussed how 

this happened. It appears that the coordinator was using her hard copy consent to make copies 

of the consent form which was the original approved consent. Although she was emailed the 

revised consent on 12/12/2017 and was informed that the new consent was in a shared drive on 

the computer in a folder labelled “Current Consent Forms”, she inadvertently used the old 

mailto:fap@uab.edu
http://www.uab.edu/cto
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consent forms that she had made copies of. Going forward, once she receives an email of a 

revised consent, she will print it immediately as a reference as to the Current Consent version 

date. Additionally, she will no longer make copies of the consent form in advance, rather she 

will go to the Current Consent folder on the computer and print the consent form from that 

folder. 

  We would like to add Mariana Dupont to the protocol. Mariana is a 1st year Vision Science 

graduate student and will assist with data collection, analysis and presentation. She has no 

conflict of interest and has current IRB training. 

5.d. Consent and Recruitment Changes: In the space below,  

 (a) describe all changes to IRB-approved forms or recruitment materials and the 

reasons for them;  

 (b) describe the reasons for the addition of any materials (e.g., addendum consent, 

recruitment); and  

 (c) indicate either how and when you will reconsent enrolled participants or why 

reconsenting is not necessary (not applicable for recruitment materials).  

 

Also, indicate the number of forms changed or added. For new forms, provide 1 

copy. For revised documents, provide 3 copies:  

 • a copy of the currently approved document (showing the IRB approval stamp, if 

applicable) 

• a revised copy highlighting all proposed changes with “tracked” changes 

• a revised copy for the IRB approval stamp. 

 n/a 
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Signature of Principal Investigator     

    Date 3/6/2018   

 

FOR IRB USE ONLY 

□ Received & Noted □ Approved Expedited* □ To Convened IRB 

 

________________________________________  ________________ 

Signature (Chair, Vice-Chair, Designee)      Date 

 

DOLA ___________________ 

 

Change to Expedited Category  Y /  N / NA 

 

*No change to IRB’s previous determination of approval criteria at 45 CFR 46.111 or 21 CFR 

56.111  
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