*
e UNIVERSITY

L/

< OF TECHNOLOGY
wy SYDNEY

Characterising Quantitative Spontaneous
Retinal Venous Pulsations in Glaucoma

by Sahar Shariflou

Thesis submitted in fulfilment of the requirements for
the degree of

Doctor of Philosophy: Orthoptics

Under the supervision of Dr Mojtaba Golzan, Professor Kathryn
Rose and Dr Ashish Agar.

University of Technology Sydney
Graduate School of Health

April 2022



Certificate of Original Authorship

I, Sahar Shariflou declare that this thesis, is submitted in fulfilment of the requirements for
the award of Doctor of Philosophy, in the Graduate School of Health at the University of
Technology Sydney. This thesis is wholly my own work unless otherwise referenced or
acknowledged. In addition, | certify that all information sources and literature used are
indicated in the thesis. This document has not been submitted for qualifications at any other

academic institution.

This research is supported by the Australian Government Research Training Program.

Production Note:

Signatur‘e: Signature removed prior to publication. Date: 4th Aprll 2022



Acknowledgments

First and foremost, | would like to express sincere gratitude to my supervisors, Dr Mojtaba
Golzan, Prof Kathryn Rose and Dr Ashish Agar for their support throughout the duration of
my research. It has been a privilege to grow under the supervision of such intelligent and
kind people. | am thankful to Dr Golzan for his clear guidance, generosity in time and for
providing the opportunities to develop my skills in research. | am grateful to Prof Rose for
the opportunities she has provided me in research and academia, for being so
understanding and for making time to listen and console me in some of the most
challenging times of my life. My sincere thanks to Dr Agar for facilitating this research from
the very beginning by making his clinics available to me, and for his clinical expertise and
guidance along the way. I'd also like to acknowledge both clinical and administrative staff
across the Marsden Eye Specialists clinics who were incredibly accommodating to me. My
sincere thanks also to Dr Jack Phu and Prof Michael Kalloniatis who assisted in facilitating
this research by making their clinic available to me. The assistance of the administrative
staff at the Centre for Eye Health is also greatly appreciated.

| have also been blessed with a strong network of PhD students and academic staff at UTS
Orthoptics who | thank. | will forever cherish the many memories that | share with my fellow
Orthoptic PhD students from this rollercoaster of a journey together. | would like to
specifically thank Mythili Ilango - we began this journey together as master’s students. She
has been a consistent source of support, laughter and friendship throughout not only this
research journey, but also in the ups and downs of life that have accompanied us in this
journey.

The completion of my PhD thesis would not have been possible without the unparalleled
support and love from my wonderful family. | am extremely grateful to my sister, Sana, who
has proven to be wise beyond her years. She has been an immense source of joy and shared
laughter throughout this journey. Your radiating energy inspires me every day. | am forever
grateful to my parents who have showered me in immeasurable support, encouragement,
patience and love. Thank you for always believing in my abilities and for giving me the
opportunities and experiences that have made me who | am. If not for my parents, this
thesis would not have been possible, and so, | dedicate this milestone to them.



Table of contents

Certificate of Original AUthOrship .....cccciveiiiiiiiiiiiiiici s reasssaases i
ACKNOWIEAZMENTS.....ccuiieiiiiiiiieccree et reeerenereserenseansensernsesessssassrnsesnsesessssnsssnsesnnnsennssnnes iiii
Table Of CONENTS .....civuiiiiiiiiiiiiiiri e r e e s rse s teasssseassstensssssnssssnssssensssnes iv
B T=E 3 1o 13 1 - o RPN X
Publications, Presentations and AWards.........cccieeieeiieiiiiieiieiieirecienieeecieiinseesresrsesessnssansens Xii
LISt Of FIUIES.cueiee e ieiiiiiiieirreirreereneeeaeeeeeraneresesennsraseraseresesessssasesasssesssensssasssnsssensssnssannennne Xiv
List Of tables .ccuuiieeiiiiciicr e e e s e s s e a s s s s a s s e nns s ananans Xvii
Glossary Of ADBreviations........ccceieieieiieiiieiiieiereieeeiereiereeteneeeneeeaernserasesesssenserssesssssensssnnes Xviii
(01 F=1 o1 =1 g PP 1
1. Anatomy and blood supply of the @Ye ........uueeeiiiiiiiiicce s 2
1.1  Overview of basic ocular anatomy ..o, 2
1.2 RGCS N the FEEING ..euiiieii ettt e e s sttt e e e e s s bbbt e e e e e e s saabbbbeeeeeessssasbbaeeeeesssananes 5
1.3 RGCs at the optic nerve and beyond the eye ..., 7
1.4 Overview of basic 0CUIAr VasSCUIGTUIE ........eiiiiiiiiiiiiiei et s s sbbre e e e e e s s saaes 9
1.4.1  Arterial SUPPIY T0 the retina ... ...uuuiiiiiiiiiiiiiiiii e eeeeeeeeeerereeeeeeeeeeeesssennsnnnnnes 9
1.4.2  Venous drainage of the retiNa............uuiiiiiiiiiiiiiii e reeeraeeerreeerererereeerennnnnes 10
B O 1YL= V11V Vo) i G =T Lol o1 o - U 12
2.1 Definition Of GlaUCOMA. .. .uiiiii it e e e st e e e e e e s s r e et e e e s s nabbaaees 12
2.2 Epidemiology Of glaUCOmMa . ... ... e eann 14
2.2.1  Prevalence of glaucoma across the globe ........ccoooiiiiiiiiiiiiiiee e 14
2.2.2  Risk factors for the development and progression of glaucoma.........ccccoeeeeeiiieiiiiieeeeeieeeeeeeeen, 14
2.3 Quality of life With SlaUCOMa ........uuiiiiiiiiiiiiii bbb b erarsssseeaeseesaessssasessssssssssssnnnnes 18



3. Pathophysiology of SlaucomMa ... 20

3.1 Glaucoma as a diSEase CONTINUUIM ....iiiiiiiiiiiiiiieeteeeeiscirte e e e e e e s st rre e e e e e e s ssabbraeeeaeessssaabereeaaaesssnssennees 20

3.1.1  Alternative concepts in the structure-function relationship.........cccoocviiriiiiiniii e 21

3.2 Clinical diagnosis Of laUCOM@.....c..uiiiiiiiiiiiiiiee ettt et e sttt e s sttt e e s sbbe e e s sabaeeesnabaeeas 22

3.2.1  RGCS N BlAaUCOMA@ ceiiiiiiiiiiiieee ettt ettt e e e e s ettt e e e e e s s bbbt e e e e e s ssaabbbe e et eeeesssanbbreeeeeesss 23

3.2.2 RINFL @SSESSMEBNT ...ttt ettt e et s e e e e e e et s e eeb s e eeaa s erebae s ananassaeenanss 25

R e BV o Ty 4 1= o | U UPPPTTPRR 35

R I N C O 13- 1 T=T o | TP 40

3.3 Vascular markers in GIaUCOMA .......eiiiiii ittt e et e e e s s s bbb e e e e e e s seabaneeeeeees 41

3.3. 1 Static VaSCUIAr MArKEIS ....ceiiiiiieiiiieeeee ettt e e e e s ettt e e e e s s esaibbbe e e e e e e s essanbbeaeeeeeseanns 42

3.3.2  DYnamic VasCular MArkers ......ccoooeiiiiii i 44

3.3.3  Retinal vein charaCteriStiCs .....oovuuriiiiieiiiiiieeee e e e e s e e e e e e e 47

4, Spontaneous retinal venous pulsations (SVPS)........cuuuuieeiiiiiiiieeiiiiiieeeeeeeeeevviieeeeeeeeeens 49

4.1 Aetiology and mechanism of SVPS........ccooo oo, 49

4.2 SVPSINhEalthy YES .o, 52

4.3 SVP alterations in glaucoma ... 52

4.4  Current SVP detection teChNIQUES........ccoi i 53

L S U oY1=t €Y7 IR Yol Y 1T [N 53

O A @ 1 o] =Tt £ V=T =T o] 0] o L0 TN 53

5.  Gapsin current literature and thesis outling...........coooviiiiiion 56
(@1 - 1o 1 =] 7 2Rt

O o TW] o o - I =Y o o Y[Rt 61

2. Participant reCruitmMeENnt ... i e e e e e ar e aeaaen 61

2.1 Clinical diagnosis and classifiCation .........ccccccoooiiiiiiiiii e 62

T o1y o @1 [l =1 [ o U 63

4.  Data breakdown per Chapter ... i a e e 64



ST D F- | - W ol o] | [=Yot o] o RN PR 65
5.1  Standard ophthalmic WOrKUD .....oouuiiiie et e s 65
5.2 Retinal videoSCOPY (SVP r€COTAING) ..ceeiuuriiiiiiiet ettt ettt ettt ettt et e e sttt e e e sttt e e s sbbe e e s sabaeeesnabaeees 65
5.3 DAta MANABEMENT ... s 66
5.4 SVP qQUANTITICAtION oo e e e e e e e e s s 66
5.5 Retinal ganglion Cell @StimMatioNn.....cccceeieiiieieiceeeee s 66
5.6 StagiNg BlalUCOma....couuieiiiiiiie e e e e e e e e s a e e e e e s rreeeeens 67

6.  STAtistiCal ANAlYSiS. .. s 68

(6 F-1 o1 =1 g SRS

L INtrodUCtioN oo, 70

D V=Y i g oo Fo] oY -V 2N OO PPRRR 71
S R D F- ) - I oo | (=T 4 o o IO TP PRSP PPPPPPRP 71
2.2 RETINGI VIdEOSCOPY -uuuuuunnuni e e s 72
DG T =1 = = 1 0 =1 Y2 13PN 73
DR A = ool TP PPPPP R PRTPPPPP 76

T £ 0T U R 76
3.1 SVPs were identified in 100% of patients when assessed objectively ........cccooveiiiiiiiiiiiiiiiiiiccicccceee, 76
3.2 SVPs are correlated With RNFL thiCKN@SS ......uuviiiiiiiiiiiiiiieic et 77
3.3 SVP measures are reproducible using the tablet-based ophthalmoscope..........ccccooeeiieieieieee. 77

L B ] (Yol U 1Y Fo] o [ PP 78

(61T T o1 =T 7 PPN

R 1o | o o [ ot f Lo ] o KPR 84

B V1Y o Yo Yo U 85

Vi



2 Y S O [ 1 ] T oF | o o [P PSPPPR 85
7255 T = o Y3 86
B RESUIRS et e e e e e et eaaeeeaar—————— 86
I Y L T 1o - = (T TP TP PP OO PP PPPPPP PP 87
R AV L 4T =<1 Vo [T PP PP OO PP PPPPPPTPP 89
4. Discussion and CONCIUSIONS......cccceiiiiiiiiiii e, 89
(61 F-T o1 =1 21 SRRt
L INtrodUCioN oo, 93
D V=Y o g oo Fo] oY -V 2SO PUTT PR PPRRR 95
R D F- ) - [ oo | (=T d o) o IO TP OO PP PPPPPPP 95
8 = Y[ PP P PP PPTPTPP 96
D T =t [T IRV o [=ToT-Yolo] o 1 PPN 96
2.4 Estimating retinal ganglion Cell COUNT..........uuiiiiiiiiiiiiiiiiiiiiiiiiiii e rerreereeerrrerrrerrrrreeeeneensnsrnnnes 97
B S =Y 1 FoF | 1= T 0 1 Y N 98
T £ 0T U R 98
3.1 SVP amplitudes and their association with structural-functional parameters in NTG.............cccceeunnnn. 99
3.2 SVP amplitudes and their association with structural-functional parameters in POAG and glaucoma
UL o 1= ot &3O PPN 101
L B 1 (Yol U 1Y [o] o [ UPTRPPPN 104
4.1 RGC estimation and its lIMItatioNns........ueeiiiiiiiiiiiiiiiee e e s rree e e e e s s saaes 105
4.2 Study IMItatioNnS.....ccooiiieeeee e, 107
LT 6o Vol [V 1 T o -3 U 108
(61 =T o1 =T O 2R

b R O F=1 - I oo | [=To1 o] VTR 85



3 1Y 4 oo (¥ ot £ o o IS PURPROt 110
B ¥/ 1=Y o o Vo Yo LR 111
0 R i o Y[ oL SRR 112
2.2 Retinal venous circulation videoscopy and SVP analysis.........coccuiiieiiiiiniiiiiiiiiieee e 112
2.3 Retinal ganglion Cell @STIMAteS .......uuiiiiiiiiiiiiiee e e e 112
2.4 DAt @NAlYSIS. eeeeeeiiiiiittee e et e e e e s r e e e e e s e bbbt e e e e e e e e aabbreeeeeeeeenarbraeeeeens 112
B RESURS s 113
A, DISCUSSION eetuuiiitiisieiitie et teies e ettt s e et et s e e eteaseetataa s eeeasuansenesnssseennsnsssernsnnssenssnnnseneens 116
4.1 POAG VS glaUuCOma SUSPECES...cciiiiieieieee e 116
4.2 POAG VS NTG iiiiiiieeeieiitiiiiie e e e e eetitss e e e e e eettta s e e e e e eeeaaa s eeeeeeeesaaaaeeeeaeentsanneeeeeeessssnnsseeereessssnnseesanees 118
O T 140 ) 4 o o [PPSR 118
D CONCIUSIONS . s 119
[0 =1 o1 =1 iy PP
S 1) o To 18 [l 4 T 1PNt 121
B V=Y d o Yo T SR 122
2.1 Retinal videoscopy and SVP quUantification .........ccccoooiiiiiiooiiicecec s 122
2.2 Retinal ganglion Cell @STIMAteS ... ...uuuei s 123
D I =1 1 a or= | BT =1 V] £ PPPRPPPPRt 123
D i o 1ol PPNt 123
T 20T U U 124
T S O [ 1Yol U T3 To] o =T o I olo T Vol [V 1] o] o TSR 128
(61T o1 =1 - 2 PP
3 S o o Tl 11 T o USSPt 132



P S Ui (U1 o= [T g =o1 4 o] 2 I UUTTUT OO PO RPRRPRRPRTN 136

2= = =T Vo =N 141
Appendix 1: Participant information SNEEt c..cieuiieecieeirteieriririereeererereerenerenereaeraneresesencsennens 170
Appendix 2: Participant CONSENT fOIM .iieuiieeiieeireeiereierenerencereeereernserescresserascrnseresesessssnsssnsnes 174
Appendix 3: Participant qUESTIONNAITE ..iveceeeeereerenereeereeiereerencreaeeeaneransrnnsrescesnseensernsesssesennes 176

Appendix 4a: Image of SVP assessment using a tablet-based ophthalmoscope mounted on a

3 [0 Y00 ] o I OO UUUPPIRS 180

Appendix 4b: Image of SVP-setup on slit |amP..eceeceeceeeiereiereereneereneeenerencrenceranernncrnserenesennes 181

Appendix 5: A combined convolutional and recurrent neural network for enhanced

{10 olo] g - e [<] =Tot { o] s NESS U uR PRt 182

Appendix 6: Objective Quantification of Spontaneous Retinal Venous Pulsations Using a

Novel Tablet-Based OphthalmoSCope ..ciuciieiiieiiiiiiiiciiieiiiiiiniiiiiseerernsrsassasesnsesnessensss 194



Thesis abstract

Spontaneous retinal venous pulsations (SVPs) are a dynamic vascular marker for glaucoma,
which is a leading cause of irreversible blindness across the globe. Since the discovery of
SVPs, their presence has been variably reported in patients with glaucoma, some even
reporting absent SVPs. Recent objective quantification of SVPs has led to an increase in their
detection. There is a need to explore the possibility of SVPs being used as a potential marker
for glaucoma screening in clinical practice. Current devices that are used to assess SVPs pose
limitations that deem current SVP detection unfeasible for screening outside metropolitan
and in remote areas and for use in mobile clinics that service underprivileged and remote

communities where there is likely to be many cases of undetected glaucoma.

This thesis aims to assess the effectiveness of a novel tablet-based ophthalmoscope to
detect and quantify SVPs in glaucoma with the aid of computer analysis. This device was
used to perform fundus videoscopy in 170 participants recruited from three ophthalmic
clinics in Sydney. All participants had a confirmed diagnosis of glaucoma or glaucoma
suspect. SVP amplitudes were extracted from raw videos using a custom-written algorithm.
Standard structural (RNFL thickness) and functional (VF loss) clinical markers for glaucoma,
as well as intraocular pressure (IOP) and retinal ganglion cell (RGC) estimates were also
recorded and documented. SVP distribution, and its association with the established clinical

structural and functional measures were assessed.

Using tablet-based ophthalmoscopy, SVPs were detected and quantified in all participants,
regardless of glaucoma status. The largest SVP amplitudes were detected in normal tension
glaucoma (NTG; 32.5%), followed by primary open-angle glaucoma (POAG; 28.7%) and
glaucoma suspects (26.3%). A significant association was found between SVP amplitudes
and clinical markers in NTG and POAG with the highest correlations being between SVP
amplitude - RNFL thickness (p=0.1) and SVP amplitude - RGC count (p<0.001) in NTG and
POAG respectively. When evaluating which clinical marker can distinguish between
confirmed glaucoma and glaucoma suspects, SVP analysis was found to be comparable to

standard clinical markers. More specifically, SVPs can separate POAG from glaucoma



suspects as effectively as RNFL thickness. SVPs can also separate POAG from NTG as

effectively as IOP measurements.

The novel device used in this thesis overcomes many of the disadvantages of current
commercial techniques, particularly portability and ease of use. The novel device and

technique can be used to detect and quantify SVPs in all participants with glaucoma,

regardless of glaucoma severity. The findings of this thesis indicate that SVPs are associated

with clinical markers that are known to occur during the early glaucomatous changes. The
potential benefits that this may offer in the early detection of glaucoma, consequent
management and evaluation of progression are substantial. When combined with RGC
count, SVP amplitude analysis may provide benefits to traditional glaucoma assessments
where often structural and functional glaucomatous loss are only clinically detected once
substantial RGC loss has already occurred. Further studies are required to determine if
longitudinal SVP changes are associated with progressive glaucoma and whether SVPs can

be used as a marker for monitoring disease progression.

xi
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California

Cup to disc

Centre for Eye Health

Contrast Equalization plugin
Central nervous system

Central retinal artery

Central retinal artery equivalent
Central retinal vein

Central retinal vein equivalent
Cerebrospinal fluid pressure

Dioptres
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DARC
dB
DCPx
DVA
FAZ
FNR
FPR
fps
GHT
GMPE
HFA
HR
HS
HTG
ICA
ICP
ICPx
IOP

i0S

LDF
LGN
LPCA
LSF

MD

Detection of Apoptosing Retinal Cells
Decibels

Deep capillary plexus

Dynamic Vessel Analyzer
Foveal avascular zone

False negative rate

False positive rates

Frames per second

Glaucoma hemifield test
Glaucoma Module Premium Edition
Humphery Visual Field Analyser
High resolution

High speed

High-tension glaucoma

Internal carotid artery
Intracranial pressure
Intermediate capillary plexus
Intraocular pressure

iPhone operating system
Infrared reflectance

Laser Doppler Flowmetry
Lateral geniculate nucleus

Long posterior ciliary artery
Laser Speckle Flowgraphy

Mean deviation
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MES
MGC
mmHg
mPPG
NIH
NTG
OAG
ocT
OCT-A
oD
P1G cell
PACG
PCA
PDP
POAG
PPG

PSD

RGC
RNFL
RPCP
RVBA
RVP
SAP

SPCA

Marsden Eye Specialists

M ganglion cell

Millimetre of mercury

Modified photoplethysmography
National Institutes of Health
Normal tension glaucoma
Open-angle glaucoma

Optical coherence tomography
Optical coherence tomography-angiogram
Optic disc

P1 midget ganglion cell

Primary angle-closure glaucoma
Posterior ciliary artery

Pattern deviation plot

Primary open-angle glaucoma
Photoplethysmography

Pattern standard deviation
Correlation coefficient

Retinal ganglion cell

Retinal nerve fibre layer

Radical peripapillary capillary plexus
Retinal vascular bifurcation angle
Retinal venous pressure
Standard automated perimetry

Short posterior ciliary artery
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SVP

TD

UNSW

USA

UTS

V-CDR

VF

VFA

VFI

Spontaneous retinal venous pulsation
Total deviation

University of New South Wales
United States of America

University of Technology Sydney
Vertical cup to disc ratio

Visual field

Visual field analysis

Visual field index

XXi



	Title Page
	Certificate of Original Authorship
	Acknowledgments
	Table of contents
	Thesis abstract
	Publications, Presentations and Awards
	List of Figures
	List of Tables
	Glossary of Abbreviations



