EFFECTIVE AND INTUITIVE TOOLS FOR
OPHTHALMIC DISORDERS

Rijul Saurabh Soans

Department of Electrical Engineering
Indian Institute of Technology-Delhi
September 2022



© Indian Institute of Technology Delhi (IITD), New Delhi, 2022



EFFECTIVE AND INTUITIVE TOOLS FOR
OPHTHALMIC DISORDERS

by

Rijul Saurabh Soans

Department of Electrical Engineering

Submitted

i fulfillment of the requirements of the degree of Doctor of Philosophy

to the

Indian Institute of Technology-Delhi
September 2022



Dedicated to

My Grandparents



“The eye is the lamp of the body; so then if your eye is clear, your whole
body will be full of light.”

The Bible

“The way to get out of the competition trap is actually to be authentic.
Find what you know how to do better than anybody because you love to do

it and it feels like play.”

Naval Ravikant

"1 g, Jem JiR!"(As is one's vision, so is their perceptual experience
of the world!)

The Vedas



Certificate

This is to certify that the thesis entitled “Effective and Intuitive Tools for Oph-
thalmic Disorders” being submitted by Mr. Rijul Saurabh Soans to the Depart-
ment of Electrical Engineering, Indian Institute of Technology-Delhi, for the award
of the degree of Doctor of Philosophy is the record of the bonafide research work
carried out by him under our supervision. In our opinion, the thesis has reached the

standards fulfilling the requirements of the regulations relating to the degree.

The results contained in this thesis have not been submitted either in part or in full to

any other university or institute for the award of any degree or diploma.

(Prof. Tapan Kumar Gandhi) (Prof. Rohitr Saxena)
Dept. of Electrical Engineering Dept. of Ophthalmology
Indian Institute of Technology-Delhi All India Institute of Medical Sciences-Delhi
Hauz Khas, New Delhi 110016 Ansari Nagar, New Delhi 110029
INDIA INDIA

@w y A/ sl

(Prof. Frans W Cornelissen)
Laboratory of Experimental Ophthalmology
University Medical Center Groningen

University of Groningen

THE NETHERLANDS



Acknowledgements

First and foremost, I would like to thank the good GOD Almighty, without whom
this thesis would not have been possible. They say, “it takes an entire village to raise
a child”. T say, it also takes an entire village (perhaps, even 2 continents) to raise a

vision scientist! I am ever grateful to those who decided to walk with me on this journey.

Dear Tapan sir, I remember that day in the summer of 2016 when you said - “I can
give you a PhD topic. But actually, PhD should be your own brainchild”. T am really
glad that I took that advice, and I have not looked back ever since! Thank you for
placing your trust in me and giving me the right mix of guidance and independence,

which has allowed me to grow immensely.

Dear Rohit sir, we met by serendipity at AIIMS and from Day 1, you were open to
all of my ideas! I learnt a lot about ophthalmology and how things work in the clinical
sciences from you over the years. You always managed to find time in spite of your

busy schedule to discuss science. I could not have asked for a better advisor!

Dear Prof. Frans, I will always remember the EGRET+ farewell day when you
said - “You were the smiling Indian boy. Always cheerful no matter what. And you
did good work too”. I was amazed by how you could channel your energy in the right

direction in academia, even during some tough times. And your advice to every new

PhD student - “Own your PhD!”. T think I have done that.

Dear Remco, you were there almost every week ready to work on techniques, statis-

ii



tics, or simply bounce off ideas with each other. You also reassured me during times
of despair by reminding me that the answer to everything - including to the ultimate

question of life and the universe - is simply the number 42.

Then, in no particular order, I would like to thank my SRC committee members
- Prof. Brejesh Lall, Prof. Sumantra Dutta Roy and Prof. Amit Mehndiratta. I
have always enjoyed the conversations with Prof. Sumantra, classes by Prof. Brejesh
and the beneficial feedback provided by Prof. Amit. Thanks to Prof. Kuntal Ghosh
(ISI Kolkata) and Prof. Peter Bex (Northeastern University) for their apprecation and

valuable comments on my thesis.

I would also like to extend my thanks to Prof. Radhika Tandon and Prof. Nomdo

Jansonius for their helpful discussions across various projects.

I would also like to acknowledge Ms. Deepika Dhar (FITT, IIT-Delhi), Mr. Hans
Hektor (KTO, UMCG) and Prof. Velpandian (Patent Cell, AIIMS-Delhi) for their

assistance in filing a joint patent application of one of the modules of this thesis.

I would also like to thank Prof. Pawan Sinha for your gentle feedback on my work
whenever you visited India. I remember the time when we were waiting for our food
in KFC when you took out a paper napkin and started explaining the concept of the

Pulfrich effect. This was very useful for me later on.

The faculty and colleagues at AIIMS - Prof. Pradeep, Dr. Rebika, Dharam,

Dheeraj, Vinay, Pawan sir and Sanjay sir - it has been a pleasure working with you all.

In my own personal opinion, the most comprehensive super-duper research group
of the Neurocomputing Lab - with James and Kritika. James - you were the zen-like,
calm and stoic person who was available to help me under any (and I mean absolutely

any) circumstances. Kritika - you were the closest to me in the lab for many years.

il



I will always remember the efforts (sometimes even 16-17 hours a day!) we put into
getting something done without ever giving up. I hope the 3 of us will remember the
good times, deep conversations and all the positive values that we shared and take

them forward in our future lives.

The people of the Neurocomputing Lab - Ashirbad: the young man ever-ready to
help out, eat good food or simply have a good time. Thank you also for developing the
web-application for one of my frameworks. Three people who I got to know over the
last couple of months - Sapna: thank you for your cheerfulness and enthusiastic proof-
reading of my thesis, Raghav: a vocal engineer with a good heart, Rohit Misra: you
have a bright future in Neuroscience. Thanks to Shipra, Jyoti Maheshwari, Amit Ka-
dian, Shefali, Amit Bhongade, Sidharth Ranjan, Sidharth Gautam, Chandra Bhushan,
Anupam, Prerna, Tanvi, Chetan, Dr. Rohit Gupta and Dr. Taranjit. People who
were briefly in the lab - Abhay, Afshaan, Katie (who taught me FreeSurfer software),
Raghav Avasthi, Ambuj, Trisha, Monika, Rohan, Tanu and Anirudra - it was really

fun with you all.

Two hostel buddies I made over the years: Vishal and Kishore. Vishal - T will
remember you for two antipodal things: 1) the daily early-morning loud knocks on my
door and letting the entire hostel floor know that we have to go for breakfast down-
stairs, and 2) profound conversations on philosophy and relationships. Kishore - you
are a top-notch control systems and computer vision engineer, and I value the time we

spent on numerous assignments during our PhD coursework days.

My friends and colleagues in the Netherlands - Shereif: you were like an elder
brother to me (will remember the ‘spicy spicy’ Doner Kebabs), Catarina: the most
warm host and amazing chef, Lorenzo: a rare combo of scientist and professional go-
karter, Nigus: a dear friend who was ready to help any time, Birte: lovely trip to
Poland, Konstantinos: chess and everything Indo-Greek related, Anna, Valeria, Iris,

Hinke, Minke, Sina, Asterios, Giorgia, Azzurra, Tuomas, Joana Martins, Martijn, Son-

v



soles, Ronald, Nico and Sang-Yi. Shout-out to nice people I met through EGRET,
EGRET+ and NextGenVis: Gokul, Akhil, Khaldoon, Robert, Khazar, Carmine, Daniel,
Stephen, Vincenzo, Alex, Stan, Jacqueline, Jefferson, Philip and Sandra. Thanks to
Alessandro and Joana for teaching me some key concepts of vision science during my
initial years. Special thanks to Chris Geraets for lending me that huge and heavy

customized laptop every week during the early days of VR development.

I must also acknowledge the people who were instrumental in shaping my research
career before the PhD program - Prof. Ramesh - my masters supervisor, who showed
me the ropes of Linear Algebra and Probability Theory, Prof. AG Ramakrishnan, who
explained to me how PCA works for a full 2 hours at IISc back when I hardly knew

anything and Nandini ma’am - my bachelors supervisor who always believed in me.

Navin, thank you for radiating happiness wherever you go. Your maturity at such
a young age is amagzing. I can talk with you for hours on anything, and you made Delhi
more colourful and less suffocating. Sawan, Phalgun and Tarun (academic banter) -

thank you for keeping in touch all these years.

Joey, my best friend and budding academician. You have stood by me through
thick and thin. My fellow ‘Friends’ fan, foodie, travel buddy and most imaginative

collaborator, thank you for your wonderful companionship.

My parents who have always encouraged me to pursue lifelong learning. Dad - you
always wanted to do a PhD. You can now finally be happy through me. Mom - thank

you for being a role model as a strong independent woman.

Finally, I would like to dedicate this thesis to my grandparents, without whose
enduring love and constant support (and constant phone calls to enquire when I would

finish), it would not have been possible for me to stand where I am today.

Rijul Soans



Abstract

One of the goals in the ophthalmic and vision sciences is to come up with new, easy
and sensitive tools to screen for the presence of eye disorders. However, even the lat-
est tools have certain shortcomings in some ophthalmic areas. In this thesis, I focus
on two such areas: perimetry and 3D motion perception (3DMP). Even as standard
automated perimetry (SAP) to chart the visual field is laborious, requires manual re-
sponding and cannot be employed in all patient groups, current clinical depth tests are
static in nature and are not reflective of the perceived dynamic 3D world. Therefore, I
use eye-tracking and virtual reality (VR) to develop new frameworks to address these

issues.

First, I introduce the concept of using eye movements in a continuous tracking
paradigm as a natural alternative to the traditional psychophysics used by SAP to
screen for the presence of visual field defects. Previously through gaze-contingent sim-
ulations of scotomas, it has been shown that there is a direct relationship between
visual field loss and the spatio-temporal properties (STP) of eye movements. Here,
I show that these properties are altered in patients with glaucomatous and neuro-
ophthalmological visual field defects in a specific and measurable way such that the
paradigm can be used as a complementary approach to SAP for rapid screening. I find

that these properties are stable across control cohorts of two ethnicities.

The thesis then turns towards the creation of a VR-based framework for portable
screening of visual field defects. Here, I first illustrate the creation of the modified

framework in VR with built-in eye tracking. Next, I describe the procedure to extract
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the STP of eye movements of two clinical groups - patients with glaucomatous and
neuro-ophthalmic visual field defects and healthy controls in this VR setting. Subse-
quently, I compare the performance of the VR framework to that of the screen-based
eye tracker setup in terms of separation of the clinical groups. I find that the two
frameworks perform similarly even though the latter framework is considered to be
research-grade. I also show that patients prefer this adapted VR version of the frame-
work across all dimensions of user experience over the less portable screen-based eye-

tracker version and the standard SAP.

In the latter part of the thesis, I extend this framework to the detection and con-
tinuous evaluation of 3DMP in a VR environment with built-in eye tracking. I briefly
describe how eye movements and their associated extra-retinal binocular cues can be
used to measure 3DMP. Through experiments on visually healthy volunteers, I illus-
trate that the framework agrees well with prior retino-centric 3DMP studies. Lastly, I
show that the measurement of 3DMP is reasonably robust in the presence of systematic

and variable errors in the VR eye-tracking data.
In summary, these frameworks pave the way to not only create new screening tools

for ophthalmologists and vision scientists but also advance our understanding of ocu-

lomotor behavior in relevant clinical and healthy populations.
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