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ABSTRACT

Early Detection of Diabetic Macular Oedema (EDDMO) Study

PhD Candidate: Jae Yee Ku

Background

Diabetic retinopathy (DR) is tleecondeading cause of visual loss in workange adultsn
the United Kingdom (UK¥ter inherited eye diseasend is asymptomatic in its early
stagesVisual loss from DR is commonly due to diabetic macular oedema (DMO) which
current screening methods canndetect directly. The handheldadialshape

discrimination (hRSD) test, has been approved by the US Food and Drug Administration
(FDA) as a means of detecting metamorphopsia, and therefore maculoddtese is also
emerging evidence that DR is a neurodegiative disease resulting in thinning of the
ganglion cell complex detected by optical coherence tomography (OCT) in eaflgi®R.
thesis describes studies péople with diabetes (PWD) and healthy controls (HC)
investigaingtwo emerging approactgnamely IRSCand OCTin the early detection of
DMQO

Methods

Macular function was measured using hR8BEtance and neavisual acuity{A and
macular structurevas assesseaksingHeidelberg SpecalisOCT. Retinal laygr
segmentation and mean thicknessesre measured acrosal Early Treatment Diabetic
Retinopathy Study (ETDRS) subfielsisgthe Heidelberg autesegmentation software with
manual adjustment as neede@ne eye from each participant weendomly selected for

analysis

Results

292 PWDrfeantSD54+14 years 175 males) referrettom the localscreeningprogramme
to hospital clinics as being at risk of DMO were recruig@® healthy participantgage
44418 years; 94 males) were also recruited, of whom 50¢B5 years 26 males) weresed

asagematched controls for the PWD.

Compared to HG\RSD performance and distance VA were progressively worse in PWD

with no or minimal DR, (hRSD logMAR:-®1Z7+0.11, no DFD.68+0.18, minimal DR



0.61+0.25, ANOVP<0.001; distance VA logMAR: HXD8+0.2, no DR 0.03+0.15, minimal
DR 0.06+0.16, ANO\W&0.007.

Compared to HOhere was a reduction in full retinal thicknessross most subfielda PWD

with no or minimal DRThis reduction wagdriven by thinning in the outer nuclear layer

(ONL) in the cenal subfield (CSF), ganglion cell layer (GCL) and inner plexiform layer (IPL)
in the inner subfields and retinal nerve fibre layer (RNFL) in the outer subfields compared to
HC. In the outesubfields, there was also thinningttme retinal pigment epithelim (RPE) in

PWD with no DR and thinning in the GCL and IPL in PWD with minimal DR.

Longitudinal data were available for 159 PVBBH15 years97 malesyvho attended for a
second visit aftel91+86 daysin PWD with no or minimal DEhere was a significant
decrease in GCL (visit 1 37.73+3.56um, visit 2 37.27+3.8420623 p=0.020), IPL (visit 1
31.98+2.48um, visit 2 31.61+2.69utr2.517 p=0.020) andnner ruclear layefINL (visit 1
33.89+1.92um, visit 2 32.96+1.11utr3.129,p=0.005) between visits

Conclusions

Functional and structural changese detectable in thearly pathogenesis of DR
consistent withneuroretinalthinning developindpefore microvascular abnormalities.
Functional changes detected by the hRSD test in PWD with early DR have not been
previously demonstrated-indings from thdzarly Detection of Diabetic Macular Oedema

(EDDMOQstudy add futher support to the concept gbre-clinical retinopathy
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CHAPTER THESIS INTRODUCTION

Diabetes has been known since antiquity and has been described in ancient Egyptian,
Indian and Chinese medical literatyt€aramanou et al., 201&owever, it was not until
1890that Von Mering and Minkowski (189@emonstratedthat the pancreas was linked to
glucose homeostasiFheir work paved the way f@anting et al. (1922p discover insulin
and treat their first patient with this new medication 1922.This pioneering work and
those of scientists sindeavecontributed to the understanding and management of
diabetes, saving countless lives from a disease thathigasricallythought incurable

(Karamanou et al., 2016)

Diabetes affected aroundi63 million peoplagloballyin 2019 and this number @ojected
to increase to 578 millioby 2030(International Diabetes Federatiod019) In the UK,
approximately 7% of the population is living with diabefé#icher et al., 2020)Type 2
diabetes accounts for approximately 90% of diabetes worldwide wyile 1 and
gestational diabetes are the other main categormésliabetes(International Diabetes
Federation, 2019Diabetes causemicrovascular complicatiorsf retinopathy,
nephropathy and neuropathyand macrovascular complication§cardiovascular and
cerebrovascular diseag€orbes and Cooper, 2013heNational Health ServictlNHS
spends at leastX hllion annually on diabetegquivalent to 10% of its budget, of which

80% is spent on treating diabetes complicati¢vhicher et al., 2020)

Approximately 35% d®WDhave DRYau et al., 2012DR is asymptomatic in the early
stages and is the leading cause of sight loss for wodgegadultgInternational Diabetes
Federation, 2019)n 1968, a group of experts metansymposium irhirlie House, Virginia
to discuss DR arttiey developed a standars#id classification of D@&oldberg and Jampol,
1987) This original classification wadaptedand used in many major studies such as the
Diabetic Retinopathy Study (DRBRS, 1981}he ETDRS stydETDRS, 1991@)hnd the
Wisconsin Epidemiologic Study of Diabetic Retinopathy (WHEERR) et al., 1984bYhe
ETDRS foundhat feature specific DR grading classifications enabled risk assessiment
patientsfor developing proliferativ®R(PDR) andlinically significant macular oedema
(CSMQ)which allowedimely treatment with scatter peripheral retinghotocoagulation
(PRP and macular (focal and grid) lag&fTDRS, 19858ased on these pivotal findings
early detection of DR by screenihgs been introduced in several countries and shown to

improve the quality of lifef patientsand redice healtltare burdenLanzetta et al., 2020)



Over half a centurfas passedince the inception of the original Airlie House DR
classification, whiclformedthe basis of the current NH3abetic Eye Screening
Programme (NDESP) protoc@HS Diabetic Eye Screening Programme, 20h2)method
of DR screeningsed in the Ukased on fundus photography has changjide over the
years.Meanwhilg imaging in ophthalmology has been transformed®@T technologies
introduced in 199XHuang et al., 1998nd the focusf DR caréncreasinglyshifted to
managing maculopathy ardMQ. Treatment has been revolutionised with the introduction
of anti-vascular endothelial growth factor (VEGF) therapljich wadirst approved by the
USFDAto treat neovascularagerelated macular degeneratiofnAMD) in 2004(Gragoudas
et al., 2004) andthen for C#O in 2012Brown et al., 2013)rhe National Institute for
Health and Care Excellence (NICE) has since approtiede2GF therapto treat nAMDand
DMOin the UK(NICE, 2008, NICE, 2013)

OCT produces crosectional mages of optical reflectivity in the retina and is now used
routinely for diagnosing and monitoring DM®irgili et al., 2015)Anti-VEGF therapy can
treat DMO effectively and it isarticularlyuseful in eyes not amenable to macular laser
(Heier et al., 2016, Rome#roca et al., 2014)

It has been recognised that feature specific gradingRscreening provides surrogate
biomarkers fomprogression to 80, but that it cannot detect DMO directl{Bresnick et

al., 2000, Olson et al., 2013)his has led to new issues in the interface between screening
services ad hospital eye services (HES)r examplepne study found tat in a local
screening servicenly 119 out of 311(38.3%) PWEeferred to hospital sevices as
maculopathy suspectsad OCT evidence of macular oederiis means that most of the

participants in the study did not require a refer(ddackenzie et al., 2011)

Given the success of atEGF therapy in treating DMSharma, 2020Q)andthe need to

reduce unnecessary referral to hospital services, there has been a new impetus to improve
the early detection of DMO iBR screeningrhe most obvious solution would be to

introduce OCT alongside fundus photographyealth technology assessnteconcluded

that introducingOCT would result iaverallcost savings to the healtlare systen{Olson et

al., 2013)However the initial capital costs, including workforce trainimgwveprevented

the adoption of this approach for routine use in the.UK

Onepractical way forward would be to introduce an additional test to complement

photographic screening to improve the detection of DMBDch a test would need to be



inexpensiveeasy to complete from both service and patient perspective, amnol have

good dscriminative performancelhe hRSD tes$tas been shown to be able to detect the
early stages of AMD, but thereislimited data on its ability to detect DM®itrelli Vazquez

et al.,2018, Wang et al., 2018n this study, the ability of the hRSD test, distance and near
VA to detect eyes with DMO, and discriminate between different levels of DMine

explored

There has been mudaiecentinterest in the examination of the egas a nornvasive

method to study the central nervous systémneurodegenerative diseasesnatomically

and developmentally, the retina is an extensmfithe central nervous systemthough

the eyes are figurativig the window to the soulthey can bitbgically be considered as the
windows to the brailMacCormick et al., 2014yhere has beearecognition that other
neurodegenerative diseases are linked to diabekes.example, Aheimer's disease &
been coinedype 3 diabetedecause othe shared molecular and cellular features between
the two conditiongKandimalla et al., 201.7)here has been interest in using macular OCT
angiography (OCTA) as a biomarker in detecting preclinical Alzheimer's disaase

Kreeke et al., 2020)

Emerging evidencshowsthat DR isiot only amicrovasculadisease but also a
neurodegenerativeondition andwhich may precede microvasculopatfiyu et al., 2019,
Reis et al., 20140hn et al., 20167 he American Diabetes Association (ADA)niuas
defined DR as a highly tissue specific neurovascular complicatioabaftels(Solomon et
al., 2017)This has led toecently coined terms such aéabetic neuroretinopathy or
diabetic retinal neuropathyDRN)In PWDwith no or minimal DR, there are
electroretinogram (ERG), contrast sensitivity (CS), colour vision, dark adaptation and
microperimetry abnormalitie¢Bearse et al., 2006, Hardy et al., 1992, Grezingtt al.,

1993, Jackson et al., 2012)

Most gudies on neurodegeneration in the eye have largely evaluated the retinal thickness
of the ganglion cell complexomprisinghe ganglion cell axons, cell bodies and dendrites,
which reside in the RNFL, GCL and IPL respedi8alderi et al., 2020This may be

because glaucoma, which is also a neurodegeneratimglition,has mainly used visual

field tests and ganglion cell complex thinning detected by OCT as surrogate markers for
disease progressiofiKim and Park, 2018%tudies in PWD with no or early DR have also
found thinning of the ganglion calbmplex detected by OCihus supporting DR as a



neurodegenerative conditiofvan Dijk et al., 2009, van Dijk et al., 2010, Rodrigues et al.,
2015, Vujosevic and Midena, 2013, Arasektz et al., 2012herefore, tudies onDRN
have mainly examined the retinal thickness of the ganglion cell complex while the other

layers remained unexplored.

Rapid improvement in OCT imaging technologyfheitated in vivoanalysis of individual
retinal layersTheHeidelberg Spectralis OCT used in this study, introduced retinal auto
segmentation software a few years addis hagnadethe evaluation of different retinal
thickness measurements across all ETElR8eldsan easier taskThis new tool provide

an excellent opportunity to examine retinal thickness changes in different retinal layers,

especially in early DR.

This thesis aims to explore both functional and structural daRWDby using hRSD,
distance and near X as functional assessments and by u§h@jr retinal thickness as
structural measurement<hapter 2 will provide a literature review on diabetes, DR
screening and the hRSD teBarticipants and general methowsll be described in Chapter
3. A literature review on OCT will be presented in Chapter 4 svifliscussion addCT
methodsand definitions Resultoobtained from large participant groupsill be reported
and discusseith Chapters 5 to 9 and the thesis will comtguwvitha generaliscussion in

Chapter 10.



CHAPTER 2. LITERATBHYIEW ON DBETES, DIABETIC
RETINOPATHY, DIABERETINOPATISCREENING AND NEW
APPROACHES TO DETHEBETIC MACULAROEMA

2.1 CHAPTER INTRODWON

In this chapter, the liteature on diabetes, DR, DR screening, DR management and new
approaches to detecting DMO iisviewed.A critical appraisal of the existing literature on
the hRSD tdsn the detection of DR imade.In this thesis, DR issed as a general term
covering all ategories and severities of diabetic eye disedreluding DMODiabetes is
characterised by hyperglycaemia due to insulin deficiency in type 1 diabetes or insulin
resistance in type 2 diabeteSype 1 diabetes is due to an autoimmune procesat,
desr’dda (G KS LI YONBIGAO i ORtype? didbgtesiitierBisA 4t SGa 2
peripheral insulin resistance and secondary hypersecretion of insnlboth cases, these

leadto hyperglycaemidForbes and Cooper, 2013)

Despite many advances, the fundamental pathophysiology of diabetic complications
including DR remains unceittg(Cohen and Gardner, 20L&owever, it is becoming
apparent that the onset of diabetes and the subsequent development of dialvetated
complications are multactorial with genetic and environmental factors involved (Figure

2.1)(Forbes and Cooper, 2013)
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¢

[ Cellular Dysfunction and Death]

Figure 2.1. Schematic overview of the major pathwaystributing to diabetic

complications(Forbes and Cooper, 2013)



2.2 DIABETES

Asdiabetes is a systemic disease, a review of the medical diagnosis and management of
diabetesis made followed by an exploration of how systemic risk factors such as

hypertension contribute to the disease before moving onto how diabetes affects tre eye
2.2.1 SCREENING, DIAGNS AND MONITORING DIABETES

The National Institute of Health and Clinical Excellence (NICE) in the UK recommends
screening highisk individuals for diabeteslighrisk individuals include those with

symptoms of diabetes, raised botyass index (BMI) and people of soetanic

backgrounds such as those of South Asian, Chinese and Ak&aart of this process, the
NHS Health Check programme was establish@®@® as an integrated pathway to screen,
identify and prevent diabetes, cardiovascular disease, stroke and kidney disease in people
aged 4074 (NICE, 2012Yhe diagnosis of diabetes is based on four blood tests, namely,
fasting plasma glucose, oral glucose tolerance test, glycated haemodttidn)(and

random plasma glucos8ased on these tests, indtivals can be classified as having
diabetes, impaired glucose tolerance or impaired fasting glucse values for these tests

are shown in Figure 2(@nternational Diabetes Federation, 2019)

HbAcis used for both the diagnosis of diabetes and in the monitoring of glycaemic control.
HbA is formed when glucose in the peripheral blood is attached to haemogIBeicause

the lifespan of the haemoglobia two to three monthsHbA. values provide average

blood glucose over that periodnzucchi, 2012)or the diagnosis of diabetes, individuals
needtohaveanHbA2 ¥ x ny YY 2 kntethationdl DiabetesFederdtion)
2019) Some studies consider individuals with an Ri@A42-47 mmol/mol (6.66.5%)as
havingimpaired glucose tolerase,which is commaly termed prediabetes these

individuals will be at a high risk of developing diabetes with an incidencesd%bover 5

years(John, 2012, Zhang et al., 2010)

For the monitoring of glycaemic control, NICE recommétiols . targets for adults with
type 1 and 2 diabetes to be tailored to the individugtheHbA target for most individuals
with type 1 and type 2 diabetes is 48mmol/mol (6.5M)wever, for patients with type 2
diabetes on medications assiated with hypoglycaemidhe target is set at 53mmol/mol
(7.0%).This target isnore relaxed if the individual is eldg, frail or has other co

morbidities(NICE, 2015b, NICE, 20150 individual$eedngtighter glycaemic



monitoring, such as those on insulin orgre to hypoglycaemia, they may perform regular
glycaemic monitoring with a pinprick testnd then documenthe resuts for review with

their healthcare professionals.

DIABETES IMPAIRED GLUCOSE IMPAIRED FASTING
should be diagnosed if ONE TOLERANCE (IGT) GLUCOSE (IFG)
OR MOFE‘O'fﬂ‘e following should be diagnosed if BOTH should be diagnosed if the first or
e of the following criteria are met bath of the following are met
70 70 6.1-6.9
mmol/L mmol/L mmol/L
FASTING (126 mg/dL) (126 mg/dL) (110-125mg/dL)
PLASMA GLUCOSE
or and — and if measured —
1 7.8 .0 11 078
mmol/L mmol/L mmol/L
TWO-HOUR (200mg/dL) (140-200mg/dL) (140mg/dL)
PLASMA GLUCOSE
after 75g oral glucose load or
{oral glucose tolerance test (OGTT))
. mmol/mol
HbA1c (equivalent to 6.5%)
or
R
mmol/meol
RANDOM (200mg/dL)
PLASMA GLUCOSE

in the presence of symptoms
of hyperglycaemia

Figure 2.2. International Diabetes Federation diagnostic criteria for diabetes, impaired

glucose tolerance and impaired fasting gluco@eternational Diabetes Federation, 2019)

2.2.2 ROLE OF HYPERGAEMIA AND SYSTEMIONTROL

The benefits of intensive glycaemic control have been conclusively demonstrated in pivotal
randomised chical trials. The Diabetes Control and Complications Trial (ISizhoon et

al., 1993)nd the Epidemiology of Diabetes Intervemsoand Complications (EDIC) study
(EDIC., 1999provided the key evidencgpon which type 1 diabetes management is based.
The DCCT studied 1441 patients with type 1 diabetes ag&® y@ars with no or mild DR

at baseline over 6.5 years; the study showed that intensive blood sugar level control
reduced the risk of diabetes conigrtions such as retinopathy, nephropathy, and
neuropathy by 35% to 90% compared with controls who received conventional treatment.
Specifically, the DCCT found a 26% risk reduction in developing DMO with intensive

glycaemic controllt also revealed thathe timing of control was important: intensive



control was most effective before the onset of complicatig@eamoon et al., 1993)he

EDIC study followed up participants of the original DCCT study over 10 years; it showed that
even when the intensive control was stopped, the rate of progression of complications
remained less in the former intensive treatment gralgDIC., 1999This phenomenon has
been termed glycaemic memomnetabdic memoryor legacy effec{Genuth et al., 2002)

For type 2 diabetes, the pivotal randomised clinical trial was the United Kingdom
Prospective Diabetes Study (UKPDS), which examined 3867 patients hewly diagnosed with
type 2 diabetes over 10 years; the study foundttintensive glycaemic control reduces the

risk of progression to DR by 178ducesthe need for laser photocoagulation by 29%,
reducesthe development of vitreous haemorrhage by 23% asdiicesthe risk of legal
blindness by 16% urner et al., 1998Kimilar to the DCCT, tiperiod of intensive control
provided a legacy effect to produeelongterm reduction inother complicationgHolman

et al., 2008)

Hyperglycaemiaffect cells differentlyMost cells can regulate glucose transport during
hyperglycaemiaHowever, cells that are unable to regulate their glucose transport
efficiently during hyperglycamia arevulnerable.These cells include the capillary
endothelial cells in the retina, mesangial cells in the renal glomerulus and peripheral

neurons and Schwann cells in the peripheral ne(Bgswnlee, 2005)

In these vulnerable cells, hyperglycaemia causes mitochondrial overproduction of reactive
oxygen species (ROS) causing oxidative stress (Figur€ra3psultandeoxyribonucleic
acid(DNA) damage activates poly (AEtfbse) polymeras (PARP), which is a family of
proteins that plays a critical role in DNA rep®ARP modifies and decreases the activity of
a key glycolytic enzyme glyeaidehyde3 phosphate dehydrogenase (GAPDHjs, in

turn, leads to foumajor downstream mechanisms: ihcreasel the flux of glucose and

other sugarghrough the polyol pathway, Zctivation of praein kinase C (PKC) isoforms 3.
overactivity d the hexosamine pathway and icreased intracellular formation of

advanced glydion end (AGEproducts(Brownlee, 2005, Giacco and Brownlee, 2010, Safi
et al., 2A4). These established principle pathygawill now be discussed detail.
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Figure 2.3. The four major mechanisms aived in the development of diabetic
retinopathy are increase flux of glucose and other sugars in the polyol pathway,
activation of protein kinase C (PKC) pathway, overactivity of the hexosamine pathway
and increasehe formation of advanced glycation engroducts (AGE) formatioiiSafi et
al., 2014)

2.2.2.1Increased polyol pathway flux

Cells usually obtain energy from glucose through phosphorylation using the enzyme
hexokinaseDuring hyperglycaemia, hexokinase becomes saturated and excess glucose
enters the polyol pathway insteaéldose reductase is the rimaenzyme in the polyol
pathway of glucose metabolism (Figure Z8fi et al., 2014)t normally functions to

reduce toxic aldehydes in the cell to inactive alcohol but during hyperglycaemia, aldose
reductase also converts glucose to sorbifattivation of the polyol pathway consumes the
cofactornicotinamide adenine dintleotide phosphate (NADPH) tHatds to decreased
glutathione, nitric oxide and other antixidants.This process generates AGEs, which are
mediated by an AGE receptor (RA@E#acco and Brownlee, 201@orbitol can accumulate
in cells, as it cannot diffuse out of them easilhe resultant osmotic forces causater to

diffuse into the cell causing damag¢éanoff, 2014)
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Figure 2.4. Hyperglycaemia increases flux through the polyol pathwégose reductase

NAD" NAD

reduces aldehydes generated by reactive oxygen species (ROS) into inactive alcohols and
glucose into sorkibl using adenine dinucleotide phosphate (NADPH) as a cofactor.
Glutathione (GSH, glutathione disulfide (GSSG), sorbitol dehydrogenase (S{3dji et al.,
2014)

2.2.2.2 Protein kinase C (PKC) activation

Hyperglycaemia increases ROS production, which in turn increases diacylglycerol.
Diacylglycerol is a cidal activating cofactor for PKC and its other isofo(@isicco and
Brownlee, 201Q)This has multiple consequees such as increased VEGF taat cause

neovascularisation irhe eye (Figure 2.5; Section 2.3(Bjownlee, 2005)

L Al
[veNos | [4ET-1] = $TGF- § [#Pai-1 | [4nF-xB | [*NADP)H oxidases |

4 Collagen
4 Fibronectin

b J

Figure 2.5. Consequences of hyperglycaesmduced activation of protein kinase C (PKC)
(Brownlee, 2005)
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2.2.2.3 Increased hexosamine pathway activity

When glucose enters a cell, it is converted to fructégghosphateMost of this is
metabolised via the glycolytic pathway but some enter the hexosamine pathway (Figure
2.6).Hyperglycaemia increases the flux of fructosgh®sphate into the hexosamine
pathway.In this pathway, the enzyme glutamirfeuctose6 phosphate amidotransferase
(GFAT) converts fructogephosphate to glucosamin@ phosphate and eventually to
uridine dphosphate (UDRY-acetyl glucosaminéBrownlee, 2005)This disrupts gene
transcriptionand cellular functions and lead diabetic complication§Yumnamcha et al.,
2020)

Glucose

Glucosamine-

v

UDPGIcNAc

OGT

Figure 2.6. Hyperglycaemia increases flux through the hexosamine pathiBaywnlee,
2005)

2.2.2.4 Increased intracellular advanced glycation end products (AGE) formation

The resultant increase in AGE precursor formation can damage cells through three
mechanismsKigure 2.7)First they can modify intracellular proteins including proteins
involved in the regulation of gene transcriptiddecond AGE precursors can diffuse out of
cells and modify signalling between the matrix and thetoetlausecellular dysfundon.

Third, AGE precursors can diffuse out of the cells and modify proteins in the blood such as
albumin.These modified proteins can bind to RAGE and activate tbgmoduce

inflammatory cytokines and growth factofBrownlee, 2005)

11
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Figure 2.7. Increased production of advanced glycation end products (AGE) precursors

and their pathologic consequencg8rownlee, 2005)
2.2.3 RQE OF BLOOD PRESSBRECONTROL

The UKPDS study found that both glycaemiclalodd pressure (BP) control hagdarge
impact on the development of diabeteslated complicationsin the study, improved
glycaemic control or BP reduced the risk of majabdtic eye disease by one quarter,
reducedserious deterioration of vision by nearly one hatfducedearly renal damage by
one third,reducedstrokes by one third anteduceddeath from diabetegelated causes by
one third(Turner et al., 1998, Leslie, 1999)

These results demonstrate that besides metabolic factors such as hyperglycaemia,
haemodynamic factors such as hypertension play an important role in the accelerated
progression of diabetic complicationBhis section examines the reramgiotensin
aldosterone system (RAAS) thantrols BP and fluid balance in the body (Figure 2.8).

12
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Figure 2.8 The renirangiotensin cascad@-orbes and Cooper, 2013)

In the RAAS, angiotensinogen is converted to angitdrsy the enzyme renin
Angiotensin | ithen converted to angiotensin Il by angiotensionverting enzyme (ACE).
Although angiotensinogen is mainly slyasised by the liver, it Bsxpressed at other sites
implicated in diabetic complications includirtgetkidney and the heafForbes and Cooper,
2013) Excess angiotensinogen and ilswnstream productgalledangiotensin 17 causs
renal damage in animal moddlsiu et al., 2008, Shao et al., 200B)e RAA8ausedhe
activation ofthe angiotensin receptorsAT1R and AT2Rhese receptors are widely
expressed at sites of diabetic complicatioAstivation of these receptors leads to the
induction of cytokines such as VEEGBrbes and Cooper, 2013he role of VEGF and its
role in the development of retinal neovascularisatisdiscussed in Section 2.3TBhe
various angiotensingindchanges in serum potassium concentrations cause the release of
aldosterone from the adrenal glands. the kidney, aldosterone promotes water and salt
retention by the distal tubul¢hat leadsto increased blood volume and ultimately,

elevation in BRBriet and Schiffrin, 2011)
2.2.4 ROLE OF LIRKTDNTROL

Patients with diabetes have an increased risk of cardiovascular disH@senaypartly be
dueto dyslipidaemiaThere is some evahce that dyslipidaemia mayay a role in the
pathogenesis of eye disease bututsderlying mechanisms aret yetidentified. In the
DCCT and EDIC studies, the severity of DR was found to be positively associated with
triglycerides and negatively associated with hagnsity lipoprotein (HDL) cholesterol

13



(Lyons et al., 2004)n the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD)
study, it was found that fenofibrate, a lipichodifying agent reduces the need for laser
treatment of DRKeech et al., 2007Interestingly, the Action to Control Cardiovascular Risk
in Diabetes (ACCORD) study found no additional benediddihg fenofibrate to patients
already on a statin to prevent cardiovascular antebeovascular eventfGinsberg et al.,
2010)

2.2.5 ROLE OF GENES|

Genomewide association studies have identified approximately 70 susceptibility genes
associatedvith type 2 diabetes in different populatiorfSun et al., 2014bYype 2 diabetes

is three to five times more prevalent in minority ethnic communities compared to the
Caucasian population in the UReople in theseminority ethnicgroups tend to develop the
diseag at a younger agésoff, 2019hnd theytend to progress fronimpaired glucose
toleranceto diabetes faster than the Caucasian populatfévebb et al., 2011Having

relatives (especially first degree) with type 2 diabetes also increases the risk of an individual
developing diabetegOlokoba et al., 2012)n addition, obesity, which is a risk factor for
developing diabetes, is strongly inheritddewellyn et al., 2013However,current genetic

loci identifiedaccount for only about 10% of the overall heritability of type 2 diabetes

suggesting that environmental factors play an ortant role (Sun et al., 2014b)

Thereare over 40 susceptibility genes associated with the development of type 1 diabetes
(Noble and Erlich, 2012n studies of identical twins, when one twin has type 1 diabetes,
there is an increased chance of the other twin developing diab@esdon et al., 2008,

Giwa et al., 2020)This suggests that while genetics play an important role in the
development of type 1 diabetes, there are other contributing factors since the concordance
rate is not 100%Giwa et al., 2020)

Research on the genetio$ diabetes has led tan increasedinderstanding of the

pathogenesis of the disease and potential intervention pathwayapared to the past

Cdzli dzNB NB &SI NOK 2y ARSYGAFTeAy3a +y AYRAGDARMZ €
with screeningor the disease and personaftig medicine for treatmen{McCarthy, 2010,

Giwa et al., 2020)
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2.2.6 MANAGEMENT QHRABETES
2.2.6.1 Lifestyle changes

Besides geneticgnvironmental or lifestyle factors that play a role in the development and
management of diabetedVhile individuabeneticsare not modifiable, some of the lifestyle
factorsthat may be amenable to modificatiaaexamined in this section. Thiscludes

obesity contributed to by physical inactivignd an unhealthy diet and cigarette smoking.

People who are overweight or obese are more likely to develop type 2 diabetegared
to people of normal weighfThis risk rises as body weight increag@8CODE, 2002
adults, a person with BMIof 25 to 29.9 kg/rhis consideredverweight while a person
with a BMI of 30 kg/rhor over is consideredbese.In 2020, 60% of women and 67% of
men were overweight or obese in EnglaidHS Digital, 2020)

BMI does not distinguishdiween mass due to body fat amduscular physique, nor the

distribution of fat.Therefore, waist circumference is measured to document abdominal

obesity.For men, high waist circumference is®@2cmy R @S NE KAFDK A& XMHC
women, high waist circumference is§0y OY | YR @S NHhefrevalénhceloih xyy OY &
diabetes among men and women witkry high waist circumference L4% and 10%

respectivelyln comparison, the prevalence of diabetes amongiraad women with a

normal waist circurference § 5% and 4% respectivé\HS Digital, 2020)

One study suggested that a 1 kg/increase in BMihcreases the risk of developing new
onset type 2 diabetes by 8.4% and the riskngbaired fasting glucosey 9.5%A1 cm
increase in waist circumference increases the risk of type 2 diabetes and impaired fasting

glucose by 3.2% and 3.5% respectiBlgmbelli et al., 2011)

Physical inactivity and an unhealthy diet contribute to obes$ity2019, 21% of adults were
classified as being inactive (less than 30 minutgzhgtical activity weekly) in England.
Inactivity levels increaskwith age.Those aged 124 were most active (74% active) while
those over 85 years old were least active (31% act@ely28% of adults ate the
recommended 5 or more portions of fruit amggetables a dgyand women (30%) were

more likely to do so than men (25¢HS Digital, 2020)

The 15year results of the Diabetes PreventiBnogram Outcomes Study (DPPOS) found

that lifestyle intervention and metformin reduced diabetes incidence by 2)%%.001) and
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18% p=0.001), respectively, compared to the placebo grothe lifestyle program
included a 16session curriculum with individuaessions aimed at achieving a 7% weight
loss through a healthy losfat, low-calorie diet and 150 minutes per week of moderate
intensity physical activityAfter the initial 24 weeks, individual and group sessions were
used to reinforce the lifestyle mdittation behaviourgDiabetes Prevention Program

Research, 2015)

NICE recommends that people with type 2 diabetes have at least 150 minutes of mederate
intensity activity (e.g. brisk walking) or 75 minutes of vigosimsnsity activity (e.g.

running) per weeklndividuals areencouraged to increase dietary fibracchoose low fat,

low calorie and low glycaemindex food(NICE, 2012Jor individuals with type 1 @betes,

NICE recommendbat their blood sugar level and insulin therapy is monitored and

adjusted according ttheir diet and physical activititfHowever, NICE does not recommend

a low glycaemic index diet for individuals with type 1 diabetes due toisheof
hypoglycaemigNICE, 2015b)

Smoking is an independent and modifiable risk factor in the development of type 2
diabetes(Chang, 2012)0ne British study on middlaged men found the relative risk of
developing diabtes in smokers to be 1.6 after adjusting for confounding factors
(Wannamethee et al., 2001l has keen found that smoking increases insulin resistance

but the mechanism is uncleg@moking has been widely associated with an increased risk of
cardiovascular event&moking combined with diabetes leads to an exponential increase in

microvascular and macrovascular complicatié@kang, 2012)

2.2.6.2 Medications to manage diabetes

Many medicationgre available to manage diabetes with variowsel therapies being
developed Patients with diabetes often have enorbidities and they may present thi
multiple medications, some of which the ophthalmologist should be awardmfiever, a
detailed review of the current therapy for diabetes is beyond the scope of this tiiedite
2.1 provides a summary of the medications in routine use in the UKkéominagement of

diabetes(Olokoba et al., 2012, Diabetes UK, 2021)
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Table 2.1. Medications used to manage diabetes and their mechanism of a¢@dokoba

et al., 2012, Diabetes UK, 2021)

Class of
Medication

Mechanism ofAction

Examples

Insulin and Insulin

Hormone that regulates the

Glargine (Lantu®, insulin aspart

production, increase insulin
sensitivity, enhance
peripheral glucose uptake

analogue metabolism of carbohydrates| (NovoRapi® NovoMix®), insulin
fats and protein by absorbing| detemir (Levemi®), insulin lispo
blood glucose into cells (Humalog®)

Biguanide Suppress hepatic glucose Metformin

Sulfonylurea

Stimulate endogenous insulir
secretion

Gliclazide (Diamicr@®,
glimepride (Amarys),
glibenclamidgDaoni®), glipizide
(Glibenes@) Minodial®),
tolbutamide (Tolbutamid@)

Alpha glucosidase
inhibitor

Limit absorption of dietary
carbohydrates

Acarbose (Glucob&y

Meglitinide

Stimulate endogenous insulin
secretion

Repaglinide (Pranda),
nateglinide (Srlix®

Thiazolidinedione
(Glitazone)

Reduce insulin resistance an
increase insulin sensitivity

Pioglitazone (Act®

GlucagoHike
peptide 1 (GLR)
agonist

Increase insulin secretion ang
inhibit glucagon releasédelp
glycaemic control and reduce
weight

Liraglutide (Victozg), exenatide
(Byetta® Bydureo®), lixisenatide
(Lixumi#&®), dulaglutide
(Trulicity®), semaglutide
(Ozempi®

Dipeptidyt
Peptidase (DPP) 4
inhibitor

Increase incretin levels which
inhibit glucagon release

Saxagliptin (Ongly& sitagliptin
(Januvi®), linagliptin (Trajentd),
vildagliptin (Galvug), alogliptin
(Vipidia®)

Sodiumglucose
cotransporter 2
(SGLT?2) inhibitor

Increase renal glucose
elimination

Dapagliflozin (Forxi¢g,
canagliflozin (Invokar@,
empagliflozin(Jardianc@),
ertuglifiozin (Steglatr@)

2.2.6.3 Management of hypertension

People with diabetes oftehave hypertensionThere is likely anverlap in the aetiology of
both conditions, which includes obesity, inflammation, oxidative stress and insulin
resistancgCheung and Li, 201NICE recommends a lesodium diet and other lifestyle
measures to control BMHowever if these measures do not reduce the BP to 140/80mmHg

or lessthen medications should be consideréthe BP threshold is reduced to
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130/80mmHg if there is retinal, renal or cerebrovascular danm(d&d€E2015c) ACE

inhibitors are commonly used as a fitste antrhypertensive treatment for patients with
diabetes.ACE inhibitors preserve renal function and protect against cardiovascular disease
(Ganesh and Viswanathan, 201il-blockers are another common class of anti

hypertensive meitations. -blockers modulate the sympathetic nervous system by
O2YLISGAGABS AYKAOAUGA 2 yadrdriergirecap®AKY2 il KYSA y1SA ROyAS/ER
adrenergic receptors influence the secretion of renin which in turn alter$ BPg S @S NE |
blockers nust be used with caution in diabetic patients as there are concernghilestcan

mask the effects of hypoglycaem{iaungan et al., 2019¢alcium channel blockers are also
widely used Pharmacologically, calcium channel blockers reduce the cellular uptake of
calcium from intracellular store#t is thoughtthat calcium channel blockers reduce the
responsiveness of the vasculature to angiotensimléffect, this class of medication

reduces peripheral vascular resistance and thereby®koes and Cooper, 2013)

Angiotensin 2 receptor antagonsstalphaadrenoceptor blockers and diuretics are also
sometimes usedn clinical practicef is common for patients to need multiple groups of
anti-hypertensive therapy to optimise contrdh the UKPDS trial, 29% of the tight control

group required three or more medications after nine ye@rsslie, 1999)
2.2.6.4 Management of dyslipidaemia

Managingdyslipidaemia in patients with diabete important The Multiple Risk Factor
Intervention Trial (MRFITiound that mortality increases with serum choleste{Btamler
et al., 1993)Mortality is three times higher in individuals with diabetban inindividuals
with no diabetesafter adjusting for confounding facto(Stamler et al., 1993NICE
recommends taking a full lipid profile (total cholesterol, HDL cholesterokHDdh
cholesterol and triglyceride) to assess dyslipidae&ient ntervention is considered if
the total cholesterol concentration is more than 7.5mmol/litféhe initial management is
to encourage lifestyle and dietary changssch as a lovfat diet. If these changes fail
improve dyslipidaemia, then statins usually e firstline medicationrecommendedNICE,

2014)

The FIELKeech et al., 2008nd ACCORD studi@hew et al., 201Gpund that

fenofibrate significantly slowed the progression of {geasting DR in adults vhittype 2
diabetes.Fenofibrate is a peroxisome proliferatborOG A @1 G SR NBOSLII2NJ h ot f
Fenofibrate affects several pathways related to lipid metabolism, inflammation, apoptosis

and angiogenesismportantly, it reduces VEGF and VEE&deptor 2 expressionThe FIELD
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study of 9795 patients in Australia and Finland compared the effects of 5 years of oral
fenofibrate vs. placebo treatmenEenofibrate therapy was associated with an overall 37%
reduction in the need for laser therapy for any DR (36@uction for maculopathy and 38%
for PDR)]Keech et al., 2007 the ACCORD EYE-stuxly, 1593 of 5518 patients in North
America were treated with simvastatiand either fenofibate or matching placehdor

four years Patients who received fenofibratnstead of placebowvere associatd with

40% less DR progressionlaser therapy or vitrectomgChew et al., 2010Based on these
findings, there is a movier healthcare providerso prescribe fenofibrate in patients with
type 2 diabetes with DR regardless of lipid prof{(&@sarma et al., 20157he Royal Cleige

of Ophthalmologists recommendsidingfenofibrate to a statin for lipid management in
patients with type 2 diabetes with neRDRRoyal College of Ophthalmologists, 20125
important to note that DR was m@ primary endpoint by desigin either the FIELD or
ACCORD E¥tudy.Neither study showed an improvement in VA outcomes despite
showing a reduction in DR progressidhe studies did not use any quantitative
measurement of DMO such as OCT measuremaitich are now part of routine practice
(Sharma et al., 2015)

2.3 DIABETES AND TEME

Previous sections havdiscussed the systemic effect of diabetts celluar mechanisms
and management of diabeteshiE sectiorfocuseson the ocular complications of diabetes,

namely DRThe section begins with a rew¥ of the anatomy of thénealthy adult retina.

2.3.1 NORMAL RETIMNATOMY

The retina is embryologically derived from the neural tube, which also forms the rest of the
central nervous systenT he eye consists of three layers, namely, the fibrous layer
(corneoscleral), the vascular pigmented layer (uveal tract) and the neurologica({$ml,
1998) The retina consists of an outer pigmentdRRE layer and an inner neurosensory

layer. The neurosensory layer consists of photoreceptors, bipolar cells, ganglion cells and
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other cells that modulate and suppofeir activities (Figure 2.95nell, 1998, Gupta et al.,
2016)

. Retinal pigment
epithelial cell

Internal limiting membrane ——
E Photoreceptor

Nerve fiber layer — (rod)

Ganglion cell layer { \

Inner plexiform layer —|

D Photoreceptor
(cone)

D Horizontal cell
D Bipolar cell
. Amacrine cell

. Ganglion cell
l_j Miiller cell

Inner nuclear layer —

Outer plexiform layer —|

Outer nuclear layer —|

External limiting membrane ——

Rod and cone layer —|
Bruch membrane

Choroid

Retinal pigment epithelium { )

— A L.. —
Figure 2.9The 10 layers of the retina as se@nthe histological section combined with a

diagram of the pertinent retinal cell§Gupta et al., 2016)

The macula is an oval area in the centre of the posterior @fatie retina.lt measures
approximately 5mm in diameter and lies 3mm temporal to the optic dike.fovea is a
depressed area in the centre of the maculais depressed area is formed by the peripheral
displacement of the nerve cells and fibres of tieénalinner layers to allow light to have
greater access to the photoreceptorBhe maculdas the highest density of

photoreceptors, most of which are cone photoreceptors, responsible for colour viBiig.
arrangement explains why the macula has thghleist visual resolution in the retina and
why macular pathology greatly affects visi@nell, 1998, Gupta et al., 28). The

appearance of the macula area as imaged by ®@$cussed in Chapter 4.
2.3.2 COMPROMISE OHE BLOOD RETINAIRBAER(BRB) IN DR

DR is a complication of diabetdat leadsto characteristic changes in the retinehese
changes occur at aliular level and at a later stage manifests changes visible during

ocular examinationOn a cellular level, the breakdown of the bleatinal barriers (BRB)
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due to hyperglycaemia plays an integral part in the development qHD#8ta et al., 2020)
In thissection, the role of the BRBdiscussegand the impact on some specific cells

secondary to its breakdowis discussedelow.

Hyperglycaemia is the greatassk factor for developing DR evidenced byeyal large
clinical studies (Section 2.2.2he precise mechanism of how DMO occurs as a result of
chronic exposure to hyperglycaemia and other factors such as hypertension has been
extensively studiedThere is evidence that these exposures initiagedes of biochemical
and physiological changgshanges in the various biochemical pathways discussed in
Section 2.2.2 result in increased loss of-teeltell barrier junctions, VEGF production, AGE
induced damage and oxidative stress, all of which dbute to the breakdown of the BRB
and the development of DMQRudraraju et al., 2020)

There are two BRBs related to the two sources of blood supply to the rétiainner twe
thirds of the retina is supplied by capillaries from gentral retinal arteryThe outer third

of the retina is supplied by the capillaries in the choroid, the choriocapilEnsinner BRB

is formed by the zonulae occludens, the tight junctions of the endothelial cells of the retinal
capillaries in the inneretina. The outer BRB is formed by the adherens junctions and tight
junctions between the cell membranes of tRPEells that are situated between the
fenestrated choriocapillaris and the outer retirBoththe inner and outer BRB play

important rolesby regulating fluid and electrolyte balance in the retina (Fidlide)

(Forrester and Xu, 2012)

The regulation of the inner BRB that prevents leakage of molecules from the retinal
capillaries depends on the integrity of the endothelial-teitell junctions, a normal
basement membrane and pericytes in the outer wialldiabetes, alterations of the inner
BRB cause weallocumented changes such as a breakdaf the celito-cell junctions,
thickening of the basement membrane and pericyte loss in the neurovasculaFurtier
examination of the neurovascular umétcovered in Section 2.3.3.4 (Figure 2.{Das et al.,
2015) The mechanism of how some of these cells are affected by the breakdown of the

BRBsexamined in the following section.
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Figure 2.10. Diagram showing the retinal neurovascular unit comprising vascular cells, glia
and groups of neurons (A), inner bloetinal barrier (iBRB) composed of endothelial

cells, pericytesand Miiller cells(B) and the outer blooéretinal barrier (0BRB) consisting

of retinal pigment epithelium (RPE) cells with adherens junctions and tight junctions

(nerve fibre layer, NFL; ganglion cell layer, GCL; inner plexiform layer, IPL; inner nuclear

layer, INL; outer plexiform layer, OPL; outer nuclear layer,[QffRudraraju et al., 2020)
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Figure 2.11. Neurovascular unit of the retina in diabetic and Adiabetic conditions(Das
et al., 2015)
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2.3.3 CELLS AFFECBEO HE BREAKDOWNTBEBRB

2.3.3.1 Endothelial cells

Endothelial cells in the retinal vessels play an important role in maintainingRfias they

form a tight monolayer with surrounding pericytes, astrocytes, microglia and basal lamina.
Endothelial cells have two pathways, namely the paracellular and transcellular pathways, to
control the movement of molecules across the BRie paracéiilar pathway relies on

three types of interendothelial junctions (tight, adherens and gap), which restrict the
passage of water and wataoluble compoundg€On the other hand, the transcellular

pathway is important for the active transport of macromolésivia caveolae and receptor
mediated transport mechanisn{&laassen et al., 2013ndothelial junctiors are dynamic
structures that can be downregulated by many factors including elevated VEGF levels
(Scheppke et al., 2008)hen endothelial cells and pericytes undergo apoptosis in

response to chronic hyperglycaemia, this forms acellular capillaries in a process known as
vasoregression or vasodegeneration, which lead to ischaemic changes characteristic of DR

(Mizutani et al., 1996, Hammes, 2018)

2.3.3.2 Pericyds

Pericytes are modified smooth muscle cells that have contractile prop€Bias et al.,

1988) Pericytes regulate retinal capillary blood fldivis proposed that with

hyperglycaemia and the subsequent accumulation of AGE and sorbitol in the pericytes,
their ability to regulate retinal capillary blood flow deases as DR progresg8sownlee,
2005, Giacco and Brownlee, 2010ndahl et al. (1999howed that plateletderived

growth factorB which promotes proliferation and migration of pericytes may have a role in
DR.Experimental studies in mig¢bat weredeficient in plateletderived grovth factor-B

showed pericyte loss and microaneurysm formation similar to patients witi{IDidahl et

al., 1997)Orlidge and Damore (1988howed that pericytes can suppress endothelial cell
growth and subsequently affect capillary functidm.DR, pericyte loss rel¢siin focal
endothelial cell proliferation and may contribute to the formation of microaneurysms in the
weakened wali of retinal capillariesln response, the inner BRB can be damaged and

macular oelema ensuedDas et al., 2015)
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2.3.3.3 Basement membrane

The basement membrane surrounds the endothelial cells and encloses the pericytes
completely.In addition to providing structural syort, the basemenmembraneacts as a
filtration barrier and regulates cell proliferation and differentiatidrhickening of the
basement membrane is classically noted in &Rl there is evidence that this is secondary
to inflammatory cytokines, alterations Muller cellmetabolism and nofenzymatic

glycation(Kennedy and Baynes, 1984, Bianchi et al., 2016)

2.3.3.4 Neurovascular unit

DR has traditionally been thought of as a microvasculamtication but there is emerging
evidence that the wider retinal neurovascular unit is affected resulting in
neurodegenerationThe neurovascular unit includes neural cells (ganglion, amacrine,
horizontal and bipolar), gliaMuller cells and astrocytes)nimune cells (microglia and
macrophages) and vascular cells (endothelial cells and pericytes) (FiguréSiid gt al.,
2018) There is a compk interaction between retinal neurons and glia that surround the
retinal capillaries, which control fluid and metabolite transport in the neural tissligler
cells have an extensive network of villi that surround retinal capillakMégler cellsreleas
factors that induce the formation of zonula occludens in retinal ves$aksrefore,

abnormalities irMiller cells may affect the BRBas et al., 2015)

Neural, microvascular and glia dysfuncsame interdependent and lead tde
development of DR; the main features of neurodegeneration include glial activation (also
known as reactive gliosis) and neural apopt@Siso et al., 2018Yhese changes in the
neurovascular unit are in response to a hyperglycaemic environment and reactive
metabolites(Hammes, 2018)he exact relationship between DRurogeneration and
microvascular changes is unknovimo et al. (2018)roposed that there is impaired cell
to-cell interactionwithin the neurovascular unit including alteratisim endothelinl (ET1)
levels causing vasoconstriction and neurodegeneration (Figure ht®ased

extracellular glutamate due to downregulation of thitamat aspartate transporter
resultsin excibtoxicity and neuronal deatlT he subsequent progressive imbalance
between neuroprotective factors plays major role in neural apoptosis and glial activation
in diabetesOn the other hand, microvascular impairment occurs due to an altered

haemodynamic reponse, BRB breakdown and vasoregression.
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Figure 2.12Main mechanisms involved between diabetietinal neuropathyand
microvascular impairment (neurovascular unit, NVU; endothelin ET1; glutamate
aspartate transporter, GLAST -iKethyl-D-aspartate, NMDA; somatostatin, SST,;
cortistatin, CST; glucagelike peptide 1, GCR; pigment epitheliumderived factor, PEDF;
interphotoreceptor retinoid-binding protein, IRBP; neurotrophin, NT; nerve gvth factor
precursor, NGF; erythropoietin, Epo; vascular endothelial growth factor, VEGF; blood

retinal barrier, BRBJSimo et al., 2018)

Using rat models and retinas of donors with diabe®arber et al. (199&pund that neural

cell apoptosis occurred soon after the onset of diabetes and before overt microvascular
changes; they also found thinning of the IPL and INL and decreased ganglion cells in rats
with diabetes ompared to controlsJackson et al. (201®8)und that in patients with non
proliferative DR(NPDR) who have good VA, impaired ganglion cell function can be
measured using frequency doublitechnology (FDTY.heEuropean Consortium for the

Early Treatment of Diabetic Retinopathy (EUROCONDOR) study fountboallERG

deficits and decreased G@RL thickness in people with minimal diabetes (ETDRS <20)
compared to normal participantSantos et al., 2017 omparisons of retinal thickness in

PWD with no or minimal DR and healthy participastdiscusseth Chapter 7.
2.3.3.5 Photoreceptors

Photoreceptors are the most numerouslisan the retina and are very metabolically active.

They depend on oxygen diffusion from retinal capillaries or the choriocap{kaden,
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2001) There is evidence that hyperglycaemia causes changes in the RPE due to
mitochondrial dysfunction which leads to photoreceptor cell de@thmnamcha et al.,
2020)

2.3.3.6 Retinal pigment epithelium

Hyperglycaemia can cause alterations to the outer BRB by damaging the ticfitijsn
between the RPE cells resulting in serum leakage from the choriocapillaris and retinal
oedema (Figure 2.13kventually, capillary closure results in hypoxia, ischaemia and

angiogenesigAmerican Academy of Ophthalmology, 2014, Xia and Rizzolo,.2017)

Damaged
capillary

Microaneurysm OR

Normal capillary

Exudate
.. Swollen retina

Figure 2.13 (A) Diagram of the mechanism of DMO (B0 image of DMQAmerican
Academy of Ophthalmology, 2014)

2.3.4 ROLE OF INFLMMTION IN DR

Thereare many features of inflammation in DR such as tissue oedema, increased vascular
permeability and blood flow, upregulation of cytokines, complement activation, microglial
activation and macrophage infiltratiofDas et al., 2015PR has been described as a form

of sustained, chronic inflammation with retinal leagtasis whereby abnormal intravascular
leukocyte aggregation and clumping oceurhis increase in leukostasis can cause
upregulation of intercellular adhesion molecules and increase vascular permeability leading

to the characteristic vascular lesions iR (Joussen et al., 2004)lonocytes are the largest
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leukocytes and can differentiate into macrophagiesias been shown that increased
numbers of monocytes and macrophages are brought into the extralesissue in
diabetic micgRangasamy et al., 2014, Das et al., 20#acrophages in retinal tissue
secrete a variety of cytokines and growth factors including angiopoietin, interleukin,
tumour necrosis factor, nitric oxide and monocyte chemoattractawtgin all of which can

alter the BRB (Figure 2.1(Hubsam et al., 2018)

2.3.5 ROLE OF ANGIEXEESIS LEADING TOIREL NEOVASCULARIEN

The development and maintenance of normal retinal vasculature regait&lance

between proangiogenic and antiangiogenic factésshaemia or iflammation can tip this
balance leading to abnormal neovascularisati8tudies have found that hypoxia can lead
to an upregulation of VEGF, which stimulates neovascularis@fieovascularisation can
cause visual loss due to proliferative changes attisgmeovascularisation at the iris, NVI),
optic disc(neovascularisation at the optic disc, NVD) or peripheral retina
(neovascularisation elsewhere, NVR)is process can lead to vitreous haemorrhage,
fibrovascular scarring and retinal tractiofhe seqance of events in retinal angiogenesis is
described in Figure 2.14 losv (Capitdo and Soares, 2018w that the underlying
pathophysiology of DR has been reviewed, the ocular manifestations of these processes

evident on the clinical examination will be discussed.
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Figure 2.14. The sequence of events in angiogenesis in diabetic retinopathy ThR).

retinal pigment epithelium (RPE) produces vascular endothelial growth factor (VEGF) that
is augmented by the maintained hyperglycaemic environment andnggulated by tisue
hypoxia and preinflammatory mediators.In DR, the progression of these processes leads
to vasopermeability (diabetic macular oedema, DMO) and/or pathological angiogenesis

(proliferative DR, PDR)Capitdo and Soares, 2016)
2.3.6 OCULAR MANIFEEH' IONS OF DR
2.3.6.1Clinical features of DR

Miroaneurysms are the earliest sigim DRthat arevisible on ophthalmological
examination (Figure 2.1%Antonetti et al., 2012)They are seen on ophthalmoscopy as a
small red dot in the middle retinal layeM/hen the wall of a capillary vgeakened, it may
rupture and giveiseto an intraretinal haemorrhagédt the haemorrhage is deep, for
example in the INL or OPL, then it is usually roundval im shape and is known as a dot or

blot haemorrhagelt is clinicallydifficult to differentiate between a microaneurysm from a
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dot haemorrhageln contrast if the haemorrhage is superficial, in the RNFlorins a

flame or splinter shape and is described as a flame haemorrfidgse flame

haemorrhages have the same appearance as those caused by hypertensive retinopathy
(Yanoff, 2014)

Figure 2.15A. Microaneurysms and dot/blot haemorrhages B. Flame haenhaiges

(Salmon and Bowling, 2015)

Exudatesare caused byhe breakdown of the BRB with Bsequent precipitations of lipid
components of the bloodTheydevelop at the junction of the normal and oedematous
retina. Exudates are composed of lipoprotein and lifiged macrophages located mainly in
the OPLThey appear like waxy yelldesions aranged in clumpsr rings often with
surrounding leaking microaneurysms (Figure 2.[fGhe leakage stops, exudates can be
reabsorbed spontaneously over months either into healthy surrounding capillaries or by
phagocytosigSalmon and Bowling, 201%5xudates are used in featuspecific grading in

DR screening whids discussed in Section® Retinal thickening is a second marker of BRB
breakdown and is assessed on-Kinp biomicroscopy or stereo photograpiBetinal

thickening can also occur in capillary Reerfusion.

Figure 2.16. Ring of exudates temporal to the macula surrounding aezoh retinal

thickening(Salmon and Bowling, 2015)
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Cotton wool spots are accumulationsreguronal debris within the RNFLhey used to be
known as soft exudate3.hey are caused lifie ischaemic disruption of ganglion cell
axons. They appear as fluffy white superficial lestbas aretypicallyseenoutside the
macula (Figure 2.17¢otton wool spots can be resolved by the removal of debris by

autolysis and phagocytogiSalnon and Bowling, 2015)

Figure 2.17. Cotton wool spots with flame haemorrhag&almon andBowling, 2015)

Vascular changes in DR are due to ischaemic dysfunction and include venous changes,
intraretinal microvascular abnormalities (IRMA) and arterial changesous anomalies
include generalised dilatation and tortuosity, looping, beadiogdl narrowing and
dilatation) and segmentation (Figure 2.1Rgtinal areas with venous changes are well
correlated to the development of proliferative diseas®MA are arteriolavenular shunts
that run from retinal arterioles to venules, bypassing tapillary bedAs a result, they are
often seen adjacent to areas of marked capillary hypoperfusRMA are seen as fine,
irregular intraretinal lines that run from arterioles to venules without crossing major blood

vesselgSalmon and Bowling, 2015)

A

Figure 2.18. Venous changes A. Looping B. Beading C. Severe segme(fatiimon and
Bowling, 2015)

It has been estimated that over orguarter of the retina needs tbe nonperfused before
PDR develop#®roliferative disease can be seenNd¢D, NVEBndNVI(Figure 2.19 A, B and
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C).Bleeding of the NVD and NVE can cause preretinal or vitreous haemorfagnts

can also develop tractional retinal detachment due togressive contraction of
fibrovascular membraneacrosghe retina (Figure 2.19D). Patients have advanced diabetic
eye disease if they have total vitreous haemorrhage, NVI or tractional retinal detachment

(Salmon and Bowling, 2015)

Figure 2.19. Signs of proliferative diabetic retinopathy (PZRNew vessels at the optic
disc (NVD) B. New vessels elsewhere (NVE) C. New vessels on the iris (NVI) D. Tractional

retinal detachment(Salmon and Bowling, 2015)
2.3.6.2 Diabetic maculopathy and DMO

Features of retinopathy involving the macualee termed diabetic maculopathyJsing
NDESP maculopathy grading, these features ameally sigificant and termed Mif they
meet the criteriadescribed irSection 2.5Table 2.3. It is important to note that a PWD can
have diabetic maculopathyat is not regarded aslinicallysignificant (MO)PWD with

diabetic maculopathy have a higher riskdgfveloping DMQwhichis described below.

DMO is caused by the breakdown of the BRB thitsubsequent leakage of plasma and
lipid at the maculdhat results inmacular oedem#Antonetti et al., 2012)DMO is typically
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described as focal or diffusEocal DMO is characterised by areas of focal leakage from
microaneurysms and dilated capillary segmefiscal DMO is associated with exudates,
typically in rings (Figure 2.18h contrast diffuse DMO is characteriséy widespread
retinal capillary leakagéAmerican Academy of Ophthalmology, 2QI#)e fluid is thoght

to be initially located in the OPL and IMlver time, it may also inwé the IR.and RNFL
until the entire thickness of the retina becomes oedemat@®almon and Bowling, 2015)
In clinical practice, it is often difficult to classify DMO into these two categories as they

often overlap and DMO can present with mixed features of both types.

The ocular manifestations of DR discussed above are important for the grading of DR
severity using feature specific gradifighe categorisation of DR severyimportant for
prognosis and guidingnanagementDR screening and the grading of DR severitygus

feature specific grading discussed in Section 2.5.

2.3.6.3 Diabetic macular ischaemia (DMI)

Diabetic macular ischaemia (DMI) is an important cause of visual impairment in patients
with DR.In some patients, DMI can lead to irreversible visual (888 et al., 2013)

Although the underlying mechanisms of DMI are poorly understood, it has been postulated
that the selective loss of pericytes atitk thickening of the basement membnma in retinal
capillaries acurbecause of chronic hyperglycaenfidsman, 2018 DMI can be

investigated usig fluorescein angiography (FA) to identHg enlargement and disruption

of the foveal avascular zone (FAZ) amelretinal capillary drop outhat indicatesa

capillary loss in areas of the mac(EIDRS, 1991#&ecently, OCT angiogram (OCTA) has
been used to evaluate DMZhu et al., 202050me studies have found that in patients
receiving treatment for DMO, coexisting DMI can limit the benefits of treatri@omas et

al., 2005, Chung et al., 2008)CTAs descriled in Section 2.4.1.4.

2.4 DIAGNOSIS ANDEARTMENT OF DR

2.4.1 INVESTIGATIONSR DR

Standard clinical evaluation of DR includes fundus examination and imaging, FA and OCT
whichwill be covered in this sectiofOCTA has recently been introduced and is &yimg as

an important imaging modality in the investigation of DR, thus it will also be discussed here.
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2.4.1.1 Fundus examination and retinal imaging

Several modalities that allow imaging of the retina are availalite. most widespread is

the digitaloptical fundus camera heDRSrotocol, later expanded by thETDRS, used
seven standard 3@egree stereoscopic colour fundus photographic imagésen the

seven standard fields are viewed collectively, they create an image that covers about 75
degrees of field of vieETDRS, 1991e, Wessel et al., 2018 important to note that
unless stereoscopic images are taken;laltp biomicroscopy is still required to identify

some features of DR such as retinal thickening.

The Retcam is a portablvide-angle camera systenThe system does n@aptureimages
through media opacities welHowever, it is well suited for paediatric patients because the
patient can be supine and media opacities are rarely a problem in this popul@tien.

widest fieldlens provides 130degree field of viewDai et al., 2011)

Scanning laser ophthalmoscopy isare recenttechnology that uses laser light and the
principles ofconfocal laser scanning microscopye Heidelberg Retina Angiograph system
can be combined with a widangle lens such as the Staurenghi lens system to provid
images with a field of viewp to 150 degrees=A can also be performed withe

Heidelberg Rina Angiograplsystem(Staurenghi et al., 2005)

The Optos is an ultravidefield system that also uses scanning laser ophthalmoscopy
technology to apture images of the retinal he system catake retinal images with a 200
degree fieldThe system can also capture autofluorescence and FA imBlgesilvantages

of the Optos system include evaluating a wider area of the retina in less time, less impact
on image qualitydue tomedia opacitypbecause ofhe wider field of view and potentially

less use of mydriatic©ne study claimed that nemydriatic Optos images compare
favourably with dilated fundus examination in grading D study found that the
sensitivity and specificity of the Optos images for detecting DR diagnosed on ETDRS
photographs were 99% and 100&spectivelybut the studywas based on a small cohort

of patients(Silva et al., 2012The Optos systerhas been criticised for iwyelash and

other imageartefacts, whictcan be troublesomeAlthough retinopathy may be readily
detected, poor magtfication of the macular area can make grading for maculopathy more
difficult. In addition, the images are presented as pseudocolourstlaadterpretation of

these images by grademsho are accustomed to grading traditional colour fundus phptos
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can bechallengingKarmel, 2014)Given these issues, the Optos systsmilikely to be

suitable for routine use inoutine digital screeningRD$

2.4.1.2 Fluorescein angiogram (FA)

FA habeen the gold standard in clinical practice to visualise the retinal vascul&tare.
relieson the principles of fluorescence wherelmplecules that are stimulated by light of a
shorter wavelength release light of a longer wavelen@tkington et al., 1999FA has
been fundamental to the evaluation of areas of leakage and capillarspadusion in DR.
Since FA requires the intravenous injection of fluorescein, which can cause systemic
adver effects rangig from nausea to anaphylaxisjs only used in selected patients
(HopeRoss et al., 1994, Kwan et al., 2006)

2.4.1.3 Optical coherence tomography (OCT)

OCT was first introduced by Huang ethab decades ago and now plays an integral part in
the evaluation of DRHuang et al., 1991PCTis a noninvasive procedure that can be done
without mydriasis and is widely used for the diagnosis and monitoring of OMébe are
currently three available OCT technologies, tid@main OCT (FDCT), spectralomain
OCT (SIDCT) and sweggtource OCT (S3CT)TDOCT uses low coherence lighat is split
into two beams bya reflecting mirrorwith one beam aimed at the tissue and the ettat

the moving reference armThe beams then recombine at a photodetectand the
interference is assessed to determine the reflectance of the tigsaeinsky and Lavinsky,
2016) SDOCT use light wavelengths instead of a time delay to determine the spatial
location of reflected lightA diode laser acts as the light source while a spectrometer and
camera detect the intedrence signald-ourier transformation is used to produce the
measurementsSDOCT has superseded-OZT as the most commonly used OCT
technology due to its superior image resolution and faster image acquisition speed
(Schuman, 2008The Royal Liverpool University Hospitehere this study was performed
utilises the Heidelberg OCT systemhichwill be discussed in this sectioffhe Heiélberg
SDOCT system has an enhanced depth imaging (EDI) thatallows for the acquisition

of higher resolution images at a greater depbluit this mode requires a longer scanning
time. SSOCT is the latest in OCT technologies and shows promise inoarsegment
imaging.SSOCT employs a frequency swept light source and aspgkd detector to

detect the interference signal as a function of tinrestead of a spectrometer and camera

in SBOCT(Grulkowski et al., 2012)he Heidelberg cataract and refractive imaging
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platform currently utilise S®CT technologyorretinal imaging, SIDCT currently offera
superior resolution in the inner retindheHeidelberg retina and glaucoma imaging

platforms currently uss SDOCT{Barteselli et al., 2016)

The literature review on OG3covered in Chapter 4 along with OCT methods because the
existing literature has greatly informed the OCT methodology used in this thegisling
the Liverpool OCT definition of DMO, whisklescribed in Section 4.9.

2.4.1.4 Optical coherence tomography angiography (OCTA)

OCTA is a novel nénvasive, normmydriaticOCT technique that can potentially negate
some of the limitations of structural O@hd FAAIlthough structural OCT is excellent in
visualising the anatomical changes that may impact vision, it cdfposor contrast

between small blood vessels and static tissLigerefore, FA is used to identify vascular
changes such as capillary dropau DR(Gao et al., 2016)As mentioned previously, FA can
have potential aderse effects and is timeonsumingHopeRoss et al., 1994, Kwan et al.,
2006) In additian, lealages seen on FA mapscure fine vascular structures that can be
visualised on OCT&ole et al., 2016)

OCTA works by creating a decorrelation sighlaédevice compares the differences in the
backscattered OCT signaldnsity between sequential OCTsBans obtained at a given
crosssection (decorrelation signal) and uses this information to createmh-resolved
enface map ofetinal and choroidal blooflow. The &ial bulk motion due to patient
movement between sequential OCIsBans is eliminatecndthe differences between
repeated OCT-Bcans are assumed to represent erythrocyte movement and therefore
blood flow(de Carlo et al., 2015)he OCT?2 is the latest platform available from Heidelberg
EngineeringOCTZombines a very high scan rate walproprietary highspeed eye
tracking technologyThis allows faster image acquisition with better alignment and
repeatabilitycompared to traditional OCT, whichrexjuired in OCTfHeidelberg
engineering, 2015)The four erface zones captured ahe OCTA in relatioto retinal

histology are shown in Figure 2.20 below.
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Figure 2.20The location of different OCTA efiace zones in relation to retinal histology.
The four enface zones include (i) Superficial plexus (capillary networkhi@ ganglion cell
layer andthe nerve fibre layer), (ii) Deep plexus (network of capillaries in the inner
plexiform layer), (iii) Outer retina (photoreceptors), (iv) Choriocapillaries (choroid)
(Chalam and Sambhav, 2016)

TheOCTA could provide high yield information in BiRang et al. (2015pund thatthe

OCTA detectethe enlargement and distortion of the FAZ and retinal capillary drop out.
The aeas of capillary loss obscured by fluorescein leakage on FA were better defined on
the OCTATheyfound that sone areas of focal leakage on FA that were thought to be
microaneurysms were small tufts of neovascularisation extending above the inner limiting
membrane.Cennamo et al. (201 8xamined 20 patients (31 eyes) with DMI using both
OCTA and FA and found a good correlation between thentethods to define the FAZ.
Images from the study (Figure 2.21) showed progressive enlargement of the FAZ with

worsening DMI in both the superficial and deep capillary pleg(Sennamo et al., 2017)
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A. ETDRS Grade 2 B. ETDRS Grade . C. ETDRGrade 4
(definitely present) DMl (moderate) DMI (severe) DMI

e R &

B

(i) OCTA Superficial (i) FA

(iif) OCTA Deep

diabetic macular ischaemia (DM(Cennamo et al., 2017)

Compared to K, OCTA does not show leakage, staining or pooling, differentiate between
arterioles and venulesr allow observation of areas of slow vascular flow faghicre
aneurysmgde Carlo et al., 2015, Heidelberg engineering, 2015, Gao et al., ZIABA
images can also have a range of artefaictsluding shadow and motion artefacthat
interfere with image interpretatiorfde Carlo et al., 2015pCTA has only recently been
introduced, but it is already emerging as an important modality irtirnodal imaging
alongside OCT arfeA.However, its potential to supersede FA remains to be skethe

Royal Livgpool University ldspital, current workload constraints have precluded the
routine use of OCTA on all patients referred to thi@betic eye cliniciEGclinics.

Therefore it was not included as part of the EDDMO study.
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2.4.2 OCULAR TREATWMEOF DR

Thegeneral management of diabetes has been discussed in Sectiorh2r/2 are several
treatment options to manage DR patients with DMO, the ETDRS showed that macular
laser can prevent or slow loss of visi@#TDRS, 1991[iello et al. (2010found that
macular laser can improve visicand those with worse baseline VA showed the most

improvement.

Many studies have found intravitreal aEGF therapy to be beneficial in treating DMO
(Stefanini etal., 2014) CurrentNICEuidelines recommend using intravitreal aflibercept or
ranibizumab to treat DMO with eentral subfield thicknes€STof 400um or morgNICE,
2015a) In DMO witha CST of leghan 400um, intravitreal bevacizumab and macular laser
arerecommendedNICE, 2013)ntravitreal brolucizumab has recently been approved by
NICE for the treatment of NAMICE, 2021 phase Il clinical studies appear promising for
its use in DM@Garweg, 2020)The assessment of VA is also critical in makingrireat

decisions.

However, antVEGF therapy requires repeated injectidBbnan et al. (2015pund that
the mediannumber of intravitreal ranibizumab injections needed overyear period to
treat DMO was 1B®ut that prompt macular laser could reduce the number of injections
needed.Smilar to anttVEGF therapy in nAMD, there have been concerns thattkmng
anti-VEGF therapy can cause geographic atroffblgakravarthy et al., 2013, Lois et al.,
2013)

DMO can also beaated with steroid injectiondntravitreal triamcinolongLongo, 2006)
dexamethasone (Ozurdex®astreNavarro et al., 2019nd fluocinolone acetonide
(luvien®)Campochiaro et al., 201&xan have an effect for 3 months, 6 mbs and 36
months respectivelyYetdue to potentialadverse effects such as intogular pressure
(I0P) risemany ophthalmologistprefer to offer steroid injections in DMO refractory to

other treatments (Syed, 2017)

PRP laser has been used in the management of PidRe is evidence that earlier PRP at
the severe NPDR stage may be more -@ffgctive thanwaiting until PDR has developed
(Mistry et al., 2017)Vitrectomy may be needed in eyes with vitreous haemorrhage or
tractional retinal detachment secondary to PORe Diabetic &inopathy Vitrectomy
Study (DRVS) found that early vitrectomy in eyes with vitreous haemorthageeduced

vision to 5200 (1.6 logMARor less had better visual outcorathan eyes that had
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deferred vitrectomy(DRVS, 1985arly vitrectomy also resulted in a greateracite of
visual recovery in patients with type 1 diabetedio were usually younger than patients
with type 2 and had more severe POBRVS, 1985)

2.5 SCREENING FOR DR

Screening for DR is important because most patiantasymptomatic until DMO or PDR
develops As mentioned in Section 2.4 @ rrenttreatment options to manage DR are more
beneficial in preventing visual loss than reversing reduced vipanozas and Fort, 2014)
Therefore, early detection of DR prompting timely intervention is important to preserve
vision inPWD The followirg will introduce the principles of screening for diseases and then

examine DR screening in Liverpool.

2.5.1 SCREENING

Wilson and Junger (196&)ote a seminal article defining the principles of screemiwhich
have be& endorsed and promotelly the World Health Orgarasion. The followingpoints

represent principle®f screering that are stilrelevant today:

1. The condition sought should be an important problem

2. There should be an accepted treatment for patients with recognised disease

3. Facilities for diagnosis and treatment should be available

4. There should be acegnisable latent or early symptomatic stage

5. There should be a suitable test or examination

6. The test should be acceptable to the population

7. The natural history of the condition, including development from latent to declared

diseaseshould be dequately understood

8. There should be an agreed policy on whom to treat as patients

9. The cost of the cadinding programme (includintipe early diagnose and treatment of
patients diagnosed) should be economically balanced in relation to possjidaditure on

medical care as a whale
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10. Casdinding should be continuing process and not a ctime project

DA @ S ychabastéligtics and the rising prevalence of individuals affected by diabetes in
the world, DRsrecognised as an important condition to screen @R screening ainte
minimise visualmpairment ando improve the quality of life ifPWDthroughearly

detection and treatmentThe following section discussBR screening specifically.
2.5.2 DR SCRERG

The 1989 St Vincent Declaratjomhich aimed to reduceortality and morbidity caused by
diabetes and its complications, first encouraged DR screening in E{D@ieetes Care and
Research in Europe, 1990he firstUK National Workshop on mobiletinal screening

held in Exeter in 1994stablished performance staadds and guidelines for a planned DR
screening programmesome of these standards stated that screening should cover the
whole of the designated population and that the method used should have a sensitivity of
>80% and a specificity of >9%%aylor et al., 1998)rom2002 to 2007, screening
programmes for DR using digital retinal photography were implemented in England,
Scotland, Waleand Northern IrelandRoyal College of Ophthalmologists, 20Ejch

evolved naion in the UK has variations in their national screening poliéspitenational
guidelines The EDDMO study recruited patients from an English screening programme and
this screening pathwaig described in the following sectioBecause each screening

programme is autonomous, there are some minor variations across England.
2.5.2.1DRscreening pathway

In Liverpool, gneral practitionerfGP)efer eligible patients with diabetes over 12 years
old to the Liverpool Diabetic Eye Screening Programme (LOHESiRhts who have no
perception of light in both eyes are considered ineligibllee patients are sent an invitation
for screening within 3 months eéferral from theirGP. Screening occurs across seven

locations in Liverpool (Figure 2.22).
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Figure 2.23%hows an overview of the groups of patients within the screening seiMiost
patients have routine digital screening (RDS) annuBliigy arescreened in the LDESP or
the HESPatients are suspended from routine screening if they are ineligible, optedro
are medically unfitThose attending th&lES for management of their DR do not undergo
screening by their screening programpeit their screening data is included in annual
reports. Digital Surveillance (DS) or Slit Lamp Biomicroscopy Survei$dB®) @re part of
the screening programmeatientsare considered off theegister for various reasons

shown in Figure 2.23.
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Figure 2.22. The Liverpdol Diabetic Eye' Screeningf@rome (LDESP) takes place over

sevenlocations. Image courtesy of the LDESP
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Figure 2.23. Diabetic eye screening cohort management in England and Wales. Source:
https://www.gov.uk/government/publications/diabetic -eye-screeningcohort-
managementoverview/diabetic-eye-screeningcohort-management Assessed 25 June

2021.

Patients are screen pitive if their photographs shoevidence of sighthreatening DR
(STDR)re ungradeable or shoather diseasesWhen patients are screened positive, they
are referred for slifamp biomicroscopy by an ophthalmologist in th&Cn the Royal
Liverpool University HospitaAfter the review, possiblpatient outcomes include being
discharged back to routine screening, continuing SLBS in DEC, referral for DS or referral to
other services such as the glaucoma clinic as necegzatigntsremainingin the DEC are
monitored or receive treatment such as laser or intravitreal therd}fy.is a special service
whereby patients have their VA tested, dilated fundus photography and macular OCT.
Patients are not seen by an ophthalmologist in Mi% DS pathway is best suited for
patients with mild to moderate DRnd in particularmacular involvementsince a macular
OCT is performed in additido routine digital photographylhe photographs and OCT
images taken at DS are graded by traigeaders Depending on the outcome, these
patients can either remain in DS, be referred back to DEC if there is evidence of

deterioration or returredto RDS if there is evidence of improvement.
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2.5.2.2DRscreening service visit

At the <reening service visit, patients have their vision checked in each eye and the results
are documented on the logarithm of the minimum angle of resolution (logMAR) Fitde.
pupillary dilation with tropicamide 1% in both eyg@stientshave at least 2 fadus

photographs (macular and retina photographs) taken for eachleyerpool uses non
stereoscopic photographhat arein line withthe NHS Diabetic Eye Screening Programme
(NDESP) protocofblHS Diabetic Eye Screening Programme, 20h2kse images are then
graded by trained DR gradersthe Royal Liverpool University Hospital (Figure 2.24).

Patients and their GP receive a letter regarding the screening visit outcome.

[c"- %

Figure 2.24. Diabetic retinopathy screening visit in the Liverpool Diabetic Eye Screening

Programme (LDESP). A. Visualiac measurement B. Instillation of mydriatics. C. Colour
fundus photographs. D. Grading of fundus photographs by trained gradensage
courtesy of the LDESP.

2.5.3 FEATURE SPECIGRADING FOR DR

In 1968, a group of experts met in Airlie House, Virgmidiscuss DRDuring that
symposium, theyleveloped a standardised classificatmiiDR(Goldberg and Jampol,

1987) This original classification was modified and used in many studikglingthe DRS
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(DRS, 1981)he ETDRETDRS, 1991ahd WESDRtudy(Klein et al., 1984aResearch
protocols usually involved takirgevenstandard retinal photographs and grading retinal
lesions in great detailt was recognised thauch detailed grading protocols wet@o
time-consuming and impractical for routine clinical uséig®ss et al., 1989)hese earlier
research protocolare notdiscussed in detail here but the LDESP grading proi®col
described in Section 2.5.8owever, the ETDRS provided a definition of CSMO (Figure 2.25),
standardsedphotographs to grade DR (Figure 2.26) and introduced {2 4ule, which

are still in widespread usélheseare discussed below.
2.5.3.1 Definition oflinically significant macular oedema (CSMO)

CSMO is a clinical diagnosis based o#estip biomicroscopy using a contact lens or +60D
indirect lens and is defined as any one of these three features (Figure 2.25):
Retinal thickeningks00 um of the centre of the fovea
|  NR SEdzRIFGS8a& X pnn xY 2F (KS OSyiGNB 27 (
retinal thickening
One or more disc diameters of retinal thickening, part of which is within one disc
diameter of the centre of the fovea
It isimportant to defne CSMO because the ETD&®R®8id that focal macular laser in eyes
with CSMO reduced the risk of moderate visual loss by up to(R0BRS, 1985b)
Subsequent to the ETDRSseminal paper biyee and Olk (1991¢ported that modfied
macular grid laser wamore effective in maintaining or improving VA in eyes with diffuse

macular oedena.

Hard exudates at or

within 500 microns

of center (if adjacent
retina thickened)

CLINICALLY SIGNIFICANT
MACULAR EDEMA
[ETDRS]

Figure 2.25. Definitions of clinically significant macular oedema (CSDnhaVaz et al.,
2014)
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2.5.3.2 TheETDRS-2-1 rule

An eye is diagnosed with severe NPDR if it meets one of the following three features (Figure
2.26):

WSGOAYFf KFESY2NNKI3IS& Ay F2dzNJ |jdz- RN yia ox
+Sy2dza 60SIFIRAY3I .AYy x Gg2 ljdzZ RN yida
Intra retinal microvascular abnorméliA S& oLwa'! 0 Ay x 2y S |[jdz RN
photograph 8A)

The ETDRBund that 17% of eyes at this severity level will develop PDR within 1 year and

40% of eyes will develop PDR within 3 yeHran eye has twout of three of the above

features, it is considered to have very severe NRI5P of eyes with very severe NRWwill

develop PDR within 1 year and 65% will develop PDR within 3 Jéarefore, feature

specific grading is valuable because it has prognostic capalifl&3RS, 1991e)

Figure 2.26. Early Treatment of Diabetic Retinopathy Study (ETDRS) standard
photographs. A. Standard photograph 2A, the intermediate standard for haemorrhages
and microaneurysms. B. Standard photograph 6A, less severe of two standards for
venous beading. C. Standard photograph 8A, the standard for moderate IRMA. D.
Standard photograpt0A, defines moderate new vessels at the optic d{EFTDRS, 1991e)
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2.5.4 LIVERPOOL DBREENINGROGRAMME

In DR gradingprotocols are organised to detect features of DR and surrogate markers of
DMO and classify them according to retinopathy and maculopgtadesMany

international and national DR grading protoceidst Although these protocolgary, they
generally recognise therogression of lowrisk to highrisk features, which determine

management.

In 1991, the Liverpool Diabetic Eye Study (LBMES established to develop an evidence
base to support the introduction of screening for sigiteateningDR(STDR(Harding et

al., 1995)The LDES used a simplified version of the Wisconsin protocol in the ETDRS to
grade the inages by trained grade(&TDRS, 1991ahd established the LDESP.

In 2003, the Diabetic Retinopathy Grading and Disease Management Working Party
proposed a simplification of the existing grading systems to form a cohstendard
grading protocol. This standaisl currently used by the NDESP in England, Wales and
Northern IrelandThe partyalso proposed that a minimum of two fields of the retina could
be photogaphed based on 45 degree or 86gree nominal field size®ne fieldof the
retina should be centred on the optic disc and the other centred on the foeagesrom
each eye receive at least tvgrades, one for retinopathy (RO to R3) and one for
maculopathy (MO or M1{Harding et al., 2003Yhe images from each eye were given an
additional grade if thex was evidence of previous photocoagulation (FF-hg most severe
grade fromeither eye is assigned for the management of the pati€ot. example, if the
patientwasgraded R1ML1 in their right eye and R3MO in their left eyeirtimost severe
disease gragl would be R3 and they would receive fast treatkeferral to the HES.

The LDESP uses an amalgamation of the (HdE&ing et al., 1995nd the NDESP
protocols for DR gradinghe LDESP protocol has several differences compartbe t
NDESP protocdror example, the LDESP protocol considetton wool spots CW$and
venous reduplication while the NDESP protocol doesingiortantly,the RDS service is
based on norstereoscopic colour fundus photographs while DR grading dthen®EC is

based on ophthalmologist findings from gdhimp biomicroscopy.

Tables 2.2 and 2.3 below shothe { G t I dzf Q@tihe Ray& Liviergobl {university
Hospital2017 LDESP protocol mapped to the NDESP and ETDRS p(bib&Biabetic Eye
Screening Programme, 201®&hich is useih the EDDMO study.he identification of

CSMO requires a thredimensional stereoscopic view, which is possible usintpstip
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biomicroscopy but not fundus photography obtained in screenligerefore, CSMO is
included as an M1 feature in DEC but not DESP (Table 2.4).

Table 2.2. Comparison of retinopathy grades in the NHS Diabetic Eye Screening
Programme (NDESP), Early Treatment Diabetic Retinopathy Study (ETDRS) and the
Liverpool Diabetic Eye Screening Programme (LDESP) protgtatding et al., 2003, NHS
Diabetic Eye Screening Programme, 2012)

Feature specific grading NDESHETDRS LDESP| Narrative NDESP
LDESP  |ETDRS  |Outcome

No apparent retinopathy RO 10 10 No retinopathy Annual

HMA only < ETDRS photo 2A  |R1 20/35 |20 Background |Mild NPDR | Screening

<6 CWS in the absence of any |RO 20/35 |30 Mild pre- Mild NPDR

other features proliferative

< 6 CWS with HMA R1 20/35 |30 Mild pre- Mild NPDR

< ETDRS phofA proliferative

Single VL R1 40

Any of: R2 43/47 |40 Moderate Moderate Refer to
lal! % 9¢5w{3 L pre- NPDR HE Swithin

quadrants proliferative 13 weeks
X ¢ /2

M ljdzt RNI yiG =+
Lwa! f§f 9¢5w/{

Any of: R2 53 50 Severe pre | Severe NPDH
n ljdzZ RN} yida | proliferative | (4-2-1 rule)
2A (4-2-1 rule)

-Mguadrants VB, VL or VR
¥M ljdzF RNI yi Lw

photo 8A
Any of: R3a 61/65 |60 PDR Early PDR |Fast
bxt5 f 9¢5w{ L tracked
b+9 aloney 5'! referral to
b+t9 x oy 5! AY HES within
PRH or VH 2 weeks
NVD and/or NVE which in the R3s Stable
opinion of the clinician are inactiy treated DR
FPD or FPE R3s
Any of: R3a 71,75 |70 PDR with Highrisk PDR Fast
bt5 X MkKo 5! high-risk tracked
b+t9 x oy 5! AY characteristic referral to
PRH/VH s HES within
VH precluding adequate view of | R3a 80 Advanced Advanced 2 weeks
fundus or TRD PDR PDR

No previous photocoagulation | PO
Previous photocoagulation P1
Ungradeable U 90 Refer HES
NHS Diabetic Eye Screeningdfamme (NDESP), early treatment diabetic rqtathy study (ETDRS), Liverpool Diabetic Eye

Screening Programm&DESP), Hospital Eye Service (HES)Phiferative Diabetic Retinopathy (NPDRyektorrhages and

or Microaneurysms (HMA), Cotton Wool Spots (CWS), Venous Loop (VL), Venous Beading (VB), Venous Reduplication (VR),
Intraretinal Microvascular Abnormalise(IRMA), New Vessels at tBptic Disc (NVD), New Vessels Elsewhere (NVE), Disc

Area (DA), Pr&etinal Haemorrhage (PRH), Vitreous Haemorrhage (VH), diabetic Retinopathy (DR), Proliferative diabetic
Retinopathy (PDR), Fibrovascular Proliferation Disc)(F#ibovascularmBliferation Elsewhere (FPE), Traction Retinal

Detachment (TRD)
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Table 2.3. Comparison of maculopathy grades in the NHS Diabetic Eye Screening
Programme (NDESP) and the Liverpool Diabetic Eye Screening Programme (LDESP)
protocols(Harding et al., 2003, NHS Diabetic Eye Screening Programmi&) 20

Definition | NDESP | LDESP | Outcome
Maculopathy based on exudates

No maculopathy MO 0

Exudate(s) <1/2 DA >1 DD from foveal centre MO 2

Exudate within 1 DD of the centre of the fovea M1 4 Refer HES
A group of exudates with an area that is greater than or equal § M1 within 13
half the DA and this area is all within the macular area weeks
Any microaneurysm or haemorrhage within 1 DD of the centre | M1 4

the foveaonlyifassdct G SR & A (K | ogMAR (if na
stereo photographs available)

Retinal thickening within 1 DD of the centre of the fovea (if ster] M1
photographsavailable)

Ungradeable U 90

Maculopathy based on macular oedema

No maculopathy MO 0

Macular thickening but not CSMO MO 2

Circinate ring but not CSMO M1 3 Refer HES

CSMO M1 4 within 13
weeks

Ungradeable U 90

Disc diameter (DD)

2.6 NEWAPPROACHES TO DETRGDMO

2.6.1 WHY ARE NEWRROACHES NEEDED?

While PDR and DMO can both lead to visual impairment, DMO is the more common cause
compared to PDROIson et al., 2013However, current DR screening of diabetic
maculopathy based on fundus photographs uses surrogate markers such as exudates to
infer the presence of DMBut cannot detect DMO directl{Bresnick et al., 2000, Olson et

al., 2013)In the past, the mainstay of treatméwas PRP laser for PDR @m@htment was
limited to madified macular gridor DMQ As discussed in Section 2.4.2, various therapeutic
optionsexistto manage DMO and preserve visidilme gap between the ability of the

current RDS to detect DMO and the advancement in treatment options provides the
motivation to seek alternative methods for the early detection of DMO, including tests that
might be incorporated into screening, either as supplements to, or replace for, retinal

photography.
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2.6.2 FUNCTIONAL MEARES IN DETECTINGDD

The principle functional nmasure used in detecting DMObestcorrected VABCVA
However, statid/Aonly measures one aspect of visual function; thene @ther

measurements that malge used and some are described below.

Contrast sensitivity (CS) has been shown to be affectBND before clinical evidence of
DR(Krasny et al., 2007, Safi et al., 20M)houghearly detection of Dis desirable, CS
reduction does not specifically indicate DNM® CS reductiocan be dudo other

pathologies such as cataradidowes et al., 1982Microperimetry assesses photoreceptor
function by mapping the patternof apatie@ti NB GA Yl f aASyaAdGAdAGe
A Y RA @A R dAMidéna and \dggseviei201 Microperimetryhas been used in a wide
range of conditions from AMD to Stargardt macular dystrofkgton and Greenstein,

2013) Although the AGhas been used in detecting DR, some disadvantages include a long
test time and subsequent fatigubat makest unsuitable as a screening test for DMO

(Midena and Vujosevic, 201A¢ton and Greenstein, 2013)

Metamorphopsia is an important symptom that is associated with macular pathology of
various typegMidena and Vujosevic, 2016)herefore, a number of tests which can be

used to detect metamorphopsia might have a role in théedgon of DMOOne of the

oldest and most familiar is the Amsler grid (AG) which is commonly provided to patients for
selfmonitoring of metamorphopsia in DM®&alinowska et al., 2018jlthough it is

inexpensive and easy to use, it has poor validity in detecting macular digS&aseshard,

2y

1993, Achard etal., 1993) y | RRAGA2YS Al Aa F ad2o2S0GABS |

perceptiors, making it difficult to monitor change.

Metamorphopsia charts (Mharts) assess metamorphopsia by using 19 dotted linds wit
dot sizes ranging from 0.2° to 2.0° visual aadl@ere is a fixation point of 0.3° in the
centre of each lineThe dotted lines are shown consecutively, ranging from fine lines to
coarse lines, to the patient and the patient has to state when theykittie distorted line
appears straight; this endpoint is taken as the metamorphopsia sébeetest is done in
vertical and horizontal directions by rotating the charts 1@@atsumoto, 2010)M-charts
have shown promise in detecting nAMD and DiNOwomiejska et al., 2013, Achiron et al.,
2015) but are not used widelyM-charts areunsuitablefor patients with VA worse than 0.2

logMAR or large central or paracentral scotom@#atsumoto, 2010)
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Preferential hyperacuity perimetry (PHP) evaluaiek S OSy G4 N} f wmnc 27F Lk
In the test, the patient is shown a line of dots whereby onghefdots is misaligned and

the patient has to identify the misaligned ddthe line of dots is shown at various

horizontal and vertical locations untilamap of thep& y 1 Qa @A adzZf FASE R A&
(Goldstein et al., 2005yVhen tested prospectivglPHP had moderate sensitivity for

detecting new nAMODo et al., 2012)and in a randomized trial of home monitoring,

prompted patients to seek intervention sooner than in theatol arm, preserving VA

(Chew et al., 2014PHP was approved by the FDA for home monitoring of nARIIA,

2005) However, the PHP test reliesbn LI (0 A Sy (i Q avisualGihilus éné scieén OA S &
while manipulating a mouse that is out of their sigltd raisesconcerns thathis could be

a problem forelderly patientqPitrelli Vazquez and Knox, 2015) a study, which enrolled

109 AMD patients #h a median age of 76 yearngatients whdfailed the initial tutorial on

using the test were excludeénd despite this, 13% odcruited participants were unable to

produce reliable test resultd_oewenstein et al2010) One study examined the ability of

the PHP test to detect DMO in a small cohort of patients (N=33 patients, 66 eyes) and

claimed the sensitivity and specificity of the PHP in detecting DMO @186 and 11.5%
respectively(Matos et al., 2012)

Asmentioned in Chapter 1, OCT would be an obvious option to detect DMO in a screening
setting.A health technology assessment found that the introduction of OCT to RDS to
detect DMO could reduce healthre costs longerm. However, the additional satp and
running costs of OCT imaging and interpretation preclude this as a viable strategy in many

health services for routine use in RDS at the present (i@ison et al., 2013)
2.6.3 HANDHELD RARISHAPE DISCRIMINANI(HRSD) TEST

The handheld radial shape discrirafion (hRSD) test has showromise in detecting the
earliest stages of nABI(Pitrelli Vazquez et al., 2018)he following section examines the

basis of the test and its potential suitability in detectinglO.
2.6.3.1 Shape discrimination as a hyperacuity

Standard VA tesfsuch as the Snellen VA teate based on the theory that the smallest
object, which can be resolved by the eiglimited by the spacing of thighotoreceptos.

The standard for normalA/is derived from the smallest distance separating two individual
stimulated photoreceptors and is traditionally thought to be one minute of arc or logMAR

0.00(Williams, 1985)However, the resolving powelf the eye can be much greater
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reaching 5 seconds of arc in some ta3kss hyperacuitys thought to be achieved by the
retinal neuronal synaptic organisation and higher cortical procegslegs et al., 1999, Bell
and Badcock, 2008)

The natural world is full of curvatures and shapes, from clouds to floviges.

discrimination of differenshapes is essential for human surviVailkinson et al. (1998)
identified that humans are exquisitely sensitive in a particular aspect of shape processing,
detectingandrecognisng smalldeviaions from the circular formwilkinson et al. (1998)

used radial frequency patterns with a circular contour and a esestional luminance

profile defined by a radial fourth derivative of a Gsias (see the examples in Figure 2.27
and 2.28) and found participants to be extremely sensitive to deformations in these
patterns. Detection thresholds as low agl Zeconds of arc were observed, which were in
the hyperacuity rangeThey postulated thathtese results could not be explained by local
mechanisms alone and that global pooling of contour information at higher levels of visual
processing must be involvduVilkinson et al., 1998Y his further visual processing is most
likely to involve extrastriate area V4 in the visual cortex, in which there are neurons known

to be involved in shape discriminati¢wilkinson et al., 2000)
2.6.3.2 Shape discrimination hyperacuity (SDH) test

Wang and colleagues developed a test based on circular radial frequency p#éang,

2001) The shape discrimination hyperacuity (SDH) test uses perfect and distorted circular
contours as visuatimuli. Distortion from circularity is created by modulating the radius of
the pattern sinusoidallyThemain factorsdefiningthe stimulus pattern includg: (1) mean
radius (radius of the undistortedrcular contour)(2) radial frequency (the number of
modulation cycles around 36098) amplitude of radial modulatiofthe amount of
deformation),(4) peak spatial frequency of radial frequency patterns (determinirgg th

width of the contour), and5) stimulus contrasfWang, 2001, Wang et al., 2013hey

found that the normal threshold for discriminating between perfect and distorted patterns

was in the hyperacuity rang&vang, 2001)

SDH can be tested using eitlegratial or temporal order task8Vang et al. (20B)
investigated both methods of testing @ patients with AMD, by presenting patterns on a
computer monitor.In the spatial version of the task, patients were simultaneously
presented with one distorted radial frequency shape and one undistadddhl frequency

shape.In the temporal task, patients were presented with either the distorted or
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undistorted radial frequency shape followed in time by the other shape for 0.5s Bach.
both the spatial and temporal tasks, patients were asked to setectltstorted shape 2
alternative forced choice, 2AF@).the spatial task, patients could control the testing pace
and did not feel rusheddowever, there was no control over fixation and it was difficult to
determine which part of the retina the patiemtas using to complete the taskhe

temporal task provided more control over fixatidout at a test interval of 0.5s, patients
could still have unintentionally used healthy retina to complete the thskddition, two
patients who were found to have sexe deficits in the spatial task were unable to
complete the temporal taskessentially, the spatial task makes it easier to test patients
with more severe retinal diseasklost subsequent SDH testing Wang et al. (2002yas

based on spatial AFC tasks.

2.6.3.3 Development and usage of tfg8bHest

Wang and colleagues developed a chart vergéidiowed bya desktop version of the task.
More recently,a handheld version was developed in which the stimuli were presented on a
small mobile devicéWang et al., 2009b, Chhetri et al., 20M¥ang et al. (2005¢ported

no significant difference between results obtained with the chart protocol compared with
the desktop protocolSimilarly, the results of the desktop and handheld versions were
highly correlatedChhetri et al., 2010, He et al., 2010, Wang et al., 2012, Wang et al., 2013)
In conjunction with the development of the different versions of the test, there were also
variations in the number of patterns presented in different teststhe 2-alternative
forced-choice (AFC) task, participants wepeesentedwith one distorted and one perfect
pattern. In the 3-alternative forcedchoice (\FC) task, one distorted and two perfect

circles werepresented.In the4-alternative forcedchoice (AFC) task, participants were
presented with one distorted circle and three perfect circles (Figure 2P&#f)icipants were

always asked to select the distorted circle from the simultaneously presented patterns.
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Figure 2.27. A. 3 Alternative Forced Chold@SD test on iPod B. 3 Alternative Forced
Choice hRSD test on an iPod (Bartlett et al., 2015)

The handheld version of the SDH test was finddéiveloped as an applicatiolownloadable
onto platforms such as iPods, iPhones and iPads called the myVisib@pm In this form,

the test was passed by the FDA in the US for use in the monitoring of maculai(F3idn
2015) In this thesis, the teswill bereferred to as the handheld Radial Shape

Discrimination (hRSD) tedthe mobile version makes the test more accessible and suitable
for home testingKaiser et al., 2013The rationale for this approach isatthe hRSD test

can be used Hbetween scheduled ophthalmologist visits in patewho are being

monitored. If the hRSD threshold falls below a fzet criterion, thisvould triggers an
outpatient visit.In the case of NAMD, the system of home monitotising hRSinight

provide a convenieinmeans of detecting either neanset of disease or reactivatiolhe

potential benefitsof using hRSD home monitoringght include increasing the duration

53



between scheduled visits and providing patients with assurance that their eyes are still
being monitoredn the meantime(Wang et al., 2013 he test follows a twalown, oneup
staircase procedure whereby it decreases the modulation level (making the test harder)
after two consecutive correct selectioysnd increases the modulation level (making the

test easier) after each incorrect selecti@@hhetri et al., 2010A maximurmlikelihood

fitting procedure is used to fit a Weibull function to data obtained from each .
estimated modulation threshold is defined as the stimulus level at the inflexion point of the
Weibull psychometric functiofWeibull, 1951, Nachmias, 1981, Wang et al., 2013
threshold values are provided as @lMAR scoréChhetri et al., 2010)

In the hRSD tegdrotocol for this thesis, theny Vision Trackpp was used to control and
present test stimuliand the app was installed on an Apple iPod Toudtructions for the
hRSD test were provided by the tester andsameen promptsin the 3AFC hRSD test, the
probability of making a correct selection byatite is 1/3Since the user needs to make

two correct selections in a row to advance to the next stimulus level, the probability of
decreasing the level is 1/@orrespondingly, in the 4AFC hRSD test, this probability is 1/16.
Thus, the chance of a falseggtive in this test is very sméChhetri et al., 2010)These

two versions of the tesis compared in Chapter 6.

2.6.3.4 hRSD thresholds in nornrticipants

To date, only a handful of studies and conference abstraeavailable on the hRSD

threshold in normal participants (Table 2(¥Yang et al., 2002, Birch et al., 2000, Wang et

al., 2009b, Wang et al., 2013, Bennett et al., 2016, Lott et al., 208&)eported adult

hRSD thresblds rangdrom -0.69 logMAR t60.86 logMARIn the available studiesnost

have a limited number of participants and use different versions of the hRS[I tdde
2.4).However, adult normative hRSD thresholds appear to be generally comparable across
different studies.The following sectiodiscusssthe effects of ageing on the hRSD

threshold.
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Table 2.4. Summary of published papers of hRSD thresholds in healthy participants

Study Number of Age Testversion Distance visual acuity| hRSD threshold
participants (logMAR)
Birch et al. (2000) 31 4-12 months Chart 2AFC spatial | 4 months: 1.1t0 1.2 | 4 months: 1.1 to 1.2 logMAR

9-12 months: 0.7

9-12 months: 0.3 logMAR

(56-90)

Wang et al. 10 Mean 70+9year§61l- | Desktop 2AFC 0.03+0.03 19.6+1.8 arcsecs

(2002) 93years) temporal

Wang et al. 236 (300 eyes) 4 months to 78 pars | Chart 4AFC spatial g 5 years: 0.0 3 months: 0.25 logMAR

(2009Db) desktop 2AFC spatig 11 years to adult:0.1 | 5.4 years:0.56 logMAR
Adults:-0.86 logMAR

Wang et al. 27 Mean 68.9+9.4gars | iPod 3AFC spatial | 0.02+0.07 -0.69 logMAR

(2013) (49-84 years)

Bennett et al. 10 35.5+6.0 gars (16 iPad 4AFC spatial | Not available -0.7£0.10 logMAR

(2016) 66yeas)

Lott et al. (2021) | 33 (56 eyes) | Mean73.6x10.5¢as | iPod 3AFC spatial | Not available -0.69+0.14 {0.94 t0-0.33)
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2.6.3.5 Effects of development and ageing on shape discrimination

Birch et al. (20003xamined the threshold for detecting distortions in infants aged 4 to 12
months usig a preferentialooking protocol of radial frequency patterns presented on
2AFC chartslhey found that hyperacuity improved rapidly durinfancyto approximately
0.3 logMAR b to 12 months of age but takes longer to reach the adult level in
comparism to VA(Wang et al., 2009b, Birch et al., 2000)

Wang (2001)nvestigated the effects of ageing on shape discrimination on 76 adults (age
range 15 to 7&ear9 using a 2AFC desktop versible. foundthat the detection threshold

is not affectedby contrast at low radial frequencigla addition, hRSD showed much less
change with normal ageing compared@&sand VAHabak et al. (2009%lso found the
preservation of shape discrimination in ageing using radial frequency shdpegver,
Weymouth and McKendric(2012)found that shape discrimination was significantly worse
in a relatively small group of older participants (N=14, mean age+SD 663, raiige 62
years) compared with younger participants (N=14, mean age+SD 2816, rari$e\ears)
(unpairedt=3.14, p<0.01).The man difference between Wang and Habak etsalidies and
that of Weymouth and McKendrick was that Wang and Habak eiskd participants to
differentiate between radial frequency shapes with deformations from perfect circleg whil
Weymouh and McKendriclasked participants to differentiate between radial frequency
shapes with 3leformation and 4 deformations, whidgk a more challenging task (Figure
2.28).

Figure 2.28Examples of radial frequency shape with 3 deformations (A) and 4
deformations (B) used byWeymouth and McKendrick (2012)
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Wang et al. (2009)ombined participants from previous studi@d/ang, 2001, Birch et al.,
2000)into a larger pool of participants tiovestigate hRSD thresholds that includ6
healthy controls (HC) ranging from 3 months to 78 yearsTdidy found that the
discrimination hresholdwas 0.25 logMAR at 3 montb$ age and it improved rapidly to

0.56 logMAR at 5.4 years of age but did not reach the mean adult {8v@&$ (o gMAR) until
21 years of age. Global hyperacuity then started to deteriorate from 55 years of age at the
rate of 0.035 logMAR per decade. In addition, they also fabatlhRSD declined more
slowly with ageing compared to VA with the rate of deterioration estimated to be 60% of
the deterioration of VAThese test properties of hRSD would make it ideal fdingsge
related eye diseases as it is less affected by normal ageing comparedDatdAn the
performance of healthy participants across the age range on the handheld version of the
shape discrimination task will feature in this thesis (Chapter 5)isBue then is whether

and to what extent it is sensitive to eye pathologfégang, 2001)

2.6.3.6 The effects of various macular pathologies on hRSD threshold

There are a small number of studies on hRSD threshold in various macular pathologies,
mainly in participants with AMD and DR (Tables @¥gng et al., 2002, Wang et al., 2013,
Pitrelli Vazquez et al., 2018)here is also a study onlikked reinoschisis and one in
Stargardt macular dystrophy, which is published as a conference abdexmhett et al.,
2016, Wang et al., 2009a83omparison of studies is complicated because different criteria
for disease severity are used, and therefore, difficult to establish an approximate hRSD
threshold for different disease stateldowever, it is clear that hRSD d¢isholds deteriorate
as macular pathology progressése following section will discussthe studies involving

hRSD thresholds in vaus macular pathologies otetail.
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Table 2.5. Summary of published papers of hRSD thresholds in various macular pat®logi

Authors Number of | Mean age+SL Test version | Macular Disease Visual acuity Mean hRSD
participants | years (range) (logMAR) threshold
Wang etal. | 20 (34 eyes] 74+5 (6581) | Desktop AMD:
(2002) 2AFC - Drusen only 0.13+0.02 37.8+3.7 arcsecs
temporal - Drusen/hyperpigmentation 0.20+0.03 53.8+17.8 arcsecs
- Dursen/hyperpigmentation, 0.27+0.04 60.7+7.3 arcsecs
hypopignentation
- Extrafoveal geographic atrophy | 0.16+0.03 127.1+34.4 arcsecs
Wang etal. | 37 (37 eyes) 73.9+9.5 (50 | iPod 3AFC | AMD:
(2013) 93) spatial - Early(mediumsize drusen) 0.11+0.20 -0.67 logMAR *
- Intermediate (largesize drusen on 0.23+0.20 -0.36 logMAR *
pigment change)
- Advanced (geographic atrophy g 0.41+0.18 -0.13 logMAR *
exudation)
36 (36 eyes) 60.9+12 (40 | iPod 3AFC | DR:
83) spatial - Mild to moderate NPDR 0.19+0.20 -0.45 logMAR *
- Severe to very severe NPDR or | 0.26+0.13 -0.12 logMAR *
pre-PDR
- PDR or NPDR affecting the fove{ 0.55+0.14 -0.02 logMAR *
Bennett et al. | 24 32.2417.7 (9 | iPad 4AFC | Xlined retinoschisis 0.51+0.3 -0.4+0.2 logMAR
(2016) 79) spatial
Pitrelli 179 7818 (5293) | iPod 3AFC | AMD:
Vazquez et al spatial Intermediate AMD 0.08+0.15 -0.53logMAR
(2018) nAMD 0.15* -0.471ogMAR

*Estimated from the graphs. hRSD, handheld radial shape discrimination; alternate forced choice, AE@tedjenacular degeneration, AMD; neovascular-egjated

macular degeneration, NnAMD; diabetic retinopathy, DR;-paviiferative diabetic retinopathy, NPDR.
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Wang et al. (2002ested 20 participants (40 eyes) with AMD using the 2AFC desktop
version of the hRSD te<df the40 eyes, 5 eyes with VA worse than 20(0.4 logMAR) and
1 eye with nAMD were exclude@®f the remaining 34 eyes, 13 had drusen only, 9 had
drusen and hyperpigmentation, 7 had drusen, hyperpigmentation and hypopigmentation
and 5 had extrafoveaeographic atrophy. Table 2.6 shows their VA and hRSD threshold.
They found that radial frequency shape discrimination tasks could reveal visual deficits
caused by AMD not identified by either VA or CS t83tey pointed out that given the
density of thecone photoreceptordimit human foveal VA. g&cording to the sampling
theorem, to decrease resolution acuity by 50% (i.e. to reduce the spacing of the cones by
50%), the sampling density must be reduced by approximately(36#nnon, 1949)
Therefore, the majority of the foveal photoreceptors must become dysfunctional before
patients notice a significant loss of VA due to macular dis€zts@mnon (1949)ostulated

that in AMD, macular retinal abnormalities are inhomogeneous in early or intermediate
diseaseAs a result, patients can still use small areas of the healthy retina to achieve normal
VA.To support this, there is evidence that the human visuakesgsan use information

from surrounding intact areas of the retina to generate a perceptual filingf scotomas

to generate a complete and undistorted perception through the scotofmeexample of

this is the fillingin of the blind spot to provide amninterrupted visual fieldZur and

Uliman, 2003)However, metamorphopsia, commonly noticed by patients with macular
pathologies, is due to the geastrical distortion of the normal retinal cell layeffglidena

and Vujosevic, 2016)Viecek et al. (2014)ostulated that metamorphopsia is also due to
the combinationof retinal changes with changes in cortical processisgecially in

patients with longstanding macular condition§Vang et al. (200Quggestedhat, as shape
discrimination tasks requerglobal visual processing, these tasiight reveal deficits in

early macular disease not picked up by static letter acuity testing.

In a slightly larger studyVang et al. (2013xamined100 participants (37 AMD, 36 DR and

27 HC) using the 38FRSD test presented on an iPhone &ppe eye from each

participant was used in the studyhe study suggested that the hRSD threshold may be able
to differentiate disease severity in both AMD and DiReway analysis of variance
(ANOVAshowed that themean hRSD threshold of the healthy participants, early AMD
(mediumsized drusen, N=10), intermediate AMD (lagiee drusen or pigment change,

N=11) and advanced AMD (geographic atrophy or nAMD, N=16) were significantly different
(p<0.001) Similarly, oneway ANOVA showed that the mean hRSD of HC, mild to moderate
NPDR (N=11), severe to very severe NPDR (N=12) and PDR or NPDR affecting the fovea
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(N=13) were significantly differenp<€0.002).These results showed promise that the hRSD
could be used to detea change in disease severity in AMD or DR and could potentially be
used to monitor treatment effectéWang et al., 2013However, the number of eyes in

each category was small and some categories were combined for analysis (e.g. combining
geographic atrophy and nAMD)herefore, neither the numbergsted nor the categories
usedallowed an assessment of éhdiagnostic performance of the hRSD tdsterestingly,

the study also found that a worse hRSD threshold significantly correlated with increased

CSTmeasured using OCT.

A small study published as &ssociation for Research in Vision and Ophthalmola&VvQ
abstract compared the diagnostic performance (in the form of calculating sensitivity and
specificity) of hRSD, VA, CS and AG for discriminating between 24 eyes wiibkhigh
intermediate AMD (largsize drusen) and 9 eyes with nANNDang et al., 2011 he study
found hRSD to have the best performance of all the tests in detecting nAMD (hRSD
sensitivity 889%, specificity 79.2%; VA sensitivity 44.4%, specificity 66.7%; CS sensitivity
33.3%, specificity 83.3%; AG sendit 66.7%, specificity 41.7%)ang et al., 2011)
However, using caseontrol crosssectional analysis investigate diagnostic performance
tends to flatter the performance of test&ijmer et al., 1999Prospective designs avoid
various types of bias. Thereforeitrelli Vazquez et al. (2018%ed a prospective design to
investigate the performance of the hRSD test in detecting thiesa stages of NAMD. Data
wasavailable from 179 patients who had unilaterd@dMD with no nAMD in their other eye,
which was followed prospectively as the study eye (S&jng the followdzLd LIS NA 2 R
(10.6%) converte from having no nAMD to nAMD (convertgiSonverters were confirmed
on OCT and with FAhe study found th&RSD threshold in éhconvertors to be0.47 (95%
CI-0.38 t0-0.55) logMAR at the time of conversion, comparedd®3 (95% GD.50 to-

0.57) logMAR in the 160 nazonverters At an hRSD threshold .60 logMAR, the
sensitivity and specificity of theRSD test to discriminate convertors from roomvertors
(with presumed intermediate AMD) was 79% (95% Clq0.54) and 54% (95% CI 0c46
0.62) respectivelyThe differences in the reported sensitivity and spedtifibetween these
two studies werewvhat wauld be expected given the differences in study designs {case
control vs prospective). Wang et & (2011)the nAMD patienthad established disease as
opposed to the first diagnosée stages of the diseasmaking discrimination easier.
Interestingly,Pitrelli Vaguez et al. (201&)lso found that the hRSD threshold began to

decline 190 days prior to diagnosis of nAMD in the converters, while it was relatively stable

60

M cp



in the nonconverters. This suggests that theray be a window for the early detection of

nAMD, wheh has yet to be fully explored

There were somstudies published as ARVO abstracts whaghminal the effects of
macular oedema on hRSD threshoM&ng et al. (2010sted 18 eyes with macular
oedema secondary to nAMD or DR using the 2AFC desktop véareeyfound that eyes
with macular oeéma €0.19+0.15 logMAR) had reduced mean hRSD tltdstcompared

to eyes with higkrisk early AMD-0.43+0.11 logMAR) and HO.{73+0.10 logMART.he
ability of the 4AFCRSD test to monitor DMO wapecifically examined by Wang etial

the Diabetic Rahopathy And the MyVisionTrack ARPRAMA) studWang et al., 2015,
Wang et al., 201683 patients were monitored clinically every 3 months in am@nth
prospective studyAt enrolment, the study eye was under monthly to bimonthly arEGF
treatments.Mean+SD hRSDr#shold at the initial visit wa®).22+0.18 logMAR, which was
significantly different to the hRSD thresholds at 3 montBs33+0.17 logMAR<0.003)

and these values improved at 6 montips(.002) and 9 month$€0.023) However, the
mean+SD hRSD thresti@t 12 months-0.30+0.25 logMAR) was not significantly different
from the initial visit.Interestingly, VA showed no significant change over theymra

period. These small studies suggest that hRSD can reveal visual function changes that VA

fails todocument in eyes with DMO.
2.6.3.7 Some advantages of the hRSD test

The hRSD test implemented on a touch screen device such as an iPod for visual function
selftesting is intuitive and easy to usé/ang et al. (2013eported high usability of the

hRSD test among 46 participants with AMD or DR; 37% of the participants agreed and 63%
strongly ageed that they understood how to use the te@4% of patients agreed and 74%
strongly agreed that the hRSD test was easy to msaddition, 26% agreed and 72%
strongly agred that they felt confidenthey could test their vision with the hRSD test.
Kaiser et al. (2013jvestigated the feasibility of using the 3AFC hRSD test to monitor the
eyes of 160 patients with nAMD remotely in a6ek prospedte study.Patients with

NAMD in at least one eye and eligible for intravitreal ranibizumab were entered into the
study.The patients were given training on how to use the hRSD test on an iPod and
instructed to complete the test at least once dailyrey dbund that 84.7% complied with

daily testing while 98.9% also complied with weekly test@ighetri et al. (2010)eported

the hRSD test as being & use with high rates of compliance in 28 M@ng et al.

(2014)alsoreported high compliance i weekly seltesting over a @nonths period in 25
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patients with DR (80+£21%) and 9 patients with AMD (97+8Pte UK, the hRSD test is
currently beingnvestigated as a home monitoring tool in AMD patients, particularly for the
detection of lesion reactivation in nAM®Ward et al., 2021)f the hRSD tessisensitivao

the development of DMQt might play a role in either screening in the diabetic population

or as a remote monitoring tool in a relatively circumscribedisit population.

The hRSD test presented on a small, mobile, connected device is more practical than
distance VA or CS testFor protracted use, any letter chart is limited as most patients can

memorise them over timgPerhaps more importantiy}Vang et al. (2013eported that the
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less affected by the effects of ageing compared to VA andi&yargued that since the
hRSDs a suprathreshold testhe stimulus shapes aeasily visible and the test
performance is less sensitive to the changes in ambient illumination, contrast and viewing

distance(Wang et al., 2013)

2.7 CHAPTER CONCIOMNI

In conclusion, this chapter has reviewed some of the literature on diabetes, DR, DR
screening, DR management and new approaches to detg&tMO including the hRSD test.
As described in Section 2.6.3, there is limited published data on the hRSD threshold in
healthy participants and for various macular pathologhsst of the available clinical
information on the hRSD threshold has bamfiected on AMD patients with fewer studies

on DR and DMO (Table 2.8RSD testing could play a role in either monitodiapetic eye
disease oin deteding DMO specifically. Given thelatively low cost and ease of uséthe
hRSD testit could potentially be introduced as an adjuvant test in DR screening if it can
detect DMO.Therefore, the EDDMO study aims to fill a gap in the literature on the ability of
the hRSD test in the early detection of DMO.

In this thesis, hRSD test performance in bothltiey participants and patients suspected of
having or with DM@s explored along witldistanceand nearVA.Given the critical role of

OCT in the detection and monitoring of diabetic eye disease, macular OCT measurements
and correlations with visual funicin, specifically measurementssing the hRSD tesdre
investigated.The next chapter (Chapter 8escribesthe general methods used this thesis
while Chapter 4letailsthe OCT literature review, analysis methods used examinesome

of the definitioral issues of DMO as seen on OR&sults from this thesservesto advance

the current literature on the hRSD threshold with OCT findings in DR and DMO.
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CHAPTER PARTICIPANTS AND GRNE METHODS

3.1 CHAPTERTRODUCTION

In this thesis, the detection @MO using both functional and structural meass
investigated with particular reference to the hRSD test and macular DTchapter
coversthe ethics approval, participants, inclusion and exclusion critarid standard
operating procedures used inghvarious studies undertaken and descritiedhis thesis
Details of the OCT acquisition protocol, image analysis and OCT classification afeDMO

described in Chapter 4.

3.2 ETHICS STATEMENT

This study was performed in accordance with theiedtstandards laid down in the
Declaration of Helsinki'lheEarly Detetion of Diabetic Macular Oedensudy
(16/NW/0163)was approved by the Health Research AuthofityrthwestResearch Ethics
committee, covering the studies on PWD and-aggtched HCA protocol amendment to
extend recruitment to déroade range of participants and perform additional procedures
was later approved (16/NW/0163, VHdditional healthy partipants were obtained from
the Assessment of visual functions, improving test procedstudy (RETHO0082iHat
wasapproved by thdJniversity of Liverpool Committee on Reseathics and also from
the Ealy Detection in Macular Diseasaudy (13/NWEST/0449) that wagpproved by the
Health Research AuthoritidorthwestResearch Ethics comnge. Written study
information was providedo all paticipants andtheir written informed consentwas

obtained(Appendices 4).

3.3 SAMPLE SIZE CALEATIONS

There is no published information currently available on the sensitivithe@hRSD test for
detecting DMOKeenan et al. (201&xamined a large cohort of patients managed by the
HES across 30 NHS trusts and found tleegdence otentre involving macular oedema
(CIMQ to be 8.710%.To estimaterecruitment targets, it washerefore assumed that 10%
of the patients referred as M1 from the NDESP might be expectadvie CIMO On this
basis hRSD data from a minimum o®@ patients would allow the sensitivity of the test
detect CIMCio be established with a precision of +20% (95%/SIalluded to in Chapter 2
(Section 2.6), th type of study being conductexhd the details of the discrimination
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required, have a largmfluence on apparent test performance. Discriminating between
CIMO and other levels of diabetic eye disease is clearly quite different from discriminating
CIMO from performance in healthy participants. Further complicating the issue is that there
are alernative ways of classifying the patients of interest in this study. Theredbthe

outset of thestudy, statistical advice was sought, and this suggested a recruitment target of

300 patients.

3.4 PARTICIPANTS

3.4.1 HEALTHY PARPENTS

A total of 22%isually healthyparticipants were involved in the study, the majority of whom
(N=213) were recruiteds seHreported healthy participants from staff drstudents of the
University ofLiverpoo) Royal Liverpool University Hospigald from the widercommunity.
Participants with either selfeported ocular abnorméies or who were found to have
abnormal ocular examinations were excluded from sedy. Data waalso availablérom

a group @ 16 older participants who had nAMD in one eye but no clidcaence of

retinal disease in their fellowysed here as thetudy eye. This as confirmed by macular
OCTOf the total 229 healthy participants, 80 participants completed the 3AFC hRSD test
while 149 participants completed the 4AFC hRSD 1€& parttipants completed both
versions of the testhat alloweda direct comparisoiicomparison group; Figure 3.0f the
229 participants, group of 50 participants (control group) who did the 4AFC hRSD test
were specifically recruited as a healthy agatchedcomparison group fothe PWD in the
clinical part of this project, with the same age structure as the PWD group and30ese

participants had macular OCT.

Healthy Participants Inclusion Criteridinimum age 18 years old, able and willing to

provideinformed written consent.

Healthy Participants Exclusion CriteriBrevious or current ocular pathologies, amblyopia,

concurrent health problems such as diabetes that may affect vision
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3AFC &
4AFC

4AFC

N=149 (99 no
OCT + 50 with
OCT ircontrol

group)

Comparison
group

N=106

Figure 3.1 Total of 229 healthy participants; 80 participants did the 3AFC hRSD test while
149 participants did the 4AFC hRSD te06 participantsin the comparison grouplid

both versions of thetest. Of the 149 participants who performed the 4AFC hRSD test, 99
had no OCT and the remaining 50 (control group) who had macular OCT were used as

age-matched controls for the group of PWD.
3.4.2 PEOPLE WITHABETES

Participants wereecruited fromthe DECGand they were referred to the DEf©OmM two

sources (Figure 3.2A). The first of theseircescomprised PWD who attended LDESP for
their routine screen event, which comprised of their digital fundus photography through
dilated pupils and distance VA beten October 2015 and July 201itially, PWD with
suspected diabetic maculopathy graded as R1M1 or R2M1 in eitherasaligible for
recruitment. A protocol amendmen{16/NW/0163, V3Was later approved by the ethics
committee to extend recruitment tparticipants screened as R3ML1 in either eye to allow

the collection of data across a wider spectrum of disease severiiytal 0f310

participants were recruited from the DEC in the Clinical Eye Research Centre in the Royal
LiverpoolUniversity Hospitafrom May 2016 to August 2017 of whom 292 participants

were eligible for the studyOf the 292 PWD, 272 were referred from RDS and 20 were
referred from DS (Figure 3.2Ms this was an observational study, the necessity of
subsequent visits was determindy the ophthalmologist based on clinical requirements.
Ophthalmologists consisted of consultants, staff grade doctors and traineesNIi A OA LI y (1 &
consent covered a second assessment where all elements of initial tests were repeated.
159 participants atteded for a second visit in DEC (N=134) or DS (N=25) and were retested
to provide longitudinal data (Figure 3.2B).
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PWD Inclusion CriterigMinimum age 18 years old, new referral from LDESP as M1 to DEC,

able and willing to provide informed, written consent.

PWD Exclusion Criteri&oncurrent macular pathology such as intermediate to severe dry
AMD, nAMDepiretinal membraneERNMN), vitreomacular traction YMT), macular holes,

post-operative cystoid macular oedema, amblyopia, cerebral pathologies resulting in visual

impairment.
A B
Routine digital Digital Diabetic eye Digital
screening surveillance clinic surveillance
N=272 N=20 N=134 N=25
Diabetic eye clinic (Visit 1) Visit 2

N=292 N=159

Figure 3.2 (A) In visit 1, a total of 292 eligible people with diabetes (PWD) were recruited,
272 were referred from routine digital screening (RDS) and 28 were referred from digital
surveillance (DS) (B) 159 PWD had a second \i8#.attended the diabet eye clinic

(DEC) and 25 attended DS.

3.5 PROCEDURES

3.5.1 HEALTHY PARPENTS

All participantswere gquestioned with regard to their ocular and general healte

majority (N=149yompleted slittamp biomicr@copy and undilated fundoscopsnd the
remainder had no clinical examinatioBontrast sensitivity (C$=170) were also available
for most participants. hRStests wee performed using an Apple iP@duch and the
myVisionTrack (mVT) application (VAat & Science LLRjclardson, Texas) descad in
Section 2.6Testing was performed with thearticipantsthabitual optical correctiomr age
appropriate near correction if they had forgotten to bring thgiasses (Table 3.(Antona

et al., 2008) The right eye was tested first with the fell@ye patched and vice versa.
Previously published studies on the hRSD have used the 3AFC version, which has been

supersee@d by the updated 4AFC version.&ablish how comparable theR8D threshold
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was between the two versions, bottersionswere used in a group of participants (N=106;
Figure 3.1).

In the 3AFC version tfe test, two circular and ondistorted radial frequency patterns

were presentedThe positions of the distortednd non-distorted patterns were

randomised. In the 4AFC version of thet, onedistorted and three nosdistorted patterns

were shownBoth the 3AFC and 4AFC versiohthe hRSD test followed adbwn, Xup

adaptive staicase procedure to determine thgarticipantsQhreshold for detecting

distortion. As part of the hRSD-lyuilt test protocol, a third test was performed if there wa

I RAFFSNBYOS 27F xndo f 2 Atdhk end d Baitgsthérgsulis KS F A NRA
(the hRSD threshod)i weredisplayed on the iPod’ouch screeand documented.

Table 3.1 Age expected near addition for presbyoffmtona et al., 2008)

Age (years) Additional power
4042 +0.75
43-45 +1.00
46-47 +1.25
48-50 +1.50
5152 +1.75
5355 +2.00
56-57 +2.25
*58 +2.50

A subgroup of participants undertook multiple 3AFGDRests to provide tesetestdata
theseparticipants were recalls from an earlier study (RETHO00&2 Avere tested twice
within a single session, 30 of these participants returned for repeat testing within a few
months, and 15 after a period of several ye&snilarly, 149 participants undexk 4AFC

tests and 7 returned for testing after several years.

Participantdn the comparison group (N=106kre tested with both 3AFC and 4AFC
versions of the hRSD testa singldest sessioro provide directly comparative datd e

test order (BAFC vs 4AFC) Watanced across participan@ndthese participants also
completeda 5 question usability survey asking them to explicitly compare the two versions
of the test (Table 3.2Near VA wameasured using ETDRS 2000 series statrtOcmand

their distance VA was measured using ETDRS or fBaiNégbgarithmic vision chartat

4m. CS was tested using thellPRobson Cé&hart at 1m and the results recorded as logCS

units.
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Table 3.2 hRSD usability survey questions

Questions Possble responses

1. I understood how to use the hRSD test| 1. Strongly disagree

2. The hRSD test was easy to.use 2. Disagree

3. The hRSD test did not take too long to ¢ 3. Neutral

4. | could use the hRSD test to test my ow 4. Agree

vision 5. Strongly agree

5. Please select the statement that you 1. The 3 choicghRSD test was much easier to
most agree with use

2. The 3 choicehRSD test was somewhat easie
to use

3. There was no difference in the ease of using
either test

4. The 4 choicehRSD test was somewhat easie
to use

The 4 choicehRSD test was much easier to usg

A group of 50 participants were recruited as agatched controls for the PWD (control
group).The objective was to provide a group with the same age structure gzatient
group.They performed 4AFC hRSD, near VA using the 40 cm ETDRS chart and distance VA
using the 4m Bailel,ovie Logarithmic vision chaifthe protocol amendmen(tl6/NW/0163,

V3) approved by the ethics committee allowed autorefraction performed wittidek Ark

530A and biometry performed with a Zeiss IOL Master 0,AZlth were not available for

the other healthy participantsThese two tests were added to explore the relationship

between axial length and retinal thickne3ese participants aldtad maculaOCTio

exclude ocular pathologies and for further comparison with the P®iiize this group of
participants only used the 4AFC hRSD, they completed the first 4 questions of the usability

survey and not the last question comparing the two vatsiof the test (Table 3.2).

3.5.2 PEOPLE WITHABETES

Eligible participantseceiveda study information sheet along with their clirippointment.

On the dayof their DEC appointment, participants were approached by the PhD candidate
(J Ku) or another staff memheand if agreeablewritten consentwas obtained (Figure 3.3).
Participantswvere asked about their ethnic background, ocular and general he2WD

were specifically asked about the type of diabetes they had, the duration of their diabetes
and current medicationdNear VA was measured usiig cmETDR3000 series chartand
PWDhad 4AFC hRSD testing as per the healthy particip@esiing was perfened with

the right eye followed by the left eye with thmarticipansChabitual optical correctiomr
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ageappropriate near correction if they have forgotten to bring their glasses (Table 3.1)
(Antona et al., 20085imilar to the control grougnly partcipants recruited after the
protocol amendmen{16/NW/0163, V3had the additionahutorefraction performed with

a Nidek Ark 530A and biometry performed with a Zeiss IOL Master 0&g40Be PWD only
used the 4AFC hRSD, they completed the first 4 questions of the usability survey and not

the last question comparing the two versions of the test (Table 3.2).

All participants then proceeded to their scheduled DEC visit acglved routire
assessments thancluded measurements of distance VA usirgraBaileylLovie
logarithmic vision chartBP JOPand slitlamp biomicroscopy including dilated fundoscopy
examination (Figure 3.3AIl participants haanacular OCTThe OCT protocdd descibed in
detail in Chapter 4Figure 3.4 shows thRoyal Liverpool University Hospitallow-up
pathway for PWD who have been seen in the DEC.

HbA. results were obtained from the Integrated Clinical Environment software from the
Royal Liverpool UnivergitHospital Only blood results within 3 months before their
assessment were used because the life span of haemoglobin is 2 to 3 montHbApill
only indicate glycaemic control within that time frarfleazucchi, 2012)f there were
multiple HbA. results available duringthe Y 2 y (i K & Q thé resvilEcibest t6 Seir

assessment date was used.

For participants who had a folleup in DEC, ahe same tests from their initial visit were
repeated.For participants who were followed up in the DS clinic, they had the same tests
repeated for the EDDMO study component but their sedpuent clinic visit differedlhe
participants in DS had distance ¥&ted with adm BaileyLovie chart, macular OCT and
were dilated for colour fundus photographBheir macular OCT and colour fundus

photographs were reviewed by an experienced grader to establish a clinical-igiqhan.
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Figure 3.3. The flow of people with diabetes through the study



Slit-lamp Examination

Y

| Previous PRP laser? |

{ !

No Yes
Deterioration in DR grade R3 stable and suitable

I for annual checks

o ooy b 1

R2 R3 Other eye
R1IM1 .
R1MO l (xM1) (xM1) disease Ts j:if:
. \l’ i Keep in DEC
Clear Media Suitable for DS HES W Refer Clear Media p
+0CT ) accordingly |
Keep in
DEC \I/ \I/
No
Yes No Yes
1’ J, Yes No ‘I’ J/
. . J, ‘l, Discharge into Keep in
Discharge Keep in community DS DEC
back to DEC Discharge to Keep in
annual Slit Lamp DS + OCT DEC
screening HES
Pathway

Figure 34 Royal Liverpool University Hospitébllow-up pathway for people with diabetes (PWD) who have been seen in the diabetic eye clinic (DEC).
Peripheral retinalphotocoagulation (PRP), digital surveillance (DS), hosp@ia service (HES).
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3.6 DATA MANAGEMEMND ANALYSIS

Study participants were allocated an anonymous participant code wheng#ey consent
All participant data were collected on paper then entered into a Microsoft Access 2016
databaseAll paper data wee stored in locked cupboards at the University of Livergool
be retained securely for 10 years upon the completion of the studiych isconsistent with
the University of Liverpool data policill computer files were stored on passwerd
protected devicesWhere data from both eyes were available, one eye was randomly
selected for analysis unless specifically specifi@ath results chaptdrasa data analysis

section to describe the statistical approaches performed.

3.7 CHAPTER CONCIQMI

This chapter has covered tiparticipants and general methods used in the EDDMO study.
The bllowing chaptercontairs a brief literature review on OCT and descebiee OCT

methodsthat arerelevant to the EDDMO study.
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CHAPTER 4. OCT LITEBRRE REVIEW, PROTOEAND GRADING
METHODS

4.1 CHAPTERTRODUCTION

Previous literature on OGfluenced the OCT methods used in the EDDMO stTiuig.
chaptercommencawith a brief literature review ol TDR§rids and retinal thicknesss

and volumes in healthy participan@nd PWD with no or minimal DRhissetsa context

for the description of the OCT acquisition protocol, image analysis and OCT classification of
DMO in the chapterOCT methodhave been separated into this chapter fdarity

because the information different from the participants and general ntetds described

in Chapter 3.

While there are several proposed OCT definitions of DMO, no general consensus on these
has been reache(Panozzo et al., 2020, Parodi Battaglia et al., 2018, Panozzo et al., 2004,
Kang et al., 2004, Kim et al., 2006, Kol&aorgieva and Sivkova, 2008, Helmy and Atta
Allah, 2013, Bolz et al., 2014, Reznicek et al., 20b&rebre, a local definition was

RS@St 2LISR Ay UK $he Rayal ltivergabl QriverSitpEpital, afidi this will y

be discussed here.

The advent of OCT has allowed the examination of the effect of retinal disease on retinal
structure, thickness andolume.The analysis of these measurements and other features
has greatly contributed to the diagnosis and management ofUbRL a few yearago,
Heidelberg Spectralalowedonlyfull retinal thickness measurements frattme internal
limiting membrangILM)i 2 G KS L}2 a0 SNA2NJ 02 NRSNWighthe 1 KS wt ¢
introduction of Heidelberg retinal auteegmentation software around 2017, it is now
possible to obtain thickness values for different retinal layert al., 2017)The

evaluation ofparticular layers coulénhance the management of DR because theatise
process can affect varioustinal layers in different way$or example, RNFL thinning has
been associated with diabetic peripheral neuropaByahidi et al., 2012)n DMO, fluid

can initially accumulate in thieL and OPL due to breakdowntloé BRBLater, fluid can
accumulate in the IPL and RNFL until the entire thickness of the retina becomes
oedematougMurakami and Yoshimura, 2013, Das et al., 201 chaptewill start with

the nomenclature used to describe different retinal laysegn on OCT.
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4.2NOMENCLATURE FOR NMAR OCT TERMINOLOGY

Various terms have been used to describe the different retinal layers and features observed
on OCTIn this thesis, the terms used are thogs®posed by thenternational

nomenclatue for OCpanel which have gained widespread acceptagSeaurenghi et al.,
2014)(Figure 4.1).

Formed Vitreous Internal Limiting Membrane 1. Posterior Cortical Vitreous

2. Preretinal Space

= A%

4. Ganglion Cell Layer

5. Inner Plexiform Layer
6. Inner Nuclear Layer

12.Outer'Segments 7. Outer Plexiform Layer

of Photoreceptors 8.2 Henle Fiber Layer

8.1. Outer Nuclear Layer

16. Sattler’s Layel

17. Haller's Layer
9. External Limiting Membrane
15. Choriocapillaris
10. Myoid Zone

14. RPE/ Bruch's
Complex 11. Ellipsoid Zone

18. Choroid Sclera
Junction

13. Interdigitation Zone

Figure 4.1. Nomenclature for normal anatonsildandmarks seen on spectralomain OCT
images imaged using Heidelberg Spectralis; RPE (retinal pigment epithe(i@ralirenghi
et al., 2014)

4. 3EARLY TREATMENT MHAERETINOPATHY STUEYDRS) GRIDS

By conventiorbased orthe ETDR&ETDRS, 1991dhe macula idivided into nine subfields
consisting of a circular central subfield (CSF; other subfields défifédure 4.2) 1Imm in
diameter that is centred on the fovea asdrrounded by two furtheconcentricregions

with diametersof 3mm and 6mnm(ETDRS, 1991d)he middle and outeregions are divided
into four subfields each as shown in Figure 4lRis important to note that some ETDRS
publications have used a grid consisting of three concentric circlegigitheters of 1mm,
2.22mm and 3.45mrrand some publications have obtained measurements for subfields

based on this smaller ETDRS ¢E@DRS, 1991¢jowever, most publicationgncluding this
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thesis use the larger ETDRS grid size (concentigtesimeasuring 1mm, 3mm and 6mm;
Table 4.1).

Superior

Temporal Nasal

Inferior
Figure 4.2. Depiction of the nine ETDRS subfields in the righ EJY&RS, 1991e)CSF

(central subfield), SIM (superior inner macula), NIM (nasal inner macula), 1IM (inferior
inner macula), TIM (temporal inner macula), SOM (superior outer macula), NOM (nasal

outer macula), IOM (inferior outer macula), TOM (temporal outeracula)

Table 4.1. ETDRS grids subfields and diameef®DRS, 1991e)

Area Subfields Smaller ETDRS grid| Larger ETDRS grid
diameter diameter

Foveal Central 1mm 1mm

Parafoveal Inner 2.22mm 3mm

Perifoveal Outer 3.45mm 6mm

4.4VARIATIONS BETWEESITGSYSTEMS

With each new generation of OCT instruments, there has been improved image resolution.
There are variations of the outer retinal reference point of diffiest OCT systems thatn

affect thickness measuremenfBRCR network., 201Hor example, tim@omain OCT,

such as the &iss Stratus, measures retinal thickness as the distance from the ILM to the

junction of the photoreceptor inner and outer segments while speat@hain OC;Tsuch
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asthe Heidelberg Spectralis measures retinal thickness as the distance from the ILM to the

L2 AGSNA2NI 02NRSNJ 2T (DRGR netwvadk., 20¥Pgure N3zOK Qa 02 Y L
Therefore, measwments of the mean CST from the Zeiss Stratus OCT and Heidelberg

Spectralis OCT in healthy eyes differ by approximately 70um (Zeiss Stratus OCT 200um;
Heidelberg Spectralis 270urfjiernan, 2010, Grover et al., 201This isconsistent with

the 70um difference between older DRCR natkvmean CST thresholds in DMO measured
dZaAy3d (GKS %SAaa {GNIddzA h/ ¢ oxHpnxY0O O2YLI NB
RSGSNX¥AYAY3T GKS LINB&ASYyOS 2F 5ah ol aBRER2Y {(KS
network., 2012, Bressler et al., 20085 OCT data from the EDDMO study were obtained

using Heidelberg Spectralis, full retinal thickness is measured from the ILM to the posterior
02NRSNJ 2F (KS wlex&ndicomBarisoMNdzétikabthickii@gs Yheasurements

will mainly be made with studies thatlso used Heidelberg Spectralis.

Heidelberg Spectralis
- Zeiss Stratus

t 2AG8NR2N] 62NRENT 2°

Figure 4.3. Outer retinaboundary lines for Status and Spectralis OCime-domain OCT

such as the Zeiss Stratus uses the junction of the photoreceptor inner and outer segments

for this boundary (green line) while Spectrdlomain OCT such as the Heidelberg

Spectralis usesthe poStNA 2 NJ 6 2 NRSNJ 2F (G KS wt 9k. NHzZOKQa 02
measurements (yellow line]DRCR network2012)
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4.5 CENTRE POINTCKNESS (CPT) AND TEAL SUBFIELD THIERS
(CST)

When following patients longitudinally, it is important to document OCT measurements to
assess whether there has been a change in retinal thickness betweenMisgsts.

information is essential for monitoring, making management decisions and determining
treatment effects.Centre point thickness (CPT) and CST are the OCT parameters commonly
measured for the centre of the macul@he CPT is the average of the thickness values f

the 6 radial scans at their point of intersection while the CST is the mean value of the 128
thickness values obtained in the G8&frthy et al., 2015)Recent studes have preferred

CST over CPT to document chasdge to DMO because measurements of the CPT have
greater variability This is because the CPTues are very dependent on ceirg the scan
accurately while the CST thickness distributes measurementsadwerader arealn

addition, CPT is an average of 6 values while CST is an average of 128Avithes.
advantage of CST over CPT is that it can be obtained from-tpvadity scans more often
(Chan et al., 2006The EDDMO study collected both CPT and CST from alFeydise
reasons described, CST valuéb mainly be used but CPT will also be reported in some

sectionsof this thesidor completeness.
4.6 NORMATIVE ETDRS SHHBP THICKNESSAND VOLUMES

The establishment of a retinal thickness normative database is essential as a comparison for
the evaluation of any pathologyJnfortunately, Heidelberg does not provide access to a
normative database of retinal thickness val&gernan, 2010, DRCR network., 204y

there are limited studies providing normative data based on the SpectralisSo81E

studies use the smaller ETDRS grid while others use the larger ETDRS grid dascribed
Section 4.3To add to ths complexity, there are racial differences in OCT thickness
measurementslt has been proposethat increased pigment in the RPE atttes the OCT
light signal thateads to an underassessment of retinal thickness in more pigmented retinas
(Chauhan and Marshall, 1999hissectionexamines studies with normative retinal

thickness based on the Heidelberg Spectralis focusing on studies with mainly Caucasian
participants, as most of the patipants whose results are reported in this thesis were

Caucasian.

One of the earliest studies to establish a normative database w& dyer et al. (2009)

involving 50 healthy participants @dian age 43 years, range-8@years 24 femals, 26
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males, 56% Caucasian). They reported the mean CPTxSD to be 227.3+REapmetinal
thicknesses from the study for all ti€TDRS subfields are shown in Table#h2.mean CSF
in males (273.8+23um) was thicker than females (266.3+21.9um) but the study did not find
any statistically significant differences in retinal thickresdsetween genders or with age.
Grover et al. (2009roposed 315um (two SDs above mean CST) as the upper limit of
normal CSTMurthy et al. (2015provided the ETDRS subfield volgirethe same group of
participants in a subsequent papdihe mean retinal Mames for all subfiels areshown in
Table 4.2The mean total macular volume (TMV) was 3.04+0.14rBoth of the studies by
Grover et al(2009)andMurthy et al. (2015pbtained measurements based on the smaller
ETDRS grid size with a diameter of 3.45mhis accounts for the lower maew volumes
reported byMurthy et al. (2015rompared to studies thaised the larger ETDRS gfid.
both the smaller and larger ETDRS grids, the A®fnisin diameterTherefore, values in
the CSF in the smaller ETDRS grid used in the studi@®obgr et al. (2009ndMurthy et

al. (2015)are directly comparable with results from this thebecause CSF is the same
However, thevalues from the other subfields armt comparable Subsequent references
to ETDRS grid measurements in this thasebased on the larger ETDRS grid of 6mm
diameter unless specified otherwis€hopovska et al. (201ahdInvernizzi et al. (2018)
reported normative Caucasian retinal thicknessbtained using Heidelberg Spectraisd

the ETDRS subfield thicknesses are shown in Table 4.3.

Table 4.2 Normative ETDR8bfields meanzSD thickne¢&rover et al., 2009and
volumes(Murthy et al., 2015based on smaller ETDRS grid

ETDRS subfield | Retinal thicknesaSD(um), | Retinal volume:SD(mm?3),
50 eyes 50 eyes
CSF 270.2+22.5 0.21+0.02
SIM 336.0+20.6 0.26+0.01
NIM 335.0+19.3 0.2610.02
[IM 334.9+16.7 0.26+0.01
TIM 322.6+16.5 0.25+0.01
SOM 329.6+16.4 0.45+0.02
NOM 339.5+16.9 0.47+0.02
IOM 325.4+16.6 0.45+0.02
TOM 320.1+15.4 0.44+0.02
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Table 4.3 Normative Caucasian ETDRS subfield thickness@fwpovska et al.2011)and

Invernizzi et al. (2018)

ETDRS subfigl Retinal thicknessSD(pm)
Chopovska et al. | Invernizzi et al.
(2011) 34 eyes | (2018) 200 eyes
CSF 277.4+16.8 280.1+17.5
SIM 348.6+14.9 346.9+14.0
NIM 349.8+15.0 349.8+15.1
[IM 344.6+15.2 344.1+14.4
TIM 333.9+14.5 332.9+13.9
SOM 311.5+16.5 301.8+13.0
NOM 320.0+16.6 317.0+15.2
IOM 299.2+16.5 289.0+13.6
TOM 286.3+13.9 284.0+13.2

Since Heidelberg autsegmentation of the retinal layers/hich will be describethter

(Section 4.103), became available, some studies have examined not only total retinal
thickness but also the thickness of each individual layer in all ETDRS suhfatlddy by
NievesMoreno et al. (2017)nvolving 297 eyes of 297 healthy Caucasian participants (mean
age 56 years, range 40/ years 179 females, 118 males) specifically examined the
thicknesgsof the inner retinal layers (NFL, GCL, [Ph¢. study used the Heidelberg
Spectralis softwaréor segmentation but no manual adjustments were maaich may

lead to inaccuracie@Aojula et al., 2018)The mean CSF inner retinal layer thickness is
shown in Table 4.4The study found that retinal thickness was significantly higher in men

compared to women in every subfield except for the temporal ostésfield.

Table 4.4Mean CST and NFL, GCL and IPL thickness in the central subfield in 297 healthy

Caucasian participantéNievesMoreno et al., 2017)

Subfield Mean thickness (um)
CST 278.2
Central subfield RNFL 12.61
Central subfield GCL 17.63
Central subfield IPL 22.02
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Invernizzi et al. (201&xamined 200 eyes of 20@althy Caucasian participants (mean age
39.94£13.9, range 204 years 110 females) and provided the thickness of each retinal layer
in all subfields as shown in Table 4rivernizzi et al. (2018pund that total retinal

thickness was greater in males compaite females across all subfields.

Table 4.5. MeattSD retinal thicknesgum) in ETDRS subfields in each retinal layer in 200

healthy Caucasian participandnvernizzi et al., 2018)

ETDRS | RNFL GCL IPL INL OPL ONL RPE
subfield | Mean+SD | Mean+SD| Mean+SD| Mean+SD| Mean+SD| Mean+SD | MeanSD
CSF 12.8+1.8 | 17.2+3.9 | 22.5+3.2 | 19.4+4.5 | 26.0+6.0 | 92.2+9.3 17.4+1.9

SIM 25.0+£2.3 | 53.7+4.3 | 42.2+2.9 | 40.2+3.4 | 34.4+7.2 | 70.1+10.0 | 15.5+1.7
NIM 22.7+¥2.2 | 54.0+4.5 | 43.6+3.1 | 40.743.5 | 33.5+8.1 | 73.1+10.04| 15.5+1.6
Y 27.7£3.3 | 54.0+4.0 | 41.9+3.0 | 40.5+3.4 | 33.5+7.3 | 66.8+10.6 | 14.6+1.5
TIM 17.5+1.1 | 49.2#45 | 42.0+£3.1 | 37.5£3.2 | 30.9+4.1 | 74.1+7.8 | 14.9+1.5

SOM 39.1+5.0 | 35.1+3.0 | 28.4+2.4 | 32.1+2.3 | 26.4+2.4 | 61.946.3 | 13.6+t1.4
NOM 53.8+7.2 | 37.3+3.7 | 28.7+2.9 | 33.9+2.6 | 28.3+3.4 | 57.3x7.0 | 13.6+1.4
IOM 43.3+6.9 | 32.5+3.1 | 26.3+2.6 | 31.0+2.5 | 26.2+2.9 | 52.846.5 | 13.0+2.6
TOM 18.8+1.4 | 36.7+4.0 | 32.3+2.5 | 33.3+2.4 | 26.7+2.1 | 58.7+6.1 12.9+1.4

Retinal thicknesses have been found to vary with different ethniciietudy involvin@6

eyes of 43 healthy Chinese participants (mean age 64 years, 28 femateales}Jiang et

al., 2018¥ound thinner retina in the central and outer subfields compared to the studies by
Grover et al. (20099ndNievesMoreno et al. (2017)The same study also examined the 86
eyes of 43 Chinese PWD and nq WRchisdiscussed in the next sectiof.study byRoh

et al. (2013¥ound CST to be thinner in a Korean population (264.6+15.9um) compared to
Caucasia populations A study of the Indian population found thinner CST
(260.1+£18.19um) but thicker NFL in all subfields compared to Caucasian populations
(Appukuttan et al., 2014)

4.7ETDRS SUBFIELDS KNESS IRWDANDNO OR MINIMAL DR

It is useful to compare the retinal thickness of healthy participants with the retinal
thickness of PWD with no or minimal DR to determine if there are OCT changes that
precede clinically visible chagglin the retina on sllamp examinationThere are limited
studies on the retinal thicknesses of PWD with no or minimal@en et al., 2016, DRCR
network., 2012, Jiang et al., 2018, Park et al., 2@hil)even fewer studies that used
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Heidelberg Spectrali®RCR network2012, Jiang et al., 2018yhich provide values for

comparison with the results from this thesis.

One of these studies is by the Diabetic Retinopathy @liResearch (DRCR) network that
obtained mean ETDRS subfield thicknesses with Heidelberg Spectralis ired 22 £92
participants (mean age 59 years, range8®% 67 females, 55 males, 70% Caucasian) with
diabetes and no DR (ETDRS level 10, N=103) or minimal DR (ETDRS level 20,
microaneurysms only, N=1@)RCR network., 2012)his study provided the baseline
ETDRS subfields measuremeifise mean CPT was 277+25um and the mean TMV was
8.4+0.4mni. The mean retial thickneses for all the subfields ashown in Table 4.6 he
mean CPT, subfield thicknesand TMV in males and females are shown in TableTég.
study showed thatetinal thickness was significantly affected by gender but not age,
duration of diafetes, type of diabetes, retinopathy severity or iAese values are similar
to those in healthy participants (Table 4(B)RCR network., 2012)

Another study thaused Heidelberg Spectraliavolved 86 eyes from 43 Chinese

participants (mean age 64 years, 28 females, 15 males) with diabetes and no DR (ETDRS
level 10) found thinner retinal in all sul#ids compared to the DRCR network study (Table
4.6)(DRCR network., 2012, Jiang et al., 208 assumed that Chinese eyes are more
pigmented compared to Caucasian eyes and this is consistent with the propdShhbjan

and Marshall (1999%hat more pigmented individuals have thinner retina as previously

discussed in Section 4.6.

Table 4.6. Retinal thicknessin people with diabetes withno or minimal DR in studies by

DRCR network. (2012nd Jiang et al. (2018)

ETDRS subfield Retinal thicknessi{m)
DRCR network. (2012| Jiang et al. (2018)
(N=122) (N=86)
CPT 227+25 215.8+18.9
CSF 270124 258.4+23
SIM 335+18 332.9+18.6
NIM 338+18 334.3+18.5
1Y 332418 328.6 £ 16.4
TIM 324+17 319.9+16.7
SOM 290416 292.1+17.5
NOM 30519 307.4+19.6
IOM 280418 279.4+17.2
TOM 279+15 276.4 +27.9
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Table 4.7 Mean centrepoint thickness (um), ETDRS subfield thickness (um) and total
macular volume (mrd) inmales and femées in people with diabetes with no ominimal
DRfrom the DRCR network. (2012fudy (N=122)

ETDRS subfield Retinal thickness or volumeSD
Males (N=55) Females (N=67)
CPT 233127 222421
CSF 278123 262422
SIM 340+15 330+20
NIM 343115 333+£19
IIM 338115 327419
TIM 329413 319419
SOM 292115 289+17
NOM 309+19 301419
IOM 281116 279119
TOM 281+13 27617
Volume TMV 8.5+0.4 8.3+0.5

4.8DEFINITIOSIOF DMO BASED ON OCT

DMO hadraditionally beendeterminedby clinical examination and by the classical

definition of CSMO as described in ChapteBice the advent of OCT imaging, there have

been several proposals to define DMO based onithégying modalityBressler et al. (2012)

defined DMO that is not clinically visible on-itnp biomicroscopy but where the CPT has

a thickness of 2 standard deviations taken from normative data fbe specific OCT

platform as subclinical DM(Bressler et al., 2012, Pires etal., 20T3)8 ( KNBaK2f RaQ ¢
to determine subclinical DM@ould varydepending on the OCT used since each OCT

platform has different normative retinal values for reasons describeSlection 4.4.

Some studies have reported that the presence of subclinical macular oedema as defined by
Bressler et al. (20123 a good predictor of the progression of Clfires et al., 2013, Lobo
etal.,2018)AY AdadzS ¢AGK . NBSaat SNWa RSTAyAsiA2Yy Aa
previouslydescribed in Section 4f6r the CSF on OCT, mean CST is regarded as a more
consstent measure of thickness compared to CPK S NB T 2 NISdefinitioNdS dot f S NI a

widely used.
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4. 9LIVERPOOL OCT DEH®IN OFBMO

DA@SY GKS 101 2F | O2yaSyadza RSTAYAUGUAZY 27F
developed a local O@J¥ased dénition at the start of the EDDMO studyhis definition

took into account botfthe retinal thickening and the presence of any intraretiog$t

greater than 50um across the greatebameter (Figure 4)4Any intraretinalcystless than

50um may be duea scan artefact and therefore is not taken into consideration.

Intraretinal cysswere included in this definition as an independent feature because the

presence ofntraretinal cystdndicateda breakdown of the BRB in PRa and Rizzolo,

2017)

Retinal thickening in each subfield is consideas any mean retinal thicknes® standard
deviations above the mean retinal thickness in that subfield provided bPRER network.
(2012)study (Figure 4.5)his is in recognition that retinal thickening may represent the
accumulation of interstitial fluid that is undetected by current OCT technology and may

precede the development ohiraretinal cysts

Intraretinal cysts

Figure 4.4. Example of intraretinal cysbn OCTimages courtesy of D Parry.

The Liverpool OCT definition of DMO includes five grades: centre involving macular oedema
(CIMO), centre threatening macular oedef@I MO), nostentre threatening macular

oedema (NCTMO), no macular oedema (NMO) and ungradealdi© is defined as any

AYGNI NBOGAyYyFE Oeal IuwhRutenkkde GIEindne FODM@stugy H{ 5 6 %o
(Figure 4.5)However, the DRCR network rounds #i$  dzS  dzim taid2finexaiVid n

on OCTDRCR network., 201Bimilarly, CTMO is deéid as any inttretinal cyst andar
GKAOlYSaa x H{5 ¢ NCHRVOYS défefd 8s anyyhyfatehidal Zyde@@A St Ra ®
GKAOlYySadaa x H{5 GAGKAY GKS 2dziSNJ adzoFASt Rao®
cyst or thickness <2SD in all subfields (TaldeHgure 4.6).
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each subfield provided by th®RCR network. (2012fudy. Retinal thickness threshold to

be considered as thickeninfpr each subfield is

Table 4.8. Liverpool OCT definition of diabetic

shown in the right eye.

macular oedg@d&O)

Definition

Grades of DMO

Central subfield intraretinal cysind/2 NJ / |{
2SD

Centre Involving Macular Oedema
(CIMO)

Inner subfieldintraretinal cystand/or retinal
thicknessk2SDmean

Centre Threatening Macular Oedema

(CTMO)

Outer subfieldntraretinal cystand/or retinal
0 KA O1368Bmiedn x

Non-Centre Threatening Macular
Oedema (NCTMO)

No intraretinal cystind retinal thickness2SD
in all subfields

No Macular Oedem&NMO)

Ungradeble

Ungradeble (U)
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NCTMO

Figure 4.6. Liverpool OCT definition of diabetic macular oedebased on the presence of
intraretinal cystand or retinal thickening in the central subfield (Centre Involving Macular
Oedema; CIMO), inner subfields (Centre Threatening Macular Oedema; CTMO), or outer

subfields (NorCentre Threatening Macular Oedema; NCTMO).

4.10 OCT MTHODS

The following sectiodescribesthe OCT acquisition and grading protocols used in this
thesis Spectraldomain OCT (Spealis OCT; HeidelbeEngineering, Heidelberg eye

explorer version 1.10.0.0, software version 6.8a) was used to perform all scans using a
standardsed scaning protocol.For each eye, a 31 line raster scan (30° x 25°) centred on
the fovea was performed (with eyeacking on) with automatic redlme tracking (ART) of
16-25 frameshat wasaveraged to improvéhe image quality ART is an image averaging
function in the software that is used in conjunction with elyacking technology to take
multiple images of the same areatbk retina and average the images to improve image
quality (Podkowinski et al., 2017Yhe higher the ART number, the higher the number of
imagesthat havebeen obtained and averaged produce the final imag&he EDI

technique was used to obtain a single scan centred on the fovea with ART 100 for all
participarts. The OCT volume scan was not captured using EDI technology as the current
Heidelberg software does not allow retinal layer aggmentation to bgerformed on

EDI volume scan®©CT scans were obtained by trained technicians in the Royal Liverpool
Univesity Hospital All grading of OCT images was performedhayPhD candidate (J Ku
Centing of the ETDRS grid on the fovea was essential to all ETDRS subfield measurements.
Therefore, CSffom a subset of the healthy participants and PW&rewbtained by an

experienced secondrader from the Royal Liverpool Hospital reading centre (Mr D Parry)
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to examine intergrader reliability Inter-grader reliability analyses of the GSperformed
in Sections 5.3.2 and 7.3.5.

4.10.1GRADING ORHE QUALY OPCTIMAGES

OCT volume scans were graded as good, fair or ungradeable (Figu@cbd)quality scans
have ecellent or good discrimination dfie retinal and subretinal layerparticularlythe
external limiting membranegLN), ellipsoid zone anBPE . NXzO K Q dhro(govitlibie S E
majority of the gans acquired (Figure 4.7A).fair quality scans, theigstrimination otthe
retinal and subretinal layergp@rticularlythe ELM, #ipsoR 1 2y S FyR wt 9 «
complex) may be less distinct than ina@od quality scarbut still of suitable quality fothe
extractionof reliable data.This should be the case throughout the majority of thars
acquired especially in the subfoveal region (Figure 4.fBungradeable scant)e
discrimination ofretinal and subretinal layers not of suitable quality fathe acquisition of

reliabledata (Figure 4.7CThefoveal depression can be graded as present, absent

ungrackable The foveal depression must be visible for this to be graded as present (Figure

4.8). Vitreomacular traction (VMT) can be graded as absent, questionable evidence of VMT,

definite evidence of VMT (Figure 4.9) and ungradeabldT with traction is graded as
definite VMT (Figure 4.9A) while vitreomacular attachment (VMA) is considered @ahorm
appearance and is graded as no evidence of VMT (Figure Ard&)iretinal membrane

(ERN) can be graded as absent, questionable evidence of ERM, definite evidence of ERM
(Figure 4.10) and ungradeabMacular holes can be graded as absent, questionable
macular hole, partiathickness macular hole (Figure 4.11),-foltkness macular hole or

ungradeable.
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Figure 4.7. Reference OCT images of image quality. (A) Good quality scan (B) Fair quality

scan (C) Ungraehble quality scanimages courtesy of D Parry.

Figure 4.8. Example of normal foveal depressitmages courtesy of D Parry.
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Figure 4.9. Reference images of vitreomacular interface (A) Vitreomacular traction (B)

Vitreomacularattachment. Images courtesy of D Parry.

Epiretinal membrane (ERM)
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Figure 4.11. Example of partithickness macular holdmages courtesy of D Parry.
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4.10.2MEASUREMENT @HOROIDAL THICKNESS

Choroidal thickness was measured using the standard Spectralis calliper tool aligned
vertically from the centre of the fovea depression to the choroidrscjunction and
perpendiculartto the RPEThe distance from the choriocapillaris to the choroid sclera
junction was taken as the choroidaickness (Figure 4.12Jhe Bscan where the foveal

depression was the deepest was used.

?"_Pt-vov:-m
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796 Choroidal Thickness

Figure4.12. Example of centre foveal thicksemeasurement andcentral choroidal

thickness measurement.

4.10.3RETINAL LAYER SEGWVK¥cNON

The Spectralis OCT software can perform aaggmentation and provide retinal thickness
measurements for the retinal layers shown in Table E&ch layer was naga using
terminology as proposed by the international nomenclaturetfar OCT panedescribed in
Section 4.4Staurenghi et al., 2014igure 4.13)To obtain retinal layer thickness
measurements, autsegmentation waperformed on all scang\ll Bscans of each eye

were examined to assess the quality of the asegmentation Auto-segmentation was
deemed acceptabld each of the layers was clearly demarcated and no manual adjustment
was necessary (Figure 4.14Mganual segmentation was deemed necessary if

segmentation lines did not separate each layer clearly and needed to be thaadgsted
(Figure 4.14B and 4.14®etinal segmentation was deemed as not possible (and the image
ungradeable) if retinal layers were not sufficiently defined to allow for manual

segmentation (Figure 4.14D).
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Table 49. Retinal layers provided by theleidelberg Spectralis Segmentation software

Retinal layer
Total retinal thickness (ILM to thet 9 k . NHzOK Q& OF

Retinal rerve fibre layer (RNFL)

Ganglion cell layer (GCL)

Inner plexiform layer (IPL)

Inner nuclear layer (INL)

Outerplexiform layer (OPL)

Outer nuclear layer (ONL)

Retinal pigment epithelium (RPE)

O 0O N| o O &~ W| N| B

Inner retinal layer (from the ILM to the ELM)
hdzi SNI NBUAYlFE €1F&@8SNJOFNRBY

=
o

e e e RS R T A

B RNFL B e OPL ] rPe

B GcL B N ] onL
Figure 4.13. Segmentation of retinal layegperformed using Heidelberg Spectralis
software. (A) Boundaries of retinal layers (B) Colour representation of retinal layers.
Retinal rerve fibre layer (RNFL), Ganglion cell layer (GCL), Inner plexiform layer (IPL),
Inner nuclear layer (INL), Outer plexifm layer (OPL), Outer nuclear layer (ONL), Retinal
pigment epithelium (RPE). Images frolmvernizzi et al. (2018)
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Figure 4.14Segmentation of retinal layergA) Example of Bcan where all retinalayers
were well defined with autesegmentation. (B and C) Example of&an where manual
adjustment of the ILM line was necessary to exclude the ERN) Example of Bcan
where retinal layers were not sufficiently defined to allow for autsegmentationor

manual adjustment (ungradable).

4.11 CHAPTER CONAOMS

This chaptecovered a brief literature review on OCT relevant to the EDDMO study and
retinal thickness measurements in healthy participants and PWD with no or minimal DR in
some previous studie3.his chapterlso described the Liverpool OCT definition of DMO,
whichisused in the EDDMO studyhe fdlowing chapter (Chapter ®xaminesretinal

thickness and volume in healthy participants and PWD with no or minimal DR in

EDDMO study and compar¢hemwith studies described in this chapter
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CHAPTER 5. OCT ANAISYGF HEALTHY PARHABITS AND PEOPLE
WITH NO DIABETES WINO OR MINIMADIABETIC RETINOPATHY

5.1 CHAPTERITRODUCTION

Retinal thickness measurements are important for the diagnosis and monitoring of DMO
(Amoaku et al., 2020Y o evaluate the effect of DMO, a comparison of retinal thickness

with normal eyes and eyes with no or minimal DR is neeledlescribed in Chapter 4,

there are limited full retinathickness and different layer thickness data in the literature

using the Heidelberg Spectralis OCT in healthy participants and PWD with no or minimal DR
(Invernizzi et al., 2018, Chopovaiaal., 2011) There haalso beeradebate with regards

to whetherthe axial length is related to retinal thickne3oto et al., 2011)This chapter

addsto the existing literature by providing data on retinal thickness measuremers in

healthy participants andxaminesthe effects of agegender and axial length on retinal

thickness.

TheDRCR network. (2018udy, describel in Section 4.7 provided baseline ETDRS subfield
measurements for PWD witto orminimal DR (ETDRS 10 and 20) to allow comparison of
retinal thickness as DR progressdswever, theDRCR network. (2018%ed the ETDRS DR
classification while the EDDMO study uslee LDESP classification which wdesscribed in
Section 2.5Therefore, this bhapter usesthe ETDRS classification to allow direct comparison
with the DRCR network. (2@) study while subsequent chapters will use the LDESP
classificationsAnalysegperformedin this chapteexaminesthe effects of age, gender, type
of diabetes, duration of diabetes amtbA.on retinal thickness in 112 PWD wiib or

minimal DR (ETDRS8 and 20)Thereare further retinal thickness analyses on eyes with

or minimalDR according to their LDESP classificatidBhapter 7Therefore, there are no
comparisons of the retinal thickness between healthy participants and PWD with no or

minimal DR in this chapter as thesemparisons will be made in Section 7.3.9.
5.2METHOD®F DATA ANALYSES

Generaland OCmethodswere covered in Chapters 3 andWhere data from both eyes

were available, one eye was randomly selected for anaBtasdAltman analysiand

intra-class correlation werased to assessiter-grader reliabilityin Section 5.3.2 (i dzZRSy (i Qa
t-tests were used to examine differences between two groups (Sections 5.3.2, 5.3.3 and

5.3.4).Univariate linear regression was used to exarime effect of participant factors on
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retinal thickness in Sectig®b.3.3 and 5.3.4Bonferroni corrections were made to pdt for
multiple comparisonsAll data analyses were performed using Excel (2016), GraphPad
Prism (version 8) and SPSS (vergmn

5.3RESULTS

5.3.1 ASSESSMENT@ET QUALITY

In the 50 healthy participants, 50-&ans werevailable for grading ard2 (84%pf these
were graded as being of good quality while 8 (16%) wefeaipfuality. There were no B
scans that were ungrable. The foveallepression was present in ald8ans and there
was no evidence of VMT, ERM or macular holes irBsoans Retinal autesegmentation
was posdile in all layers in 31 (62%)sBans whilananual segmentation was required in 19
(38%) Retinal segmentation was not possibie all BscansAssessment of OCT quality in
PWDis described in Section 7.3.4.

5.3.2INTERGRADER RELIABIY

Asdiscussed in Section 4.10, the positioninghaf centre of the ETDRS gridessential to

the subsequent accucy of obtaining retinal thicknesses and volumes in all subfields
Therefore,CSTrom 30 of the 50 healthy participants (60%) was obtained by the first
grader (J Ku) and an experienced second grader (D Parry) from the Liverpool Ophthalmic
Reading Centre to establish intgrader reliability There was no significant difference
betweenCST obtained by the first and second gradpairedt-test, t=1.76,p=0.09) Bland
Altman analysis showed low bias (Figure Similarly,a high degree ointer-grader

reliability was foundising intraclass correlation (ICCOJhe average measure 1C@sal.000

with a 95% confidence interval from 0.999 to 1.008 £&3542432;p<0.00).
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Figure 5.1Bland-Altman plot showing the bias of central subfield thickness (CST)
between grader 1 and 2 (N=30Vhe limits of agreement are not provided hede to all
data agreeing except in three caseBherefore, all differences are zero except in the three

cases and the data are not normally distributed.
5.3.3RETINAL THICKNESS&ND VOLUMEIN HEALTHY PARTIONHA

OCT imaging werabtained from 50 health participants (26 males, 24 females) with a
meanxSD age of 534 years (range 285). Of the healthy participants, 48 wereaGcasian

one Chinese and one other Asi&ue to the small number of noiCaucasianit was not

possible to compare ethnic differeas.¢ KS LI NI AOA LI yiaQ YA YR{5 V&
were 0.06+0.16 logMAR and.08#.12 logMAR respectivelyhe mean+SD CPT was
234.8+23.3 um anche meartSD mmMTMV was 8.67+0.33 miriThe mean+SD axial length
was 23.63+1.2 mm (range 21.74 to 26.98 mm) and the mean£SD spherical equivalent was
0.44+2.1 dioptre sphere (DS) (ranges to 3.63 DS heir mean+Spm full retinal
thicknesgsand volumein all subfields are shown in Table 5.1 while the retinakinés®s

of individual retinal layesand subfields are shown in Table 5The ETDRS subfield
thicknesgsand total macular volum®in males and females are shown in Table 5.3

Females had higher retinal thicknesscross most subfields compared to madesept in

the CST and NINWales had significantly higher C$¥2(540,0=0.014) and lower IOM
thicknesgescompared to females£2.177,p=0.034).

Univariate linear regression was used to exantireeffects of age gender, axial lengtbn
different retinal thickneses in healthy participants the central, inner and outesubfields
(Table 5.4)Adjustments for multiple comparisons were made with Bonferroni corrections.

Therewas a significant correlation between the male gender and INL thicknédss @©SF.
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There were no significant correlations between retinal thickness and the other variables

after the p value had been adjusted for multiple comparisons.

Table 5.1Retinal thickness (um) and volume (mfhin all ETDRS subfields in healthy

participants

ETDRS subfield | Retinal thickness Retinal volume
MeantSD(um) MeantSD (mm)

CSF 282.#23.9 0.22+0.02

SIM 345.6+14.6 0.55+0.02

NIM 347.915.8 0.55+0.02

1Y 342.4+13.3 0.54+0.02

TIM 331.%12.3 0.52+0.02

SOM 300.3t13.7 1.59+0.07

NOM 317.6t13.2 1.68t0.07

IOM 288.6:11.8 1.53t0.06

TOM 282.1#12.1 1.50+0.06

Table 5.2Retinal thicknesguum) of each retinal layer in all ETDRS subfields in healthy

participants

ETDRS | RNFL GCL IPL INL OPL ONL RPE

subfield | MeantSD | MeartSD | MeantSD | MeartSD | MeantSD | MeartSD | MeantSD
CSF 13.3+2.0 | 16.3+4.6 | 22.4+4.1 | 19.846.3 | 26.5+5.6 | 94.1+9.7 | 18.0+2.1
SIM 25.3+2.8 | 52.7+4.6 | 42.2+2.9 | 39.4+3.3 | 33.4+6.8 | 70.7+10.3 | 16.7+1.5
NIM 21.9+2.4 | 52.0+4.9 | 41.943.4 | 40.0+3.9 | 35.5+9.9 | 72.0+13.8 | 16.7+1.7
1Y 26.1+2.7 | 52.3+4.6 | 41.8+3.2 | 40.5+3.4 | 34.4+6.4 | 67.2+10.1 | 16.1+1.7
TIM 18.1+1.3 | 48.1+4.4 | 41.943.1 | 39.6£3.5 | 30.3+2.9 | 73.847.2 | 15.8+1.4
SOM 38.345.6 | 34.4+3.4 | 28.0+2.7 | 31.1+2.1 | 26.7+1.9 | 61.247.1 | 14.6+1.4
NOM 50.4+£7.0 | 37.443.7 | 29.1+2.9 | 34.1+2.3 | 30.1+3.9 | 57.448.0 | 14.0+1.4
IOM 44.5+6.3 | 32.5+3.0 | 26.3+2.3 | 30.4+2.3 | 27.0+2.4 | 53.1+6.0 | 13.8+1.3
TOM 19.1+1.6 | 34.6+4.2 | 31.6+2.7 | 32.5+2.0 | 26.8+1.8 | 58.9+5.5 | 13.8+1.2
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Table 5.3ETDRS subfield thickness and total macular volume in male and female healthy

participants (N=50)

ETDRS Mean Retinalthickness (um) or volume (m#)
subfield Males (N=26) | Females (N=24) t-test | P*
Mean+SD Mean+SD

CSF 290.5+27.76 274.2+15.46 2.540 | 0.014
SIM 345.3+£16.72 346+12.29 0.175 | 0.862
TIM 331.4+14.43 332.4+9.78 0.271 | 0.788
[(IM 341.6x15.19 343.4+11.19 0.473 | 0.638
NIM 348.7+18.13 347.0£13.23 0.383 | 0.704
SOM 297.4+13.65 303.4+13.44 1.552 | 0.127
TOM 280.5%£12.92 283.9+£11.09 0.976 | 0.334
IOM 285.3+11.74 292.3+10.86 2.177 | 0.034
NOM 316.0+12.88 319.3+13.62 0.889 | 0.379
Volume TMV | 8.63+0.35 8.72+0.30 1.052 | 0.298

*Statistically significant results are reported in bold
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Table 5.4 Thickness values in the ETDRS central, inner and subfields and the effect of age, gender and axial lengthvatugmegehealthy participants

Age (ears) Gender Axial length
Layer | Subfield| Thickness Intercept Estimated P Adjusted | Estimated P Adjusted | Estimated p Adjusted
(um) coefficient p coefficient* p coefficient p
Mean+SD
Full
retina | Centre 282.7423.9 120.27 0.281 | 0.257 0.771 1.009| 0.885 2.655 6.205| 0.023 0.069
IS 342.0+13.5 371.36 -0.149 | 0.313 0.939 -0.778 | 0.852 2.556 -0.882 | 0.578 1.734
0Ss 279.2+11.9 381.31 -0.164 | 0.181 0.543 -0.947 | 0.782 2.346 -3.163 | 0.019 0.057
RNFL | Centre 13.3+2.0 14.22 0.024 | 0.255 0.765 1.060| 0.081 0.243 -0.120 | 0.598 1.794
IS 22.9+1.9 28.43 0.011 | 0.589 1.767 -0.148 | 0.798 2.394 -0.258 | 0.245 0.735
0os 37.3+4.6 40.04 0.026 | 0.608 1.824 -1.907 | 0.181 0.543 -0.132| 0.806 2.418
GCL | Centre 16.3+4.6 24.41 0.065 | 0.150 0.4%0 2.965| 0.023 0.069 -0.560 | 0.249 0.747
IS 51.3+4.4 45.27 -0.003 | 0.942 2.826 -0.412 | 0.762 2.286 0.272 | 0.601 1.803
oS 34.7+3.2 23.35 0.014 | 0.672 2.016 -1.290 | 0.180 0.540 0.478 | 0.192 0.576
IPL Centre 22.44.1 27.88 0.039 | 0.356 1.068 2.053| 0.088 0.264 -0.369 | 0.415 1.245
IS 42.4:3.0 36.34 0.012 | 0.721 2.163 -0.565 | 0.539 1.617 0.240| 0.494 1.482
oS 28.8+2.3 21.44 0.019 | 0.426 1.278 -1.219 | 0.079 0.237 0.293| 0.264 0.792
INL Centre 19.8+6.3 36.39 0.110 | 0.064 0.192 4.373| 0.011 0.033 -1.054 | 0.098 0.294
IS 39.143.1 42.03 0.003 | 0.941 2.823 0.323 | 0.736 2.208 -0.139 | 0.705 2.115
0os 32.0£1.9 27.68 0.032 | 0.123 0.369 -1.024 | 0.079 0.237 0.133| 0.541 1.623
OPL | Centre 26.5:5.6 33.06 0.008 | 0.896 2.688 2.953| 0.080 0.240 -0.359 | 0.571 1.713
IS 33.43.9 22.77 -0.046 | 0.277 0.831 1.301| 0.278 0.834 0.527 | 0.249 0.747
oS 27.7+1.8 19.65 -0.001 | 0.952 2.856 -0.249 | 0.654 1.962 0.348 | 0.105 0.315
ONL | Centre 94.149.7 89.20 0.083 | 0.435 1.305 0.111 | 0.970 2.910 0.012 | 0.992 2.976
IS 70.9:8.4 41.78 0.109 | 0.230 0.690 -0.578 | 0.820 2.460 0.995 | 0.307 0.921
0os 57.8t6.1 30.46 0.078 | 0.230 0.690 0.077 | 0.966 2.898 0.973 | 0.167 0.501
RPE | Centre 18.0+2.1 21.57 0.015| 0.501 1.503 -0.485 | 0.448 1.344 -0.176 | 0.468 1.404
IS 16.3t1.4 16.61 0.023 | 0.132 0.396 -0.337 | 0.434 1.302 -0.059 | 0.720 2.160
oS 141+1.1 10.77 0.004 | 0.715 2.145 -0.067 | 0.842 2.526 0.131| 0.310 0.9

RNFL (retinal nerve fibtayer), GCL (ganglion cell layer), IPL (inner plexiform layer), INL (inner nuclear layer), OPL (outer plexiform layegr Gdle@ar layer), RPE (retinal pigment layer), centre (central

subfield), & (inner subfields), OS (outer subfields)
Statistially significant results are reported in baldd highlightedAdjusted p values are adjusted with Bonferroni correction for multiple corrections
*The values fothe estimated coefficient refer to the male gender
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5.3.4RETINALHICKNEESAND VOLUMSIN PWD WITH NO OR MINAL DR
(ETDRS 10 AND 20)

There were a total of 112 PWD (68 males, 44 females) with no (ETDRS 10, N=29) or minimal
DR (ETDRS 20, N=83)eir mean+SD age (range) was 56+15 year8§a@ars) and their
meanzxSD dration of diabetes (range) was 14.2+8.8 yeardJlyears)There were 26
participants with type 1 diabetes and 86 participants with type 2 diab&tasre were 93
Caucasians Indians4 Africans, 3 Other Asians, 2 Pakistani, 2 Chinese, 1 Gypsy Irish
Traveller, 1 Mixed Caucasian and Black Caribbean and 1 participant with undisclosed ethnic
backgroundTheir meanfD near and distance VA were 0.19+0.23 logMAR and 0.0+
logMAR respectively’heir mean hRSD threshold ws64+0.21 logMARI heir mean CRT

D was 239.837.1um. Mean¥D ETDRS subfield thicknesand volume are shown in

Tables 5.5 while the retinal thickness of each retinal layer and subfields are shown in Table
5.6.The ETDRS subfield thickreessznd total macular volumebetween males and females

are shown in Table 5.Kales had significantly higher retinal thickness in the central, inner

subfields, TOM and also TMV compared to females.

Univariate linear regression was used to exantimeeffecs of age, gender, type of

diabetes, duration of diabetes arldbA.on retinal thickness in PWD with no or minimal DR
in the central, inner and outer subfields (Table 5®)ere was a significant positive
correlation between age and INL and ONL in the M8&Ies had significantliyigher full

retinal thickness in the CSF and inner subfiéltisles also had significantly higher GCL, IPL,
INL and ONL in the CSF compared to femBM&D with type 2 diabetes had significantly
higher ONL in the CSRterestingly, there was a significamégative correlation between

the duration of diabetes and ONL in the CBtere was a significant positive correlation
betweenHbA.and both INL and OPL in the C&d-reported in SectioB.5.2, not all
participants had axial length measurementberefae, axial lengttwas not included in this

analysis due talarge amount of missing data (84 of 112, 74.3% missing).
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Table 5.5. Rtinal thickness and volume in ETDRS subfields in people with diabetes with

no or minimal DR

ETDRS subfield | Retinalthickness Retinal volume
MeantSD (um) MeantSD (mm)

CSF 284.530.8 0.22+0.02

SIM 339.1#19.4 0.53+0.03

NIM 341.6:20.7 0.54+0.03

IIM 334.#19.5 0.530.03

TIM 328.4+18.7 0.52+0.03

SOM 294.1+16.6 1.560.09

NOM 308.5t19.2 1.63t0.10

IOM 282.416.5 1.50t0.09

TOM 278.5:14.6 1.48t0.08

Table 5.6. Retinal thickness of each retinal layer in ETDRS subfiejsojie with

diabetes with no or minimal DR

ETDRS | RNFL GCL IPL INL OPL ONL RPE

subfield | MeanzSD| MeantzSD | MeanzSD | MeantzSD| MeantSD | MeartSD | MeantSD
CSF 13.9%3.9 | 16.3t5.4 | 22.6¢5.2 | 22.87.3 | 28.46.1 | 91.2¢13.1 | 18.22.1
SIM 24.8:3.3 | 49.945.7 | 39.34.0 | 40.64.9 | 35.6t7.5 | 68.+10.7 | 16.%1.8
NIM 22.+2.8 | 49.0¢5.9 | 41.x4.5 | 40.3444 | 35.#7.9 | 71.3:10.8 | 16.41.7
IIM 26.1+3.6 | 49.0:¢6.0 | 39.x4.0 | 39.944.0 | 33.47.1 | 67.2412.2 | 15.H1.5
TIM 18.51.5 | 45.36.3 | 40.6¢4.1 | 37.84.4 | 31.334.0 | 73.49.5 16.0+1.6
SOM 35.85.9 | 33.53.4 | 26.83.1 | 30.9%2.7 | 27.42.7 | 60.1+7.9 151414
NOM 46.9:7.7 | 36.0¢4.3 | 27.6:3.3 | 33.43.1 | 29.43.7 | 56.5:8.2 14.6t1.6
IOM 37.66.3 | 31.6:3.7 | 25.4£3.2 | 30.6:3.0 | 27.43.2 | 52.9+7.7 14.2¢41.3
TOM 19.14#1.7 | 33.35.0 | 30.6t3.1 | 32.3:2.9 | 27.3:2.2 | 58.(7.0 14.3t1.3
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Table 5.7. ETDRS subfield thickness (um) and total macular vol{i®/)(mm3) in males

and females in people with diabetes with no or minimal diabetietinopathy (N=112)

ETDRS subfield Retinal thickness (um) or volume (min+SD

Males (N=68) Females (N=44) t-test P

MeantSD MeantSD
CSF 295.331.25 267.%21.61 5.080 <0.001
SIM 343.5:19.67 332.4:17.12 3.068 | 0.003
NIM 346.0t21.52 334.8t17.64 2.867 | 0.005
IIM 338.4#20.93 328.5t15.41 2.792 0.006
TIM 333.9t18.72 319.8t15.35 4.147 <0.001
SOM 293.5:16.62 295.1416.62 0.464 0.644
NOM 309.8:20.23 306.5:17.45 0.911 |0.364
IOM 283.1+18.05 281.313.53 0.518 | 0.606
TOM 280.8:15.88 275.0t11.71 2.088 0.039
Volume TMV 8.38t0.60 8.00t0.98 2.542 0.012

*Statistically significant results are reported in bold
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Table 5.8 Thicknesslues in the central subfield, inner ring subfields and outer ring subfieddsl the effect of age, genderhRSDtype of diabetes,

duration of diabetesand HbA.c on these valuesn people with no or minimal diabetic retinopathy (ETDRS 10 and 20)

Age (years) Gender Type of Diabetes Duration of diabetes (gars) | HbA«.
Layer |Subfield | Thickness|Intercept| Estimated p |Adjusted| Estimated| p |Adjusted| Estimated| p |Adjusted| Estimated| p |Adjusted| Estimated p |Adjusted
(um) coefficient p coefficient* p coefficient p coefficient p coefficient p
Mean+SD *x
Full
retina | Centre | 284.5:30.8 235.0§ 0.474| 0.028 0.084 26.086| 0.000 0.000 -12.296| 0.172 0.514 -0.313| 0.414 1.242 0.312 0.045 0.13§
IS 335.9:18.9| 342.06 -0.165| 0.232 0.696 10.885| 0.003 0.009 -7.706| 0.185 0.555 -0.311| 0.209 0.627 0.103 0.309 0.90(9
oS 291.316.1| 310.77 -0.174| 0.150 0.45 3.027| 0.328 0.984 -9.898| 0.052 0.156 -0.336| 0.121 0.363 0.014 0.874 2.622
RNFL | Centre 13.93.9 8.24 0.050| 0.092 0.276 1.808| 0.018 0.054 -0.112| 0.928 2.784 -0.021| 0.684 2.052 0.032] 0.136 0.408
IS 22.8:2.3 21.00 0.015| 0.407 1.221 0.674| 0.145 0.435 -0.558| 0.460 1.38 -0.009| 0.773 2.319 0.017 0.192 0.576
oS 34.7+4.9 34.83 0.014| 0.726 2.178 -0.706 | 0.477 1.43] -1.560| 0.339 1.017 -0.028| 0.683 2.049 0.017 0.548 1.644
GCL |Centre 16.3t5.4 9.82 0.049| 0.236 0.708 2.675| 0.013 0.039 -0.987| 0.569 1.707 -0.003| 0.970 2.910 0.043 0.148 0.444
IS 48.3t5.6 52.60 -0.097 | 0.026 0.078 0.929| 0.397 1.191 -0.633| 0.724 2.172 -0.080| 0.298 0.894 0.033 0.292 0.876
oS 33.74#4.0 40.10 -0.067 | 0.026 0.078 0.148| 0.845 2.534 -1.242| 0.321 0.963 -0.089| 0.096 0.288 -0.008 0.72¢ 2.16(Q
IPL Centre 22.6+5.2 13.9¢ 0.054| 0.163 0.489 2.918| 0.004 0.012 -0.042| 0.979 2.937 -0.004| 0.953 2.859 0.059 0.034 0.102
IS 40.0:3.8 42.07 -0.052| 0.071 0.213 0.865| 0.237 0.711 -0.788| 0.510 1.53 -0.088| 0.087 0.261 0.032 0.12] 0.363
0Ss 27.7H#2.9 32.11 -0.037| 0.096 0.288 0.131| 0.817 2.45] -1.076 | 0.245 0.735 -0.091| 0.022 0.066 -0.005 0.776 2.328
INL Centre 22.8t7.3 7.24 0.164| 0.002 0.006 4.975| 0.000 0.000 -3.394| 0.114 0.342 -0.049| 0.591 1.773 0.099 0.008 0.024
IS 39.6:3.7 38.86 -0.001| 0.967 2.901 1.417| 0.059 0.177 -1.024| 0.403 1.209 -0.057| 0.273 0.819 0.024 0.262 0.786
0os 32.0:2.7 35.91 -0.019| 0.372 1.116 -0.271| 0.613 1.839 -1.607| 0.070 0.21 -0.086| 0.024 0.072 -0.004 0.794 2.382
OPL |Centre 28.746.1 17.03 0.049| 0.293 0.879 1.022| 0.388 1.164 0.893| 0.645 1.935 0.090| 0.278 0.834 0.095 0.005 0.015
IS 34.1+4.4 30.42 0.013| 0.703 2.109 1.513| 0.088 0.264 0.047| 0.974 2.922 -0.008| 0.891 2.673 0.031] 0.212 0.636
oS 28.0:2.3 26.83 0.006| 0.745 2.235 0.291| 0.532 1.596 0.151| 0.842 2.526 -0.022| 0.494 1.482 0.013 0.33] 0.993
ONL |[Centre | 91.2+13.1 78.57 0.347| 0.000 0.000 8.857| 0.000 0.000 -11.326| 0.004 0.012 -0.409| 0.014 0.042 0.034 0.608 1.824
IS 70.0:8.6 71.49 0.063| 0.347 1.04] 3.111| 0.071 0.213 -5.741| 0.043 0.129 -0.139| 0.248 0.744 -0.007| 0.877 2.631
oS 57.0t7.1 61.50 -0.029| 0.598 1.794 1.711| 0.225 0.675 -4.551| 0.050 0.15 -0.060| 0.540 1.620 0.006 0.880 2.640
RPE | Centre 18.2+2.1 19.10 -0.030| 0.073 0.219 0.394| 0.353 1.059 0.357| 0.608 1.824 0.011| 0.704 2.112 0.002 0.883 2.649
IS 16.4+1.1 16.82 -0.014| 0.128 0.384 0.155| 0.493 1.479 0.196 | 0.596 1.788 0.011| 0.467 1.401 -0.002 0.813 2.439
0s 14.51.2 15.02 -0.009| 9.335| 28.005 0.150| 0.539 1.617 -0.198| 0.622 1.866 -0.004| 0.822 2.464 0.002 0.75§ 2.265

RNFL (retinal nerve fibtayer), GCL (ganglion cell layer), IPL (inner plexiform layer), INL (inner nuclear layer), OPL (outer plexiform layegr Gddlear layer), RPE (retinal pigment layer), ce(deatral
subfield), IS (inner subfield), OS (outer subjield

Statisticaly significant results are reported in badahd highlighted

Adjustedp values are adjusted with Bonferroni correction for multiple corrections

*The values fothe estimated coefficient refer to the male gender

**The values fothe estimated coefficient réer to type 2 diabetes
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5.4 CHAPTERS$CUSSION

This chapter provides baseline OCT retinal thickness values in healthy participants
performed with Heidelberg Spectralis based on the larger ETDRS grid which adds to the
limited number of studies in this aré@hopovska et al., 2011, Innezzi et al., 2018,
NievesMoreno et al., 2017)Results from this chapter found similar full retinal thickness
values across all ETDRS subfietaspared to studies on Caucasia@althy participants by
Chopovska et al. (201apdInvernizzi et al. (201§)igure 5.2)The EDDMO studpund
similar CSEompared to other studies thainly reported on CSF (Table 5Bhe EDDMO
study reported similar mean retinal thickness inshsubfields in different retinal layers in
healthy participants compared to the study bwernizzi et al. (2018}his is unsurpsing as
both studies mainly ha@aucasian participants (Tables 4.5 and &&mparisons of RNFL
thickness in the CSF is shown in Table 5.10
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Figure 5.2 Comparison afieartSDof the full retinal thickness(um) in the EDDMO study

and studies byChopovska et al. (2018nd Invernizzi et al. (2018n healthy participants
All studies used Heidelberg Spectralis OCT.

Table 5.9 Comparison of the full retinal thickness in the central subfield obtained from
the EDDMGstudy with some previous studiegn healthy participants.All studiesused
Heidelberg Spectralis OCT

ETDRS MeantSD central subfield thickness (um)

subfield | EDDMO study,| Grover et al. Chopovska et al.| NievesMoreno et al. | Invernizzi et al. (2018)
50 eyes (2009) 50 eyes |(2011) 34 eyes |(2017) 297 eyes 200 eyes

CSF 282.7+23.9 270.24£22.5 277.4+16.8 278.2* 280.1+17.5

*SD not available
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Table 5.10Comparison of theRNFL in the CSF obtained from the EDD&t@ly with

previous studiesn healthy participants All studiesused Heidelberg Spectralis OCT

ETDRS subfield MeantSD retinal thicknessSD (um)
EDDMO study, | NievesMoreno et al.(2017) | Invernizzi et al. (2018)

50 eyes 297 eyes 200eyes
CSF 13.3+£2.0 12.61* 12.8+1.8

*SD not available

In the healthy participants examined in the EDDMO study, there was little evidence of
significant correlations between age and retinal layer thickness; this is in agreement with
Invernizzi et al. (2018However, it contrasts with the results Afasil et al. (2013)They
found thinning of the RNFL with ageifidnis difference could be due to thgearange of

the participants and the OCT scan protocol ugdte healthy participants examined in this
chapter (mean agé5+14 years, range 235)and inInvernizzi et al. (201&tudyincluded
adult participantsonly while Alasil et al. (2013xamined 190 children and adult
participants with a wider age range (mean age 334.3, range 86). In addition,Alasil et
al. (2013used an OCT scangpocol for glaucoma assessment that measupedipapillary
RNFL (pRNFL) thickness centred on the opgt; this scan protocol measur&NFL
thickness from the whole retinéLee et al., 2016However the study byinvernizzi et al.
(2018)and the EDDMO study both usadnacular OCT prototcentred on the fovedn
doing so, these studiagould have evaluated a much small@rfon of retinal nerve fibres

(Curcio and Allen, 1990)

Interestingly, there was no significant difference in full retinal thickaebstween male

and female healthy participants except for tii&SF and IOM (Table 5.Bis is in contrast

to Invernizzi et al. (2018yhere males had significantly higher retinal thickness in full retinal
thicknesgsin all subfields, IPL in the inner subfields, INL in the central and inner subfields,
and ONL in all subfield$his difference could be due to the small sample size (N=50) for
healthy participants in the EDDMO study compared to the studymsrrizzi et al. (2018)
(N=200)Grove et al. (2009)whorecruited a sample of 50 healthy participajgsso did

not find any statistically significant difference in retinal thickmesdsetween genders.

Similar to the study binvernizzi et al. (2018}here was a gnificant correlation between
axial lengthand full retinal thickness ithe centre and outer ETDRS ring in healthy
participants.However Invernizzi et al. (201&)Iso found a significant correlation between

axial lengthand GCL thickness in the CSF and outer subfields, IPL in the outer subfields and
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OPL in the CSFhis difference could also be due to the larger sampleisilzevernizzi et al.
(2018)(N=200).

Macular volumameasurements can provide another parameter in addition to thickness
measurements to assess macular pathologeenpbell et al. (2007@xamined 65 eyes
with DR and suggested that central retirvolumes may be better than Thh
differentiating CSMO from ne@SMOIn another study,Campbell et al. (2007ag¢ported
that retinal volume measurements may be less affected by scan artefacts caused by
changes in fixation compared to TRConsequently, it may be of value to obtain full volume
measurements in RS subfields in healthy participants as a starting point for future
comparisonsResults from the healthy participants in this chagfind that there were
progressively increased retinal volusfeom the CSFto the inner subfields and outer
subfields which is similar taviurthy et al. (2015)In addition, the retinal volume was
highest in the nasal outer subfield and lowest in the temporal inner slabfidich is

consistent with the normal macular anatomy and similaMuorthy et al. (2015jindings.

Full retinal thickness measurements in all ETDR&esds from theDRCR network. (2012)
study from 122 eyes of PWD witto orminimal DRETDRS 10 and 20) described in Section
4.7 provided values for comparison in other studies involving PABDiscussed in Section
4.9, theDRCR network. (201&udy has been pivotal in providing a reference point to
describe DMO using OCT becaw@estandard deviations from mean CSF thickness derived
from that study has been used in mulpétudies to define DMBandello et al., 2015,
Bressler et al., 2014, Cuniaz et al., 2016, Dodo et al., 2015, Mori et al., 2016, Mal.et
2017, Ribeiro et al., 2015, Sun et al., 2014a, Sun et al., 2015, Vujosevic et al F2016)
retinal thickness values in PWD with orminimal DR (ETDRS 10 and 2@nfthis chapter
allowed for comparison with data from tHeRCR network. (2018judy.The results from

this chapter showed similar fethickness measurements in all ETDRS subfields compared to
the DRCR network. (201@igure 5.3.
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Figure 5.3 Comparison afieartSD of thefull retinal thickness(um) in the EDDMO study
and the DRCR network. (2012}fudy in PWD wittho or minimal DR Both studies used
Heidelberg Spectralis OCT.

In the DRCR network. (2018udy, males had higher retinal thicknesscross all subfields.
Inthe EDDMO study, PWD matesd significantly higher retinal thickness across most
subfields (CSF, SIM, NIM, IIM, TIM and TOM) compared to PWD females (TaBW/B.7).
males had significantly higher full retinal thickness the CSF and inner subfielgisd the
CSF of the GCL, IPL, INL and ONL compared to PWD females (Talllerg.8)ere also
significant correlations between age and INL and ONL in the CSF in PWD (Tabkes5.8)
contrasted with the absence of a significant correlation between ageetnuhl thickness

in the healthy participants (Table 5.4hese differences may be due to the larger sample
size in the group of PWD (N=112) compared to the healthy participants (No&t).
significant correlatioabetween retinal thickness and type 2atletes, duration of diabetes
and HbA.were reported in Section 5.3.4s this analysizasperformed on PWD with no
or minimal DR, a similar analysiasrepeated in all PWD, which will include PWD with

more severe DR in Section 7.3.7.

In summary, thisttapter provided OCT paramete thealthy participants antbr PWD

with no or minimal DRResults from this chapter added tioe existing literature and

provide baseline values for PWD with more severe DR in subsequent chépterall

retinal thicknesss and layer thicknesses found in the EDDMO study in healthy participants
and PWD with no or minimal DR are broadly comparable with previous stitlisss
reassuring as it suggests that the methods used in the EDDMO study are reliable and

reproducible.
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CHAPTER HRSD IN HEALTHY PIERRHANTS AND PEORVIEH
DIABETES WITH NDDABETIC RETINOPATH

6.1 CHAPTER INTRODWAN

As with OCT thickness measurements, it is important to have aerstathding of what
constitutes normahealthy performance in vision tests, and in the case of this thesis, the
normal hRSD threshol@his chapter provides information on the largest databaseadult
normative valuegor both 3AFC and 4AFC hRSD thresholds currently availdides are
onlytwo published studies thdbcus on hRSD thresholds in healthy participgWang et

al., 2009a, Wang et al., 201&)d two studies where data is available from control groups

in clinical studie¢Bennett et al., 2016, Lott et al., 202The wide age range of participants
available (10 years) in this chapter also allows for the assessment of the performance of
the hRSD with ageing.

During the development of the hRSD test, vasimersions of the test wengsed.In the

study byWang et al. (2009h}here was no difference in the hRSD threshold between the
2AFC desktop and the 4AFC chart versions of theAeafiscussed in Section 2.6.3, the
4AFC version dhe hRSD test, available as an applicatarmobile devicesvere

introduced in addition to the original 3AFC hR&sion. The advantage of thisducesthe
chance level of lucky guesses and decrease the likelihood of overestimatingweanfe,
without changing the measured threshold (Section 3.31dbwever there has only been

one conference abstract explicitly comparing the performance of the 3AFC and 4AFC tests,
and this was potentially confounded because the 3AFC test was run oncang 4AFC on
an iPadBartlett et al., 2015)In the present study, the results of the 3AFC and 4AFC tests,
presented on the same device (an iPodjll becompared.This is important as the
differences betweendevices, such as screen size or device sized edidct performance.
Giventhat some clinical studies have used the 3AFC version, it would be useful to have
some assurance that data collected on patients in the present study can be directly

compared withthose earlier studies.

Another issueaddressed in this chapter is the te®itest variability of the hRSD test in
healthy participants; this has not been previously examiddthough there are relatively
few published reports of hRSD threshold in heglpiarticipants, it is valuable taow how

consistently the tesperforms in a different setting with different participants, so a direct
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comparisorwasmade.One issue that is rarely addressed in the literature is how healthy
participant groups that areecruited based on seffeportingare actually healthyOften, VA
and perhaps undilated ophthalmoscopy wehe only informationavailable(Ku et al.,

2016, Wang et al., 20090 thisstudy, macular OC$ available on the group of 50 healthy
participants recruited to be agmatched controls for the PWD; these 50 participants are
compared to 99 participants who had no OCT to address this isaglyin this chapter,

the hRSD thresholdf healthy participants areompared with PWD who have no clinical
evidence of DR (ROMO)henormative valuegstablishedrom this chapterare usedfor

comparison with patient datan subsequent chapters.
6.2 METHODS OF DAANALYSES

Please refer to Clpgers 3 and4 for general and OCT method@andAltman analysis was

used to assess tesetest reliability in Sections 6.3.2, 6.3{5{ dzR &t¥sts @ere used to
examine differences betwesdie two groups (Sections 6.3.2, 6.3.4, 6.3.5, 6.3.7, 6.3.8,
6.3.10).Pearson correlation coefficientagused to examine the strength of correlation
between two variables (Sections 6.3.1, 6.3.2, 6.3.3, 6.3.4, 6.3.5, 6.3.6, 6.3.7, 6.3.8, 6.3.10).
All data analyses were performed using Excel (2016), GraphPad Prision(g¢@nd SPSS

(version 25).
6.3 RESULTS

6.3.13AFCRESULTS

The 3AFC version of the hRSD test has been available for longer than the 4AFC version and
used in many older studieBor the 3AFC version of the hRSD test, data wbtainedfrom

186 healthyadult participants (72 mak, 114 females) who had a me&8D age (range) of

42+17 yearq16-90 years)MeantSDhRSD threshold wa6.770.14 logMAR.Mean near
VA(N=168) was0.05+0.14 bgMAR, distanc®’A (N=186)0.03+0.12 ancCN=170) was

1.72 +0.12logCS units.

An analysis of the effesbf age orthe 3AFC hRSD threshold and near VA for the same eyes
(Figure 6.) generated a statistically significant correlation between age and hRSD threshold
(Pearsormr=0.35; p<0.001) with a slight increase in threshold (worse performance) with age.
The slope of the least squares regression line ¥188026. While this was similar to what

was observed for near VA=0.51; p<0.001; regression slope.0051), the difference

betweenthe two regression slopes was statistically significasdz¢85.4; p=0.005) with
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more declinein near VA with age compared to hRSD threshdltilethe hRSD threshold
across the sample correlated significantly with near M8.21, p=0.005), there was0

significant correlation with C$+.02, p=0.8; Figure 6.2

0.6 NEAR VA Y=0.005079*X - 0.2419
% 0.2-
%ﬂ 02_ .......................................
2 = L]
= -0.64
=
-‘s“ -1.0 :

1.4 —e— 3AFC hRSD Y=0.002645*X -0.8913

—r 1T 1 1 1T T T 1
10 20 30 40 50 60 70 80 90

Age (years)

Figure 6.1Effect of age on 3AFC hRSD threshold and nearA/lot of 3AFC hRSD
threshold (black circles) and near VA (grey circles; both logMAR) againstragaear VA,
data were availdle for 168/186 participantsLeast squares linear regressidines (x95%
Cl), with equationsare shown.Solid black function at the bottom of the plot is taken from
Wang et al. (2009b)

A B
0.0+ 0.0-
r=0.21; p=0.005
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Figure 6.2Relationship between 3AFC hRSD threshold (A) and neafByAn healthy
participants.Solid line is the leassquares linear regression line (£95% Qe correlation

coefficient and its gatistical significance arshown on each plot.
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6.3.2 3AFC TESRETET REPEATABILITY AMIMPARISON WITH DFNCE AND
NEARVA

There are no published data on hRSD-tesest repeatability in healthy participant$est
retest repeatability is important to assess the performance stability of the hRSDrieisis
study, intrasessional, shetérm and longterm repeatability isexamined.The

intrasessioal test-retest repeatability othe 3AFC version was investigated in a subgroup
of 74 participants (mean+SD age 43+16 yeansge 1680 years. The meaaSDthresholds
for the first and second tests werB.70t0.22logMAR and0.72+0.23 logMAR respectively;
there was no statistically significant difference between these thresholds (patesdt;
t=1.722, p=0.089).The mean difference between the two tests wa02t0.12 logMAR.
Data wereavalable for 30 participants (mea$Dage57+24years range 1890years who
were tested under identical conditions on two separaticasions, 6442 days apart. Mean
thresholds were0.68:0.20 logMAR aneD.72+0.18logMAR for the first and second tests
respectively (=0.997, p=0.327), andthe mean differencdoetween the two tests was
0.04+0.2logMAR. Finally, 15 participants (me&iage 4&16years range 189yearg
were tested on two occgions separated by a measD of 320.9 months. Thresholds for
tests 1 and 2 were0.74+0.12 logMARINd-0.78+0.11lo0gMAR respectively£0.780,
p=0.449) and the meardifference between the two testwas 0.040.18 logMAR.

BlandAltman analyse of all three datasetd={gure 63), demonstrated the expected low
mean biass The 95% limits of agreement wendgder when tests were conducted in
different sessions separated by either several weékgure 6.3Bor years Figure 6.3
compared to within the same sessidfigure 63a). There was no obvious pattern to the
scatter of the points on the plot3.here vere significant correlations between
intrasessionalrE0.847 p<0.001) and sho#term (r=0.407,p=0.026) hRSD thresholds but
not longterm (r=0.105,p=0.711) thresholds.
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Figure 6.3Bland-Altman plots for testretest analysis of the 3AFC version oethRSD
test. Solid line is the mean bias, dotted lines are 95% limits of agreement. (A) Two tests
run within a single session; N=74 (B) Two tests run 64+42 days apart; N=30 (C) Two tests

run 39+0.9 months apart; N=15.

In the same participants who haghort-term and longterm test-retest repeatability for the
3AFC hRSD, their distance and near ViArtdest repeatability werexamined to compare
them with their hRSD result$here were no intrasessional VA data availaBlertterm
test-retestrepeatability data were available for 13 participants with distance VA and 17
participants with near VA:or their distance VA, thmeantSDRhresholds for the first and
second tests were0.011+0.1dogMAR and0.0015+0.09 logMAR respectively; there was
no statistically significant difference betwednese thresholds (pairetitest; t=0.306
p=0.765). The mean difference between the two tests waa09+0.11 logMAREor their
near VAthe mean+SD thresholds for the first and second tests wei@4+0.14 loylAR
and-0.08+0.27 logMAR respectively; there was no statistically significant difference
between these thresholds (pairgetest; t=0.511; p=0.617). The meadifference between
the two tests was0.034+0.28 logMARBlandAltman analyss of the shortterm VA of both
distance and near VA showémlv mean biass(Figure 6.4)The 95% limits of agreement

were widerwith near VA compared to distance VA.
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Figure 6.4Bland-Altman plots for testretest analysis of shorterm VA.Solid line is he
mean biasand dotted lines are 95% limits of agreementA) Distance VA; N=13 (B) Near
VA; N=17.

Longterm testretest repeatability data were available fbb participants with distance
and near VAFor their distance VA, thmeantSDhresholds for tke first and second tests
were-0.03t0.15logMAR and0.03t0.15logMAR respectively; there was no statistically
significant difference between thegbresholds (paired-test; t=0.098 p=0.924). The mean
difference between the two tests wds003t0.11logMAR For their near VAhe mean+SD
thresholds for the first and second tests wér®2+0.13logMAR and.11+0.17 logMAR
respectivelythe difference between these thresholdgas juststatistically significant
(pairedt-test; t=2.157 p=0.049). The meadifference between the two tests was
0.08t0.15logMAR BlandAltman analyss of the longterm VA of both distance and near
VA showedow mean biass(Figure 6.5)Similar to shorterm VA results,le 95% limits of

agreement were widewith near VAcompared to distance VA.
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Figure 6.5Bland-Altman plots for testretest analysis of longerm VA.Solid line is the
mean biasand dotted lines are 95% limits of agreementA) Distance VA; N=15 (B) Near
VA; N=15.
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6.3.34AFC ESULTS

For the 4AFC versiori the hRSD test, data were availabie 149 healthyadult
participants (64 males, 8&males) who had a meafsD age (range) of 426 yearq18-85
years). MeantSBRSD threshold wa8.79+0.12 logMARMean neavVA (N449) was
0.01+0.15 logMARJistanceVA(N=149)was-0.06+0.12and CSN=106) was 1.68+0.10
logCS units.

Similar to the 3AFC threshold results, analysis of the eftécige on 4AFC hRSD threshold
and near VA for the same eydsdure 6.6 generated a statistically significant correlation
between age and 4AFC hRSD threshold (Pear€a?0; p<0.01) with a slight increase in
threshold (worse performance) with age. The slope of the least squares regression line was
+0.0015. While this wasrsilar to what was observed for near ViA{.68; p<0.001;

regression slopet0.0062), the difference between the two regression slopes was

statistically significant (9,~33.98 p<0.001).
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NearVA Y =0.006172*%X -0.2710
-1.5- =—— 4AFC Y=0.001472%*X - 0.8520
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Figure 6.6Effects of age on 4AFC hRSD threshold and near A/plot of 4AFC hRSD
threshold (black circles) and near VA (grey circles; both logMAR) against_ aget

squares lhear regression lines (+95% @lith equations, are shown.
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6.3.44AFC TESHETEST REATABILITY

Testretest repeatability of the 4AFC hRSRsavadlable foronly 7 participants (mean+SD
age 37113 years; range-b8 years) tested HD.76 months apartFigure 6.7). The
meanxSDhresholds for the fist and second tests wer€.83+0.11 logMAR an@.834.12
logMAR respectively here was no statistically significant difference between these
thresholds (paired-test; t=0.096 p=0.926).There were no significant correlations
between hRSD thresholds=0.490,p=0.265)
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Figure 6.7Bland-Altman plots for testretest analysis of thelAFC version of the hRSD

test. Solid line is the mean biagnd dotted lines are 95% limits of agreementwo tests

run 19+0.76 months apart; N=7.
6.3.5COMPARISON OF SARIDMAFC RESULTS

Comparison of the 3AFC and 4AFC versions of the hRSD wer@mnalgerticipants who
had performed the 3AFC and 4AFC versions of the hRSIB teshparison was mada

106 participants who did both versions of the test in one sesdiB@participants
completed the 3AFC versipand 149 participants completed thRBAFC versiorlhe
meantSD age (range) of the participants who undertook the 3AFC af@ dévrsions of the
hRSD were 427 years (180 years) and 42+16 years (&8 year$ respectively (unpaired
t; t=0.186;p=0.853) Other participant ctaracteristics weralescribed irsections 4.2 and
4.4. Mean 3AFC and 4AFC hRSD thresholds ¥Wefé+0.13 logMAR an@.79+0.12
logMAR respectively (unpairegt=0.74Q p=0.460).
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106 participants (42 Mak 64Female¥ completed the 3AFC and 4AFC versions of the hRSD
testin a single sessioifthe meanzSD age (range) of the participants was 37+13 years (18
72 years)Mean 3AFC and 4AFC hRSD thresholds ¥#We82+0.12 logMAR an@.81+0.11
logMAR respectively (paird¢t=1.334 p=0.185).BlandAltman analysis (Figu&8)

revealed a very low level of bia®(013+0.097 logMAR) and 95% limits of agreement of

0.20 to 0.180gMAR.
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Figure 6.8Bland-Altman plot showing mean bias (solid line) and 95% limits of agreement

(dotted lines) for the 3AFC vs 4AFC version of the hRSD t

Comparison of the effect of age on both the 3AFC and 4AFC hRSD thresholds and near VA
wasmade Figure 6.9, and there was a weak, though statistically significant correlation
between age and both 3AFG).189, p=0.053) and 4AFC thresholds=0.219, p=0.024).

There was a significant correlation between age and near¥?661, p<0.001).
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Figure 6.9Influence ofage on 3AFC and 4AFC threshafdl on near VA for 106
participants.Least squares linear regression lines along with the functions forlthes

are shown.
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As there was no difference in 3AFC and 4AFC thresholds, these groups have been combined
for comparisons with PWD in subsequent sectjamdess otherwise statedd description of

the combined participants is as follswAll 4AFC threshotd(N=149) were combined with

selected 3AFC thresholds in participants who only did the 3AFC version of the test (N=80)
with atotal of 229 participants (13%fnales, 94 males).This was done to ensure that

results from participants who did both versionstbé test did not overlapThe meaaSD

age (rangedf the combined participants were 448 years (180 years). Their mea$sD

hRSD threshold wa8.77#0.13 logMARTheir meaaSD distance and near VA was

0.04+0.12 logMAR aneD.02+0.15 logMAR respectively.

6.3.6 RELATIONSHIP BETWERESE AND HRSD THREEDSN YOUNGER
PARTICIPANTS (< 35ARPAND OLDER PARTICIRAN o xp)p , 9! w{

As discussed in Section 2.6.3Mang et al. (2009Hpund that global hyperacuity reaches

adult levels by 21 years of agadthen and remains stable until 55 years olthereafter,

global hyperacuitystartsto deteriorate at the rate of 0.035 logMAR per decade

determine if there is a deterioration of hRSD in healthy participants after 55 years old in the
EDDMO studythe relationship between age and hRSD thresholds in younger participants
(<55yedlB 2t RO FYyR 2f RSNJ LI NIAOALI yGa oxpp &SI NJ
participants previously described Section 6.3.5 (Figure 6.10here vasno correlation

between age and hRSD threshold in both yourggeticipants (=0050, p=0.52¢ and oler

participants (=0.119 p=0.351). The slopes of the least squares regression lineaw

+0.0009 in the younger participants and +0.0019 in the older particip@htsdifference

between the two regression slopes was not statistically significapts£0.28,p=0.55).
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6.3.7COMPARISON OF 4AHRSED THRESHOLDSERLIREPORTEDSUALLY
HEALTHY PARTICIPANBSEALTHPARTICIPANTS WITHRNMAL MACULAR
OCT

Often studies have control groups in which if VA is normal for age, and participants report
no problems or ongoing treatment, then thaye assumed to be healthy. However, in
addition tothe 99 selfreported visually healthy participants whundertook the 4AFC hRSD
test, there were als&0 healthyparticipantswho hadnormalmacular OCin the EDDMO
study. All the healthyparticipants had norral anterior segment and undilated fundoscopy
examinatons on the slilamp.The mean&D age (range) of the 99 participants who did not
have any OCT (38 males, 61 females) andhparticipants who ha@CT (26 males, 24
females) were 3613 years (189 yars) and 55+14 years (Bb year$ respectivelyTheir
mean 4AFC thresholds wei@80+0.12 logMAR an.774.11 logMAR respectively
(unpairedt-test; t=1.379,p=0.170) . The mean8D nealA for the participants who had no
OCT and patrticipants who had O&dre-0.05+£0.12 logMAR ar@06+0.16 logMAR
respectively (unpairetttest; t=4.830,0<0.001).The mean+SD distance VA for the
participants who had no OCT and participants who had OCT wered01@8agMARand-
0.08+0.12 logMARespectively (unpairetttest; t=0.933 p=0.352) As expected,ltere was

no significant correlation between theSTof the participants who had OCT and their hRSD
thresholds, distance or near VA (Figérgl).

116



A B C

0.0 z 02 . 0.6
. < . L ] L] L] . E‘ e
: % e o . < 04 ° -
g 05 o ® oo R : -
) H . = . & 0.2 * o ®s°
: e gl A S 3ot
= . e ¢ < 0.0 —'T{_...—.'—;.—
E 1.0 o e e g 02 ”‘.‘ -o:o . ; (3 R
] g s, 202 e oe :0

-1.5 r=0.20; p=0.155 -0.4 r=-0.013; p=0.931 0.4 r=-0.72; p=0.622

T T T 1 I T T 1 r T T 1
200 250 300 350 200 250 300 350 200 250 300 350
CST (um) CST (pm) CST (pm)

Figure 6.11Relationship between central subfield thickness (CST) BRED (A), distance
(B) and near VA (C) in healthy participants (N=88lid line is the leastegression line.

The correlation coefficient and its statistical significanaee shown on each plot.
6.3.8HRSD TEST TIMES AABQUIREMENTS FORHIRD TEST

Fa the 106 participantsvho completed both the 3AFC and 4AFC versions of the hRSD test
the meansSDtest times for the 3AFC and 4AFC versioase 193.356.6 and 194.254.9s
respectively (paired-test; t=-0.158, p=0.875).Test timeresults were available for 98
participantswho undertook the 3AFC and 4AFC hRSD tests withthethright and left

eyes. The mean test timgfor the 3AFC hRSD test for the right and left eyes were
195.6+61.4s and 182.6+50.9s respectively (patirest; t=2.11,p=0.037).The mean test
timesfor the 4AFC test for the right and left eyes were 196.0+52.5s an®4886.9s
respectively (paired-test; t=2.083,p=0.04).There were no significant correlations between
age and test times fagither the 3AFCrE-0.095,p=0.332) or 4AFC+0.075,p=0.446)
versions of the test (Figure 6.12he regession slopes for the 3AFC and 4ACF test times
with agewere very similar and not statistically significlgndifferent (R 20s=0.028 p=0.869).

A thirdtest was reqired when the withirsession results of the hRSD test differed by 0.30
logMAR or moréWang et al., 2013)n the 3AFC hRSD tests, a third test was required in
3.7% (7 of 190 ey while in the 4AFC hRSD tests, a third test was required in 2.5% (7 of
284 eyes).
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Figure 6.12Effect of age on 3AFC and 4AFC test timesast squares linear regression

lines with the functions for the lines are shown.
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6.3.9RESULTS OF THE UBABIQUETIONNAIRE FOR HEBAY PARTICIPANTS

149 healthy participants undertook a 4AFC hRSD usability questionmhiod consisted of
the 4 questionsshown in Table 6. MostLJ: NIi A @drdelonétiogly agree that they

understood how to use the test (questidn, found the test easy to use (question 2), found

that the test did not take todong to do (question 3) and wesble to use the test to test

their vision (question 41106 of the paricipantsundertook the 3AFC hRSD test in the same

sessiorandanswereal an addional questionthat comparedhe 3AFC and 4AR@rsions of

the test. While 42o0f the participantseexpressed no grgference between versions, 33

found the 3AFC veion easier to use angb%found the 4AFC version easier to use (Table

6.2).

Table6.1. Usability questionnaire results from healthy participants (N=14Rarticipant

responses to each statement shown #w % of participantsounded to whole numbers

Questions Strongly | Disagree| Neutral | Agree | Strongly
disagree agree

1. | understood hovto use the hRS[ 1 0 1 17 81

device

2. The hRSD test was easy to.use | 1 1 3 15 80

3. The hRSD test did not take too | 1 2 3 32 62

long to da

4. | could use the hRSD device to | 1 1 9 29 60

test my own vision

Table 6.2. Usability questionnaire result®mparing the 4AFC vs 3AFC hRSD (N=106).

Participant responses to each statement shown as % of participaatsided to whole

numbers
The 3AFC The 3AFC hRSI| There wasnho The 4AFC hRSI The 4AFC
hRSD test was| test was difference in test was hRSD test was
much easier to| somewhat the eas of somewhat much easier to
use easier to use using either easier to use use
test
9 24 42 19 6
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6.3.10COMPARISON OF 4AHRSD THRE®LD AND CENTRAL BIEHBD
THICKNE&SIN HEALTHY PARTIENTS VEWDWITH NCDR(ROMO)

As discussed in Chapter 1, studies have found abnormalitER@, CS, colour vision, dark
adaptation and microperimetry in PWD with no or minimal(BRarse et al., 2006, Hardy et
al., 1992, Greenstein et al., 1993, Jackson et al., 2U0h®) sectiorexplores whether there
are any differences ithe hRSD threshokbetween healthy participants and PWD with no
DR.There were 2PWD(17 Male, 12 Female) who had B&R (ROMO)Their meantB age
(range) vas56+14 years (285 years)and their meaaSD duration of diabetes (range) was
7.3t3.9 years (416 years)Their meantD near and distance VA were 0.20+0.24 logMAR
and 0.039€.16 logMAR respectivelffhehRShOhresholds of these participants were
compared to the 22%ealthy participantsiescribed in Section 6.3.5hehRSD thresholds

for the PWD and healthy participantgere -0.68+0.18 logMARNd-0.77+0.130gMAR
respectively these thresholds were statistically significantly differ@mpairedt-test;
t=3.12,p<0.003. ThehRSD threshoklacross the age range weleeh compared for both

the PWD and healthy participants (Figure 6.T3)ere was an increase tine hRSD

threshold (worse performance) in both healthy participants and PWD across the age range
(Figure 6.18 However, the PWD performed consistently worsetlom hRSD test across the
age range by approximately 0.1 logMAR compared to the healthy particigants.
comparison of the regression lines for the two groups demonstrated that while there was
no significant difference in regression slopes6=0.0017 p=0.97, the interceptswere

significantly different (F.%=5.5 p=0.02Q (Figure 6.13)

119



z
S -0.5-
bo
e
2 1.0-
o
-

hRSD ROMO Y = 0.001892*X - 0.7905

1.5- === hRSD healthy Y =0.001819*X - 0.8479

I 1 1 1 1 1 1 T 1
10 20 30 40 50 60 70 80 90

Age
Figure 6.134AFC hRSD threshold across the age range for people with diabetes with no

diabetic retinopathy (ROMO; N=29; grey circles) and healthy participaiNs229; black

squares)Least squares linear regression lines along with the functions for the lines are
shown.

The CST dhe PWD vascompared with the CST of the 50 healthy participants who had
OCT as described in Section 6.3Te mearCST of the PWDas thinner (279+£23.9 um)

compared to the healthy participants (283+23.9 um) but this difference wastatstically
significant (unpaired-test; t=0.61,p=0.54).There was no significant correlation between

the CS of the PWD and their hRSD threshold, distance VA or near VA (Figure 6.14).
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Figure 6.14Relationship between central subfield thickness (CST) and hRSD (A), distance
(B) and near VA (C) in people with diabetes with no diabetic retinopathy (RON30)id

line is the leastregression lineThe correlation coefficient and its statistical significance

are shown on each plot.

The meansDtest timesfor the PWD (16567s) were shorter compared to the healthy
participants (194.254.99, and this difference was stistically significanfunpairedt-test;
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t=2.42, p=0.017). Similar to the healthy participants, the PWD reported high usability for
the hRSD test (Table 6.3).

Table 6.3. Usability questionnaire results from people with diabetes and no diabetic
retinopathy (ROMO) (N=29)Participant responses to each statement shownthg % of

participantsrounded to whole numbers

Questions Strongly | Disagree| Neutral | Agree | Strongly
disagree agree

1. I understood how to use the hRS 0 0 0 38 62

device

2. The hRSD test waasy to use 0 0 0 41 59

3. The hRSD test did not take too | O 0 0 38 62

long to da

4. | could use the hRSD device to | 0 0 7 38 55

test my own vision

6.3.11 SUMMARY OF 8BLTS
6.3.11.1Healthy participants (Sections 6.3.1 to 6.3.9)

There was aignificant decline in both 3AFC and 4AFC hRSD thresholds and near VA with

age but hRSD threshold was less affected by age compared to near VA (Sections 6.3.1, 6.3.3
and 6.3.5)3AFC hRSD showed low intrasessional, sieom and longterm testretest

repeatability (Section 6.3.24AFC hRSD showed low largn testretest repeatability

(Section 6.3.4)There was no difference in the 3AFC and 4AFC hRSD thresholds (Section
6.3.5).There was no difference in the decline of hRSD threshold in younger participants <55
years old and older participantsp p & S NBR 2 f Rheré yaS @diffezeyice m o dc 0 ®
hRSD threshold or distance VA in participants who had no OCT compared tpaaisici

who had OCT (Section 6.3.The right eye, which is tested first, had a longer hRSD test

time compared to the left eyelhere was no correlation between hRSD test time and age

(Section 6.3.8)Participants reported good usability of the hRSD testi{Sn 6.3.9).
6.3.11.2Healthyparticipants compared tdPWD with no DR (Section 6.3.10)

hRSD threshold of PWD was significantly worse compared to healthy participsibs.
performed worse across the age range compared to PR¥ID had a shorter hRSD test

time compared to healthy participant®WDreported good usability of the hRSD test.
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6.4 CHAPTER$CUSSION

The purpose of this chapter is to establish normative thresholds for the 3AFC and 4AFC
versions of the hRSD test and to ditgatomparethe two versions of the test on the same
device.This is important to confirwhetherthe 3AFC results from older studies are
comparable with more recent studies that have used the 4AFC hRSDhediaseline test
retest variability of the hRSD test in normal fp@pants was also investigatethis chapter
offers macular OCT in addition to visual information (hRSD, distance and near VA) on the
validity of seHreporting when recruiting healthy participants for studies. Several published
studies have used normalVvand seHlreported eye health (i.e. the absence of diagnosed
conditions or ongoing treatment) to recruit participar{(i&/ang et al., 2009b)rhe hRSD
thresholds of healthy participants have also been compared with those of\whémhave

no clinical evidence of DR (ROMO)determine if there are any hRSD deficits in-pliaical

DR.

The 3AFC hRSD threshold obtained in this stdy{+0.14 logMAR) is lower (better
performance) than thresholds from those reported in previous studiesthis may be due
to the differentmean ageand age rangef the participants involved (Figure 6.18Yang et
al. (2013yeported slightly poorer performance wittine 3AFC iPod version of the task (
0.69 logMAR) for a control group of older healthy participaht=27, mean age 69earg in
a clinical study. This corresponds well to a media® @ 1ogMAR recently reportecbf

the same version of the task that wabtained from a group of healthy pcipants with a
mean age of 74 years (N&3Lott et al., 2021)Broadly, it appears that in the hands of
different researchers, and when usen different participants, the hRSD test performs

consistently.
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Figure 6.15Comparison of mean 3AFC hRSD threshold compared with thresholds in other
studies(Wang et al.2013, Lott et al., 2021)The number of participants, meatSD age

(years) and age range in each study are shown.

The 4AFG(@.79+0.12 logMAR) thresholdisat we observed inhis studywere slightly
poorer than that reported byVang et al. (2009KFigure 6.16)They invesgated both
children and adultsvith the stimuli presented in two different formats, a 2AFC version
presented on a computer monit@nd a 4AFC version presenteddararts The thresholds
returned from these two methods were in good agreement. For adults agetB32ars
(N=97%, they reported a threshold 090.86 logMARThere is one report on data from 10
relatively young cotmol participants (mean age 36 years range 1666 yearg from a
clinical studyin which the task was presented on an iRaat reporteda threshold of

0.70+0.10 logMARBennett et al., 2016)Giventhe differences in participant selection,
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testing procedures and study settings, the values#®FChRSD thresholds appear to be

consistentbetweenthis study and previous studies
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Figure 6.16Comparison of mean 4AFC hRSD threshold compared with threshioldther
studies(Wang et al., 2009b, Bmett et al., 2016)t | NIi A Oliniider yfriear QD age
(years)and age range irach study shown except for the meaB8D age fronWang et al.

(2009b) which is not available (NA).

In the EDDMO studyealthy participantsvere recruitedbased on selffeportingand
participants having a normal VA and-#itnp examinatio, which is similato most
previous studies thaprovided normative hRSD threshol@¥ang et al., 2009b, Bennett et
al., 2016, Lott et al., 2021Pnly one study added having either a normal fundus
examination or OCT as an inclusion criteifdfang et al., 2013Without OCT imaging,
subtle macular pathology that may affect vision could be mig¢kedvallick et al., 2018)
Therefore, a comparison of participants who had no OCT (N=99) was made with
participants who undertook additional macular OCT (N=50) to assess the quality of
traditional methods of assuming normality vs additional OCT imagmgmeantSDhRSD
threshold br the participants who did not haveny OCT-0.80+£0.12 logMAR) was better
than the participants who had a normal macular OQ177+0.11 logMAR). The slight
difference in hRSD thresholds may be due to the difference iméenage of the
participants with the participants who did not have alyCT beingounger (meatSD age
3613 years) compared to the participants who had the OCT (mean agd §®gars)lt

was reassuring that there was no statistical significance between the hRSD thresholds.
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The slight increase the hRSD threshold with age obseniadhis chaptelis consistent

with previous reportfWanget al., 2009b)While the correlation between age and hRSD
threshold was statistically significant, the slope of the regression line implied an average
decline of only 0.0026 logMAR per decade between the ages of 20 years and 80 years
(Figures 6.1 and 6.6kiven that the decline in near VA over the same period proceeded at
almost twice this rate (slope of regression=0.0051 logMAR), hRSD performancesappea
be relatively resistant to the effects of normal ageigang et al. (2009t5uggested that
since hRSD measures the shape discrimination sensitivity with visual stimuli containing low
spatial frequencies, it is much less subgettio the reduced optial quality of the ageing
eye(Wang et al., 2009bYhey also proposed that the rate of deterioration with ageing for
hRSD is approximately 60% of that ¥&k(Wang et al., 2009bWang et al. (2009b)
suggestedhat radial shape discrimination mighelstable up to the fifth decadeith a

slight decline then occurring, even in the absence of any obvious pathology (the function
represented by the solid black linekigure 6.1aken fromWang et al. (2009bWhile we

saw no evidence of this pattern in our data (Figure 6.10), it should be noted that our oldest
participantswere selected on the basis that they had no retinal pathology in their selected
eye. As early AMD is a highly prevalent condition,pauticipants are probably
unrepresentative of the general population at older ages into the seventh andheight
decades of lifeOverall while there is some decline in hRSD threshold with normal-(non
pathological) ageing, this does indeed seem to be lesmked compared to other aspects

of visual function. This is a useful attribute for a test that might be teekbtect age

related pathologiessuch as AMIPitrelli Vazquez «dl., 2018)

There has not been any previously published normative hRSketest variability data
available for the hRSEest. The mean difference observed between two hRSD tests within a
single session aneéparated by several weeks or even many months was consistently close
to zero and the limits of agreement relatively narrow. Even over an extended period,
performance remained stable, although we were only able to assess this in a relatively
small (and relavely young) group of participants. The Blafltiman plots did not suggest

any consistent relationship between average performance and variability. Low levels of
test-retest variability are a desirable feature of a test that might be used longitudinadlly o
extended period®f time to monitor for the development of diseaggvang et al., 2013)

hRSD testetest variability in PWIk explored in Chapter 9he normative distance and

near VA repeatability is approximately one line (5 lett¢ks)vieKitchin andBrown, 2000)

LovieKitchin (1988proposed that a reduction of 8 letters is an appropriate referral
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criterion. An equivalent could be @eterioration in hRSD threshold gf 1 ®:B8pogMAR as
obsened byWang et al. (2013)hen participants with early AMD or DR progressed to
more advanced diseas&he hRSest-retest variabilityis comparable with distance and
near testretest variability Interestingly, the hRSD and near VA showed more comparable
limits of agreement while distance VA showed more narrow limits of agreerbig.may

be because the hRSD is a near task held at@ingalistance.

There wereno differences when comparintpe 3AFGnNd 4AFC thresholds participants

who undertook both tests in a single session (pairéest) or at different time points
(unpairedt-test). The EDDMO studgund no differences in ageffects between the 3AFC
and 4AFC versions of the te€onfirming that the two versions provide comparable
thresholds is useful as it suggests that it is possible to make direct comparisons between

older studies based on the 3AFC version and newer stbdiesd on the 4AFC version.

There were no differences in the test times between the 3AFC and 4AFC versions of the
test. Both versions took just over 3 minutes for each élesting for the right eye took
longer than the left eye for both versions of thesteAs the right eye is routinely tested

first, there may be a learning effect for the left eye to perform the test fagteerestingly,
PWD and no DR (ROMO) took less time to perform the task (M&s)g et al. (2013)
reported a test timeof 92sin a combimed group of participants who wenrgsually normal
(N=27), have AMD (N=37) and had DR ()\438 possible that participants with more
visual pathology have less ability to proceed with the finer hRSD task and reach the
endpoint faster.There may be an expectation that younger particiggamay perform the
hRSD test faster but, there was no correlation between age and test tithesresults of

the usability questionnaire demonstrated that the majority of participants understood how
to use the test, found it easy to use, felt it did nokeéatoo long and were confident using it
(Tables 6.1 and 6.3).

Interestingly, a significant difference in the hRSD threshold between healthy participants
and PWD who have no clinical evidence ofi2R found(Section 6.3.10)This suggests that
hRSD can dect deterioration in visual function before clinically visible DR. The PWD had a
small (approximately 0.1 logMAR) but consistent deterioratiothehRSD threshold across
the age rangeThis implies that the hRSD threshold for PWD needs to be set ti¢eedt

range compared to healthy participants. addition due to the slight decline of hRSD with
age, a change in hRSD threshold compared to baseline measurements may be a more

suitable referral criterion instead @n absolute hRSD threshold offt(Kaiser et al., 2013)
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However, these 29 participants may not be representative of patients with né\®Rart

of the inclusion criterion for this study, PWD has BEP screening grade of M1 in one or
more eyesOf these 29 patrticipants, onBweregraded as ROMO in both eyes while the
other 26 had some DR in their fellow on clinical examinafltnis suggests that these
participants may be part of the spectrum pditients with more severe diabetic changes
compared to participants with ROMO in both eyes in the community who have never been

referred to the DEC.

Lastly, the EDDMO studiyund no difference in the usability of the two versions. Similar to
previous reslis (Wang et al., 2013xll of theparticipants found the test easy to
understand and executéo partcipant failedto produce a result.iSce this is a study of

motivated healthy volunteers, comparisoase made withPWDin subsequent chapters.

In summary, this chaptezstablished normative 3AFC and 4AFC hRSD thresiwbiids, is

important for comparisonsvith PWD hRSD thresholds in subsequent chapléris chapter
showed that the 3AFC and 4AFC hRSD thresholds are equivalent, allowing comparisons with
earlier studiesThis chapter found that the hRSD test had desirable features to monitor

visual functiorsuch as low testetest variability, less decline with age compared to near VA
and good usabilityinterestingly, there was a decline in hRSD performance in PWD with no

DR compared to H@nd further examination of hRSD performance in PgdDade in

Chapte 8. The following chapter @xamines retinal thickness as detected by OCT in PWD.
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CHAPTER 7. CRGSIECTIONAL ANALYSFSRETINAL THICKNESS
FROM OCT IN PEOPLEMDIABETES

7.1 CHAPTERITRODUCTION

In precedingchapters, OCT thickness measurements of healthy controls (HC) and PWD with
no or minimalDR (ETDRS 10 and ETDRS 20)heereexamined to allow comparisons with
previous studies using ETDRS DR grades (Chapt@ishaptefocusson the cross

sectiond analysis of PWD with a wide range of DR severity from mild to more severe

disease.

DR screening wasstablished taeduce the risk ofisual morbidity from theocular
complications of diabetesince the introduction of DR screening in the UK, there has been
much discussion on ways to improve its effectiveness and service profitacding et al.,
2003, Olson et al., 2013)he current DR screenipgogrammeis based on the recognition

of specific features from funduphotographsas discussed in Chapt2(Section 2.5.4JNHS
Diabdic Eye Screening Programme, 2012s recognised that using these features is not

as effective in detecting maculopathy compared to retinopatbge study found that in a
local screening service, 119 out ofl3RWD were screened as R1ML1. In theséRMio
werereferred as maculopathy suspects, only 38.3% had OCT evidence of macular oedema.
This means that most of the PWD in that study did not require a ref@Matkenzie et al.,
2011)

This chapteexaminesthe OCT dataf PWD with various levels of DR severity
investigatebaseline structural parameters to detect the presenextent and severity of
DMO.Specifically, theetinal thicknesesacross the ETDRS subfield©@fTs collected iHC
and PWDare examined according to their retinopathy and maculopathy grades based on
the LDESP gradingyiteria described in Chapter @ndLiverpool OCT criteria described in
Chapter 4and treatment outcomesBoth full retinal thickness and retindlitkness of
different layersare examined.This chapterlso specifically examis¢he full retinal
thickness and thickness of different layers in PWD with earlyMbieh aregraded

accordirg to their NDESP grades and Liverpool OCT grades (SectionThi3®)apter
begirswith a descriptive analysis of the PWAXescriptive analysis of the healthy controls
(HC)can be foundn Chapter 5Given the length of tis chapter, Figure 7.1 showrse

organisationof the chapter
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Figure 7.1 Organisation of Chapter 7.
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7.2 METHODS OF DAANALYSES

Generaland OCTethodswere covered in Chapters 3 and BlandAltman analysis was

used to assess integrader reliability inSection 7.3.5{ { dzR Stgsis @ereused to

examine differences between two groups (Secti@gr&3, 7.3.5, 7.3.6, 7.3.9Oneway

ANOVAwith Tukey post hoc testwasused toexamine differences betweegroups

(Sectiors 7.3.3 7.3.6, 7.3.8, 7.3.9Bonferoni corrections were made to adjust for multiple
comparisonsUnivariate linear regression was used to examine the effefcpatient

factors on retiral thickness in Section 7.3Fatient factors that could have affected retinal

thickness such as age,rger, type of diabetes, duration of diabetes and hifwlere

entered into the model as covariatdBearson an®.JS | NI yQa NI y1 &2 NNBf |
were used to examine the strength of correlation between two variables (Sections 7.3.5,
7.3.7).Chisquae test was used to examine differences between categorical data and
CAaKSNna SEFOG GSaid ¢l a dz&aSR 6KSy (KSNB 4SNB
All data analyses were performed using Excel (2016), GraphPad Prism (version 8) and SPSS

(versian 25).

7.3RESULTS

7.3.1 DESCRIPTION PWDAT SCREENING

Participants comprised of PWD newly referred from the screening programme as being
screen positivdor R2+etinopathyor M1 maculopathy in either ey810 PWD with M1 in
one or both eyesas determined by a grader in the LDESP and who attended a DEC in the
HESconsented to participate in the studydg&ion 3.4. For all participants, each eye was
graded by an ophthalmologist and given a retinopathy and maculopathy grade based on
the LDESRKradingcriteria described in Chapter 2 (Section 2E9ch eye was also graded
according to the OCT definition of DMIBveloped irLiverpool(Section 4.9)Participant

flow is shown irFFigure 3.4Eyes with concurrent macular pathology such as intermtedia

to severe atrophic AMD, nAMD, ERM, VMT, macular holes;gpesttive cystoid macular
oedema and amblyopia were excludétharticipants with cerebral pathologies resugim
visual impairment werexcluded After exclusiongata wasavailable from292 RNVD for
analysisWhere data waswvailable from both eyes,ne eye from each PWD weandomly

selected forthe study.
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The mean+Sibme from whenparticipants had their screen event tbeir first visit in the
DEGwas 109+52lays During this period of appximately 3 months, their DR screening
grade could have changed, therefore, their DR screening grade from DEC and not their
screening gradwvere used for analyse160 of the PWttended for a followup visit. The
mean=SD time elapsed between their fiestd second visitwas 191+8%lays.Longitudinal
data from their second visis presentedin Chapter 9Table 71 compares the grading at

screening with thatat the DEC.

This group of PWD comprised jpditients who hadeen newly referred from LDESP to the
DECRetinopathyand maculopathygrades are considered separatéiythis sectionin
LDESP, 23.3% (68/292 patients) was gradédvaisgsightthreatening retinopathy (R2+)
On the other hand,he majority (218/292atients, 74.7%) hd been referred from LDESP
with maculopathy (M1) thatouldbe potentially sightthreatening(Table 71). Of the 218
patients graded as M1 in LDESP, 142 (65.1%) were gradedwsilRIZ6 (34.9%yraded as
MO in DECln addition, of the 28 patients graded as M1 in LDEB®(35.8%) were found
to have NMO, 27 (12.4%) NCTMO, 35 (16.1%) CTMO and 78 (35.8%) CIMQlatdbEC.
the proportion of eyes identified as M1 was higher at screening (74.7%) compared to at
DEC (153/292, 52.4%) (TalBlé).However, the proportion of eyes in each ir@pathy
grade (RO/R1/R2/R3) wenpiite similar between LDESP and DEC.

Table 71 Retinopathy and maculopathyrgdes of PWD at the LDESP ahd DEC (N=292

eyes)

Retinopathy grades Maculopathy grades
RO R1 R2 R3 MO M1
LDESP| 20(6.8%)| 204(69.9%) | 52(17.8%) | 16 (5.5%)| 74(25.3%) | 218(74.7%)
DEC | 29(9.9%)| 202(69.2%) | 45(15.4%) | 16 (5.5%)| 139(47.6%) | 153(52.4%)

Asdescribedn Chapter 2there are four criteria fronthe LDESP thagradesan eye as M1.
Table 72 shows the four criteria and the corresponding number of eyes graded under each
criterionin the EDDMO studyl'he last criterion is not applicable as there were no
stereoscopic photographs availabléhe majority of eyes graded as M1 had exudatehin

1 disc diameter (DD) of the centre of the fov@ais first criterion ishe simplest to identify
amongall of the criterigif an eye is graded as M1 baisen this criterion, the eye screen

positive and thd.DESP grader does not need to consillersecom or third criteria that
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may also be present. Therefore, it is not a surprise that most of the eyes graded as M1

(181/292, 62%) were screen positive as a result of this first criterion.

Table 72 NDESP four definitions of maculopathy (M1) and tinegmber of eyes graded
under each of these categories and as M0 (no maculopathy) during screening in this study

(N=292 eyes)

NDESPHefinition of maculopathy No. eyes
MO | Absence of M1 features 74

M1 1. Exudate within 1 disc diameter (DD) of the cewtréhe fovea | 181

2. Any microaneurysm or haemorrhage within 1DD of the cen 19

2F GKS F20SI 2yfe AT FaazoA
stereo)

3. A group of exudates is an area of exudates that is greater { 18
or equal to half the disc areand this area is all within the
macular area

4. Retinal thickening within 1DD of the centre of the fovea (if | Not
stereoscopic photographs availahle) applicable

7.3.2 DESCRIPTIGDF PWD ANBIC

Table 7.3hows the descriptive analysis (number oégyage, gender, % of Caucasian

the group, distance VA, near VA, hRSD thregtoldbothPWDand the 50 age and gender
matched HCFor the PWD, the type of diabetes, duration of diabetes, idpé&rformed

within the preceding 3 months of their first itis% of PWD oimsulin in the group and their
BPisalso shownFor the remainder of this results section, the retinopathy and

maculopathy grades used were the ones given by the ophthalmologist who saw the patient
during their consultation at the DEC @tinvhen the OCT data were also collected.
DifferencesbetweenPWD with different retinopathy (RO, R1, R2, R3), maculopathy (MO,
M1), Liverpool OCT grades (NMO, NCTMO, CTMO, CIMO) and treatritwamhes were
compared b provide additionabackground informaon to understand the demographics

of these PWDwhich wererelevant for further analysis.

As expected, PWD tended to be of working age (m&bh4+14years but with a wide age
range (2086 yearg (Table 7.3)The HC are well ageatchedto the PWD (5514 years

range 2285year9. There were more male PWD (59.9%9t quite as well matchetb the
HC(52% males)The majority of the PWD were Caucasian (85%) with a long mean duration
of diabetes (14.89.1year9 and elevatedHbAc (72.2:21Immol/mol). Halfof the PWD were

on insulin BPcontrolwas generally goofimean systolic 138mmHg, diastolic 82mmHdje
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majority hadtype 2 diabetes (70.9%) while 28.8% ligge 1 and one PWD had maturity
onsetdiabetesof the young (MOD)YThe proportion of PWD with pe 1 diabetes in the
EDDMO study (28.8%) is higher than the UK prevalence (Di@¥%etes UK, 2019 the
PWD with type 1 diabetes had a longer duration of diabetes (21.3#&8u8 compared to
PWD with type2 diabetes (11.9+7 $earg and they werdikely to have more severe DR

requiring referral to DEC.

For retinopathy the majorityof PWDwere graded as R1 (69.2%%).generallyparticipants
with worse retinopathy grades also had worseandistance VA, h8D threshold, longer
duration of diabetes, worse Hhfand a higher proportion were on insulifor the PWD
graded based on maculopathy grades, there were slightly more participants graded as M1
(52.4%) compared to MOn contrast to retinopathy, PWD grad@sMO0 and M1 had similar
meandistance VA, near VA and hR&@shold.M1 (76.221.8mmol/mol)had higher
meanHbAccompared to MO (69.219.5mmol/mol) which is unsurprisingas an indicator of
worse glycaemic controkor PWD graded based on their OGiEgification, a high
proportion were graded as NMO (43.8%), while 31.2% were graded as having CIMO.
Interestingly, CTMO (8Gt20.7mmol/mol)and NCTMO (80#22.4mmol/mol)had the
highestHbAcwhile NCTMO (1667.4y)had the lomgest duration of diabetesThe

relationship between DR severity ahibAclevelsis further explored in Section 7.3

Only 25participants(8.6%)in this studyrequired treatmentafter their first DEC visifAs
expected, PWD who required treatment had worse distancéowa indicaion for
treatment), near VA, hRSD threshold, and higher d&elscompared to PWD who had
no treatment For thePWD who receivetteatment, their age, gender, distance VA, near
VA, hRSD threshold, type and duration of diabetes HINMDESP grade ankttreatmeris
they receivedare shown in Table.Z. Of the PWD who received treatment, 15 received
PRPR9 receivednacular laser and @ommencedntravitreal aflbercept(Eylea)Ofthe 15
PWD who receiveBRP, most of themwere graded as R3 (N=10) or R24).However,a

36 years old male who was graded as REvid CIMOn one eyealso hachighHbAc (96
mmol/mol); he was treated ith PRP and macular lasémsurprisingly, all the PWD who
received maculalaser were maculopathy suspects and graded asTW&re was 75 years
old malewho wasgraded as R1Mand CIMQwith a CSDBf 447um in oneeye he received

intravitreal aflibercepin that eye
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Table7.3 Descriptive analysis of healthy controls (HC) grebplewith diabetes (PWD)One eye from each participant was randomly selected for

analysis. Mean+SBhown for continuous variables

HC All PWD| PWD retinopathy grades* (N=292) | PWD maculopathy PWD OCT classification (N=292) | PWnDtreatment
grades*(N=292) (N=292)
RO R1 R2 R3 MO M1 NMO NCTMO CTMO CIMO Not Treated
treated
No. eyes 50 292 29 202 45 16 139 153 128 31 42 91 267 25
Age(years 55+14 54+14 56+14 54+14 52+15 50+14 55+15 53+14 53+15 51+16 48+11 58+13 54+14 51+18
MeantSD (22-85) (2086) |(2385) |(2086) |[(22-82) |(2884) |(2086) |(21-86) |(2086) |(2286) |(2067) |(2885) |(2086) |(22:84)
(range)
Gender (No.)
M 26 175 17 122 28 8 84 91 70 16 26 63 157 18
F 24 117 12 80 17 8 55 62 58 15 16 28 110 7
Ethnicity 48 (96%) | 248 (85%) |22 (76%) | 174 (86%)] 39 (87%) |14 (88%) | 118 (85%) 130 (85%) | 106 (83%) |26 (84%) |35 (83%) |81 (89%) |226 (85%) |22 (88%)
Caucasian (%)
Distance VA -0.08+0.12 | 0.06+0.19 |0.03t0.16 |0.06+0.17 |0.08t0.25 |0.11+0.28 [0.0740.19 |0.06:0.19 [0.03+0.14 [0.03t0.21 |0.03:0.15 |0.14+0.24 |0.050.17 |0.17+0.33
(logMAR)
Near VA 0.06+0.16 |0.18t0.24 |0.20+0.24 |0.19t0.23 |0.15-0.27 |0.23t0.33 |0.190.23 | 0.19t0.25 [0.1740.23 | 0.11+0.25 {0.1740.19 |0.23t0.27 |0.18t0.23 | 0.2740.37
(logMAR)
hRSD (logMAR) -0.77+0.11 |-0.61+0.24 | -0.68t0.18 | -0.63t0.23 | -0.55t0.25 | -0.4740.29 | -0.63t0.21 | -0.60+0.26 | -0.62+0.25 | -0.67£0.17 | -0.65t0.20 | -0.57+0.24 | -0.63+0.22 | -0.44+0.33
Type Diabetes
(No.)
Type 1 NA 84 1 58 19 6 38 46 31 14 17 22 76 8
Type 2 207 28 144 26 9 101 106 97 17 25 68 191 16
Others** 1 0 0 0 1 0 1 0 0 0 1 0 1
Duration of NA 14.8t9.1 | 7.3t3.9 15.1+8.7 15. 7410 20.9t10.6 |14.7+8.8 14.8t9.3 |14.4t8.8 16.0t7.4 | 14.9t9.8 14.8t9.7 |14.8t9.1 |14.8t8.4
Diabetes(years
HbAc NA 72.9t21 58.4t13.9 |72.520.1 | 79.at22.5 |87.1£23.7 |69.2:19.5 | 76.2t21.8 | 69.9:20.6 |80.8t22.4 |80.8:20.7 |70.7420.0 | 71.2:19.6 |91.4t27.5
(mmol/mol)
On Insulin (%) |NA 145 (50%) | 4 (14%) | 101 (50%) |13 (29%) |9 (56%) |66 (47%) |79 (52%) |58 (45%) |19 (61%) |26 (62%) |38(42%) |132 (49%) |13 (52%)
BP (mmHg) NA
Systolic 138t20 143t15 13820 13920 142+14 13921 138t19 13921 134+15 13315 141+21 138+20 14518
Diastolic 82+11 83111 81+11 81+11 81+14 80.4+10.6 | 83+12 81+12 80+12 81+10 82+11 81+11 83+12

Peoplewith diabetes (PWDno macular oedema (NMO), na@antre threatening macular oedema (NCTMO), centre threatening macular oedema (CTMO), centre involving redeatar (€IMQ)not applicable
(NA) *All retinopathy and maculogthy grades have been given tghthalmologistsn the diabetic eyelmic and not from screening* Maturity-onset diabetes of the young (MODY)
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Table 74 Description of peoplewith diabetes (PWD) who required treatment (N=25)

Age | Gender | Distance Near VA | hRSD Type of Duration of | HbAc LDESP Liverpool CST (um) | Treatment received***
) VA (logMAR) | (logMAR) | diabetes | diabetes (y) | (mmol/mol) grade** OCT grade
(logMAR)
54 F -0.04 0.14 -0.47 Type 1 24 83 R3AM1P1 | CTMO 312 PRP
51 F 0.00 0.10 -0.60 Type 2 15 82 R3AM1 CIMO 290 PRP, maculdaser
28 F 0.18 0.40 -0.50 Type 1 18 140 R3AM1 CIMO 351 PRP
31 F 0.10 0.02 -0.58 Others* 14 118 R3AM1P1 | CIMO 331 PRP
52 M -0.04 -0.06 -0.68 Type 2 12 101 R3AM1 CIMO 270 PRP, macular laser
84 M 1.08 1.32 0.38 Type 2 33 89 R3SM1P1 | CIMO 446 Aflibercept
52 M 0.06 0.20 -0.89 Type 2 15 89 R3SM1 CTMO 303 PRP
43 M 0.30 0.32 -0.25 Type 1 23 67 R3AMOP1 | CIMO 279 PRP
64 M -0.08 0.16 -0.35 Type 2 20 116 R3AMOP1 | NMO 251 PRP
40 M -0.08 -0.08 -0.56 Type 1 27 73 R3AMO NMO 256 PRP
32 M 0.04 0.12 -0.66 Type 1 24 76 R2M1 CIMO 341 Macular laser
74 F 1.00 0.82 0.19 Type 2 7 54 R2M1 CIMO 743 PRPéaflibercept, YAG capsulotomy
74 M 0.32 0.64 -0.06 Type 2 2 42 R2M1 CIMO 640 Aflibercept
53 M 0.16 0.12 -0.72 Type 2 6 134 R1M1 CTMO 310 Macular laser
55 M 0.00 0.06 -0.76 Type 2 10 105 R3AM1 CIMO 286 PRP, macular laser
22 M 0.04 -0.02 -0.69 Type 1 7 131 R2M1 NCTMO 281 PRPaflibercept
28 M -0.06 0.00 -0.66 Type 1 24 117 R2M1 CTMO 281 Macular laser
60 M 0.02 0.16 -0.66 Type 2 15 119 R2M1 CIMO 380 Macular laser
82 F 0.84 1.18 0.20 Type 2 20 Not available | R2ZM1P1 CIMO 591 Aflibercept
32 M -0.16 -0.04 -0.39 Type 2 10 56 R2M1 CTMO 312 PRP
48 F 0.16 0.24 -0.22 Type 1 18 79 R2M1 CIMO 425 Aflibercept
47 M -0.04 0.22 -0.67 Type 2 1 Not available | R2M0O CTMO 279 PRP
36 M 0.06 0.36 -0.20 Type 2 1 96 R1M1 CIMO 289 PRP, Macular laser
50 M 0.02 -0.02 -0.77 Type 2 9 71 R1M1 CIMO 260 Macular laser
75 M 0.42 0.40 -0.45 Type 2 14 63 R1MO CIMO 447 Aflibercept

*Maturity-onset diabetes of the young (MODY)L¥erpool Diabetic Ey&creening Bgramme, ***Peripheral retinalphotocoagulation (PRPyttrium aluminium garnet
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7.3.3RELATIONSHIP BETWHE:cAND DR SEVERITY

Mean HbA. results from Thle 7.3 showed that HbA levels were higher in PWD with more
severe rethopathy grades, which are to lexpected (Figure 74).Oneway ANOVA
showed that there was a significant differenceHhA. between these groups {&~8.666,
p<0.001).Tukey post hoc test revealed thibA.c was significantly higher in R3 (mean
difference 2870mmol/mol,p<0.001), R2 (mean difference Orbgol/mol, p<0.001) and R1
(mean difference 14.080mol/mol, p=0.004) compared to R addition, R%had
significantly higheHbA. compared to R1 (mean difference 14 ®inol/mol, p=0.03).

Again, as expected, PWD with maculopatiiyt(HbA: 76.2:21.8mmol/mol) had

significantly higher meakbA. compared toPWDwithout maculopathy (MQOHbA
69.2£19.5mmol/mol, difference "mmol/mol, t=2.818,p=0.005 Figure 7.2B)There was a
more complex relationship betweddbA. and PWD with the various Liverpool OCT grades
patients with intermediate levels of disease severity (NCTMO and CTMO) had the highest
meanHbA.. Oneway ANOVA showed théte differences irHbAc between these groups
were statistically significant {&=4.673,0=0.003).Tukey post hoc test demonstrated that
CTMO (mean difference 10,8&, p=0.021) and NCTMO (mean difference 1qué%

p=0.043) had significantly highkibA. compared to NMOTherewere no statistically
significant differences betweerdbAc levels in CIMO and other groupggnsurprisingly,
patients requiringreatment (TT; 91.427.5 mmol/mol)hadsignificantly higheHbAc levels
compared to those who didot require treatment NT; 71.219.6 mmol/mol, difference

20.2 mmol/mol t=4.545p<0.001; Figure 7.3D).

The relationship betweehlbA:and CST in PWD was also examifiée. variability oHbA.
levels compared to CST made it difficult to draw any firm ceimhs.In addition, there
were relatively few CST measurements over 400um available for ansliftsighe
available data, no statistically significant correlation betwetdr®.and CST in PWD was

detected (Spearmarho=-0.029,p=0.62)(Figure 7.3
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7.3.4 OCT QUALITY mPWD

This sectiorexamnesthe quality of the OCT images obtained from the PWMi& grading
protocol to assess the quality of OCT images was described in CAastevas theuality

of the OCT images obtained from the.[$Cans from 292 eyes from the PWD were

available for gramhg, of which 85 (29%) were graded as good quality while 207 (71%) were
graded as fair qualityThe bveal depression wadetectablein the majority of the scans
(N=278, 95%)here was no evidence of VMT in the majorityhe scans (N=287, 98.3%);
two had questionable evidence of VMT and three had definite evidence of ViWfe was

no evidence oan ERM in thenajority of the scans (N=290, 99%); one scan had
questionable evidence of an ERM and one scan had definite evidence oNBR&of the
scans hd evidence of macular hole&utomated retinal segmentation was possible in all
layers in 68 (23.3%) scans while some manual segmentation was required in 218 (74.6%)
scanslt was not possible tperform segmentation in 6 (2.1%) scans and only total adtin

thicknessis used for analysein these scans.

7.3.5 INTEfGRADERELIABILITY FOR PWD

To establish integrader reliabilityfor OCT measurement€ST from 60 of the 292 PWD
(20.5%)were measuredndependentlyby an experienced secorgtader from the Lisrpool
Ophthalmic Reading Centre at tReyal Liverpool University Hatg. The 60 PWD were
selected to match the proportions of the total group with regard to retinopathy,
maculopathy, OCT grades and treatment outcome (Table Thig.was done becauskd
PWD who have more gere pathology usually have increasgidtortion of their foveal
anatomythat makest more difficult to identify the foveal centrdt was normal practice for
the first-grader to mark the ETDRS grid on the scan where the foveatsipn was the
deepest.The secondjradercan then seghe mark leading to a potential measurement bias

(Smith and Noble, 2014)

There was no significant difference between CST obtained by the first (J Ku) and second
grader (DParry)(pairedt=0.33,p=0.74).BlandAltman analysis showed low bias (Figiré)
(Bland and Altman, 1986)
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Table 7.5 Comparison of the proportion of people with diabetes (PWD) with the sample

selected for intergrader reliability ineach retinopathy, maculopathy, OCT grade and

treatment

PWD retinopathy grades PWD PWD OCT classification PWD

(N=292) maculopathy (N=292) treatment
grades (N=292 (N=292)
RO [R1 [R2 [R3 [MO [M1 NMO [NCTMO [CTMO |CIMO [Not |Treated
treated
EDDMO |29 202 (45 16 139  [153(53.4%]128 (31 42 91 267  |25(8.6%)
Study  {(9.9%) |(69.2%)(15.4%](5.5%) |(47.6% (43.8%)(10.6%) |(14.4%)(31.2%)(91.4%
(N=292)
Sample |6 (10%)42 9 (15%)3 (5%) |29 31 (51.7%) |26 6 (10%) |9 (15%)19 55 5 (8.3%)
for inter- (70%) (48.3% (43.3%) (31.7%)(91.7%
grader
reliability
(N=60)
3_

Difference of CST (um)
T

24 °
Bias: -0.02+0.39
-3 1 I 1 |

200 250 300 350 400
Average of CST (um)

Figure 7.4Bland-Altman plot showing bias of central subfield thickness (CST) between
grader 1 and 2 (N=60T.he limits of agreement are not provided here due to all data
agreeing except in three casesherefore, alldifferences are zero except in the three

cases and the data are not normally distributed.

7.3.6 COMPARISON GBLIRETINAL THICKNESR@ES ALL ETDRS SEIBBS IN
HCAND PWD

Full retinal thickness measurements across ETDRS subfields are often used in the

assessment and monitoring of RRd DMO Full retinal thickness is measured from the ILM

G2 GKS LIaGSNA2NI 62NRSNI 2F GKS wt9 | yR . NHzOK
Therefore, comparisonsf the full retinal thickness acrosdl ETDRS subfields wanade

betweenHC and PW[and the results are describéu this sectionA comparison of the full
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retinal thickness (mean+SIP)HC and all PWD usitgtatisticsacross all the ETDRS
subfields found no significant differenckstween the two groups (Tabl7.9. The full
retinal thickness of the PWDnew be further examined according to their retinopathy
grades (RO/R1/R2/R3), maculopathy grades (M0O/M1), Liverpool OCT grades
(NMO/NCTMO/CTMO/CIMO) and treatment outconasd comparisonare made with
HC.

Table 7.6Full retinal thickness(mean+SD, um) in all ETDRS subfields in hgadtbntrols

(HC) and peopl&vith diabetes (PWD)

ETDRS PWD HC t-test |p
Subfields |(meanxSD, um|(meanzSD, um)

CSF 291.3t51.5 282.A#23.9 1.16 0.25
SIM 345.8:35.9 345.6+14.6 0.04 0.97
NIM 3490.1442 .4 347.9+15.8 0.19 0.85
[IM 341.3t35.3 342.4:13.3 0.23 0.82
TIM 333.8t28.8 331.9+12.3 0.45 0.65
SOM 303.2:35.5 300.3:13.7 0.57 0.57
NOM 315.5:30.4 317.6:13.2 0.48 0.63
IOM 289.2:26.5 288.6:11.8 0.15 0.88
TOM 285.426.1 282.112.1 0.95 0.34

7.3.6.1 Comparison of HC and PWD with different retinopathy grades

A comparison of the mean full retinal thickness across all ETDRS subfields in HC and PWD
with different retinopathy gradess shown in Figur&@.5.The absolutalifference (AD)s the
difference betweentie mean retinal thicknesses thfe two groups.The relativedifference

(RD) is thebsolutedifference(AD)in retinal thickness betweetwo groupsdivided by the

retinal thickness oHC orthe group vith the less severe DR gradepressed as a

percentage There are a few observations that can be made frogurfe 7.5 Firstly, RO had

lower thickness compared to HC across all subfidlbis varied in different subfieldsom -

3.4um (RD1.2%) in the C&to -10.7um (RDB3.4%) in the NOM(Figure 7.5, Table 7).7

R1 alsdhada lower retinal thickness compared to HC linsabfields except in the CSF and
this variedfrom -0.2um (RB0.1%) in the TOM to-6.4pum (RD2.0%) in the NOM (Figure
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7.5B, Table 7.7R2hadthe highest retinal thickness across all subfields except in the IOM
and TOM where R3 have the hest retinal thickness (Figure 7.5)hen PWD wasurther
separated into R3S (N=6) and RBI&10), a more complex trerigetween the groups was
revealed While it might be expected that R3#ould have the highest retinal thickness
across all subfieldsheir CST of 288.8unvassimilar to that of HC (282.7unfR2hadthe
highest retinal thickness across most of the inner subfields except the Téveule retiral
thickness of R3#vasslightlyhigher(TIMmean thickness R2 347.9 um; R3#8.7um).R3A
hadthe highest retinal thickness in all the outer subfields compared to HC and PWD with
less severe retinopathy gradesST was highém R3S compared R3A(CSTR3S 305.7um,
R3A288.8um) but still less than that &2 (314.9um)R3Salso hada lower retinal thickness
in the SIM compared to H@&hich wasot seen in the othesubfields (SIM: R3S 340.5um,
HC 345.6um) (Table 7.7).

(a) (8)

400 20 5 RO
T £ 154 - R1
=
7 350 g v ? v R
3 g 104 //

E ] \ y + R3
| £ \r/'\“ 4 4
2 T 5 v / A R3S
S 300 2 -
g Z "N s R3A
= 3 o0
R3A e
250 T T T T T T T 1 5=
¥ &S S
CFFS «\‘s\,,,o RO ETDRS subfields

ETDRS subfields

Figure 7.5A) Mean full retinal thickness (um) across all ETDRS subfields of health
controls (HC) and peoplwith diabetes (PWD) with different retinopathy grades
(RO/R1/R2/R3R3A/R3S) (B) Relativdifference (RD;%) of PWD with different retinopathy
grades compard to HC in full retinal thickness across all ETDRS subfi®Dsis the
difference in retinal thickness between the different retinopathy groups and HC divided
by the retinal thickness of the HC expressed as a percent&geor bars have been

omitted for darity.

Thedifferencesdiscussed above were explored with Gray ANDVA Bonferroni
corrections were made to quist for multiple comparisondn Table 7.8the retinal
thickness in each subfield was compared in different retinopagtioyips Only satistically
significant results are shawThe fiist observation is that there wemmore significant
pairwise comparisons in the outer subfielctsmpared to the CSF or inner subfielsthe
CSF and inner subfields, there wémneee significant pairwise companssin each subfield.

As previously described in Figure 7.5, R2 had the highest retinal thickness in the CSF and
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inner subfields while R1, RO and HC had the lov@gtificant pairwise comparisons in the
CSF and inner subfields were betweeraR@ R1, Rand RO and R2 and HC as expected.

The etinal thickness of R2 and R3 were similar in the SOM (R2:3362pm; R3
326.2t40.0um), NOM (R2 334t57.3um, R3 331£26.5um) and IOM (R2 30&45.2um,
R3 307.226.4um) Therefore in SOM, NOM and I10M, significant pairwise comparisons
were between R2 anR3 and less severe retinopathy grades andTH€highest number

of significant pairwise comparisons was in the TOM bec&Bhad a highenetinal
thickness compared to labther groups (R3 318t63.3um, R2 297485.7um, R1
281.917.9um, RO 2758.3.1um, HC 282#12.1um). In the TOM, there were also
significant pairwise comparisons between R2 &igR2 and R@nd R2 and HC
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Table 7.7 Full retinalthickness in all ETDRS subfields in HC and in PWD with different retinopathy grades expressed as absolute difference (AD;

calculated aghe difference betweenthe mean retind thickness of different retinopathy groups and HC) and relative difference (Rilutated as AD

divided by the retinal thickness of HC expressed as a percentage)

CEH SIM NIM 1M TIM SOM NOM IOM TOM
Group |[Meant|AD |RD [Mean AD |[RD |Meantz|AD |RD |Mean+|AD |RD |Meant|AD [RD |Meant|AD |RD |[|Meant|AD |RD |[Mean+|AD |[RD |Meant|AD |[RD
SD  |(um) (%) |+SD (Hm)(um) |(%) |SD  |[(um) (%) |SD  |(um) |(%) |SD  |(Hm)|(%) [SD  |(um) (%) [SD  |(um) (%) [SD  |(Hm)|(%) |SD  |(um) |(%)
(Hm) (pm) (Hm) (pm) (pm) (Hm) (Hm) (um)
HC 282.# |0 0 345.6:14(0 0 347.% (O 0 342.4 |0 0 331.9% |0 0 300.3 (O 0 317.6 |0 0 288.6+ |0 0 282.1 (0 0
(N=50) ]23.9 6 15.8 13.3 12.3 13.7 13.2 11.8 12.1
RO 279.% |-3.4 |-1.2 |336.0t |-9.6 |-2.8 |340.Gt |-7.9 |-2.3 |333.3 |-9.1 |-2.7 |326.CGt [-5.9 |-1.8 |291.% |-8.4 |-2.8 [306.9 |-10.7|-3.4 |279.5 |-9.1 |-3.2 |275.3t |-6.8 |-2.4
(N=29) ]23.9 17.1 20.5 20.0 18.8 13.0 16.8 15.6 13.1
R1 287.4 |47 |1.7 3425 |[-3.1 [-0.9 |343.& |-4.1 |-1.2 |336.%* |-5.5 |-1.6 |331.Gt |-0.9 [-0.3 J297.8 |-2.5 (-0.8 |311.2 |-6.4 |-2.0 |285.2t |-3.4 |-1.2 |281.9t (-0.2 |-0.1
(N=202) 133.6 22.2 22.5 21.2 21.3 18.0 20.0 18.8 17.9
R2 314.% |32.2 |11.4 |365.6¢ |20.0 |5.8 |375.4t |27.5|7.9 |362.2t |19.8 |5.8 |347.% (16.0 |4.8 |326.6 (26.3 [8.8 [334.5 (16.9 |5.3 |306. |17.5 [6.1 |[297.9t |15.8 |5.6
(N=45) ]101.6 72.3 89.9 70.7 48.7 73.2 57.3 45.2 35.7
R3 295.1+ |12.4 |44 |349.8¢ (4.2 (1.2 |358.2 |10.3 [3.0 |352.1 |9.7 |2.8 |342.6: |10.7 (3.2 |326.2 (25.9 (8.6 |331.% |13.5 |4.3 |307.3 |18.7 |6.5 |318.6: (36.5 |12.9
(N=16) |53.6 32.4 30.6 31.1 38.7 40.0 26.5 26.4 53.3
R3S 305. % |23.0 |18.1 |340.5 |-5.1 |-1.5 |351. % |3.8 |1.1 |346.2¢ |3.8 |1.1 |332.% (0.6 |0.2 |304.G- (3.7 (1.2 [321.2+ (3.6 [1.1 |295.G: |6.4 (2.2 |295.G: |12.9 (4.6
(N=6) 80.2 33.4 34.9 35.5 41.1 18.5 14.5 21.7 36.3
R3A 288.8 |6.1 |2.2 |355.4 (9.8 (2.8 |362.1 |14.2 [4.1 |355. A |13.3 |3.9 |348.# |16.8 |5.1 |339.5 (39.2 (13.1 |337.Ct |19.4 |6.1 |314.A# |26.1 |9.0 |332.% |50.6 |17.9
(N=10) |33.1 32.2 28.9 29.5 38.0 44.1 30.8 27.2 58.4

Negative AD and RD indicate lower retitiackness compared to HC while positive AD and RD indicate higher tbiokmess compared to HC.
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Table 7.8 Summary of statistically significant ANOVA pairwise comparisons of full retinal
thickness in HC and PWD with differergtmopathy grades with absolutelifference (AD;
calculated as the difference between the mean neal thickness of two groups), relative
difference (RD; calculated as AD divided by the retinal thickness of the less severe group
expressed as a percentagahd p value shown Only statistically significant ANOVA
pairwise comparisons are showmNon-statistically significant ANOVA pairwise

comparisors have been omitted for clarityAll p values were adjusted using Bonferroni
corrections.The group with a more evere retinopathy grade ishown onthe left column

and the group with a less severe retinopathyagle is shown on theright column.

Subfield | Group/mean retinal Absolute difference | Relative difference |P
thickness (um) between groups (um) between groups (%)

CF R2/314.9 |R1/287.4 27.5 9.6 0.005
R2/314.9 |R0/279.3 35.6 12.7/0.019
R2/314.9 |HC/282.7 32.2 11.4/0.011

SIM R2/365.6 | R1/342.5 23.1 6.7(<0.001
R2/365.6 | R0/336.0 29.6 8.8/ 0.002
R2/365.6 |HC/345.6 20.0 5.8/ 0.032

NIM R2/375.4 | R1/343.8 31.6 9.2(<0.001
R2/375.4 | R0/340.0 354 10.4/0.001
R2/375.4 |HC/347.9 27.5 7.910.005

IIM R2/362.2 | R1/336.9 25.3 7.5]<0.001
R2/362.2 | R0/333.3 28.9 8.7/0.002
R2/362.2 |HC/342.4 19.8 5.8/0.029

TIM R2/347.9 |R1/331.0 16.9 5.1|0.001
R2/347.9 |R0/326.0 21.9 6.7]|0.006
R2/347.9 |HC/331.9 16.0 4.8|0.034

SOM R3/326.2 | R1/297.8 28.4 9.5/0.006
R3/326.2 | R0/291.9 34.3 11.8]/0.006
R3/326.2 |HC/300.3 25.9 8.6|0.042
R2/326.6 |R1/297.8 28.8 9.7(<0.001
R2/326.6 |R0/291.9 34.7 11.9(<0.001
R2/326.6 |HC/300.3 26.3 8.8/0.001

NOM R3/331.1 |R0/306.9 24.2 7.9/0.048
R2/334.5 |R1/311.2 23.3 7.5/<0.001
R2/334.5 | R0/306.9 27.6 9.0|<0.001
R2/334.5 |HC/317.6 16.9 5.3/0.027

IOM R3/307.3 |R1/285.2 22.1 7.7/0.003
R3/307.3 | R0/279.5 27.8 9.9/0.002
R2/306.1 |R1/285.2 20.9 7.3/<0.001
R2/306.1 |R0/279.5 26.6 9.5|<0.001
R2/306.1 |HC/288.6 17.5 6.1/0.004

TOM R3/318.6 |R2/297.9 20.7 6.9/ 0.020
R3/318.6 |R1/281.9 36.7 13.0{<0.001
R3/318.6 |R0/275.3 43.3 15.7|<0.001
R3/318.6 |HC/282.1 36.5 12.9(<0.001
R2/297.9 |R1/281.9 16.0 5.7(<0.001
R2/297.9 |R0/275.3 22.6 8.2(<0.001
R2/297.9 |HC/282.1 15.8 5.6/ 0.009
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7.3.6.2Comparison of HC and PWD with different maculopathy grades

A comparison of the mean full retinal thickness of HC and PWD with different maculopathy
grades is shown in Figure 7l6can be seen from Figure 7.6 that the CST of HC
(282.#23.um) wassimilar to that of MO (282.&30.9um).On the dgher hand, M1 had
slightlyhigher CST (29283.9um) compared tdboth HC 282.7+23.9um) and MO
(282.630.9 um).FromTable 7.9it can be seen tha¥ll hada higher CST by 5.8% RD
compared to HGFigure 7.6 shows hat all three groups (HC, MO and Migd higher
retinal thicknesses in the inner subfields compared to the outer subfi@ligchisto be
expected(Figure 7.6A)¥-igure 7.8 shows thaM0 hada lower mean thickness across the
inner and outer subfields copared to HCThis varied from2.5um (RD-0.9%)in the TOM
to -7.6um (RD2.2%) in the IIM (Table 7.11 had a higheretinal thickness across all
subfields compare to HCas expectedThis difference variettom 2.7pm in the NOM to
16.5um in the CSF
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Figure 7.6A) Mean full retinal thickness (um) across all ETDRS subfields of health

controls (HC) and peopleith diabetes (PWD) with different maculoghy grades
(M0/M1) (B) Relativedifference (RD;%) of PWD with different maculopathy grades
compared toHC in full retinal thickness across all ETDRS subfi@d®r barshave been

omitted for clarity.

Oneway ANOVA wassed to examine if theetinal thicknessn any subfields were

significantly differenamong the three groups (HC, MO and MIhe resultsshowed that

there wasa statistically significardifference inretinal thickness between MO and M1

across all subfields (Table 7)1There wasno significant pairwise compagas between M1

and MO compared to HAt can be seen thawvhen groups are defed byretinopathy or
maculopathy grades, there was a small but consistent reduction in retinal thickness in PWD
with no evidence of DR (RO or Mfbmpared to the agenatched HC. When DR progressed

or when there was a detectable maculopatingtinal thickening was observed.
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Table 7.9Full retinal thickness in all ETDRS subfields in HC compared to PWD with different maculopathy grades expressed as atisotuteed AD;

calculated aghe difference betweenthe mean retind thickness of different retinopathy groups and HC) and relative difference (RD; calculated as AD
divided by the retinal thickness of HC expressed as a percentage)

C& SIM NIM 1IM TIM SOM NOM IOM TOM

Group |Meanx|AD |RD |Mean |[AD |RD |Meanx|AD |RD |Meant|AD |RD [Meantx|AD [RD |[Meant|AD |[RD |Mean+x|AD |[RD [Mean+|AD |RD |Mean+|AD |RD
SD  |(um)|(%) [+SD |(um)|(%) [SD  ((m)|(%) |SD  |(um) (%) [SD  |(um)((%) |SD  |(um) ((%) |SD  |(um) |(%) |SD  |(um)|(%) |SD |(um)|(%)
(um) (um) (um) (um) (Hm) (um) (um) (um) (um)

HC 282.74 345.64 347.94 342.44 331.94 300.34 317.64 288.64 282.14

(N=50) 23.9 0 0] 14.6 0 0] 15.8 0 0] 13.3 0 0] 123 0 0] 13.7 0 0] 13.2 0 0] 11.8 0 0] 12.1 0 0

MO 282.64 338.84 341.44 334.84 327.84 296.74 310.14 284.14 279.64

(N=139) 30.9 -0.11-0.04 21.3 -6.8 -2.00 223 -6.5 -1.9 20.6 -7.6] -2 20.7 -4.1 -1.24 174 -3.6| -1.4 19. -7.5 -2.4 17.6 -45 -1.4 156 -2.5 -0.9

M1 299.24 352.24 356.0+ 347.24 339.24 308.94 320.34 293.64 291.34

(N=153) 63.9 16.5 58 444 6.6/ 1.9 538 8.1 23 439 48 14 337 73 22 452 86 29 370 27 09 317 50 17 319 9.2 33

Negative AD and RD indicate lower retitiackness compared to HC while positive AD and RD indicate higher tbeiokmess compared to HC.
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Table 7.10Summary of statistically significant ANOVA pairwise comparisons of full
retinal thickness in HC and PWD with different maculopathy grades vaitisolute
difference (AD; calculated as difference between the meartiral thickness of two
groups), relativedifference (RD; calculated as AD divided by the retinal thickness of the
less severe group expressed as a percentaaye) p value shown Only statistically
significant ANOVA pairwise comparisons are showan-statistically significant ANOVA
pairwise comparisos have been omitted for clarityAll p values were adjusted using
Bonferroni correctionsThe goup with more severe maculopathy grade shown on the

left columnand the group with less severe maculopathy graideshown on theright

column.
Subfield | Group/mean retinal Absolute difference | Relativedifference P
thickness (um) between groups (um) between groups (%)
CEF M1/299.2 | M0/282.6 16.6 5.5/0.010
SIM M1/352.2 | M0/338.8 13.4 3.8/ 0.002
NIM M1/356.0 | M0/341.4 14.6 4.110.006
1IM M1/347.2 | M0/334.8 12.4 3.6/ 0.004
TIM M1/339.2 | M0/327.8 11.4 3.4/0.001
SOM M1/308.9 | M0/296.7 12.2 3.9/ 0.007
NOM M1/320.3 | M0/310.1 10.2 3.2|0.007
IOM M1/293.6 | M0/284.1 9.5 3.2/ 0.004
TOM M1/291.3 | M0/279.6 11.7 4.0(<0.001

7.3.6.3 Comparison diC and PWD with different Liverpool OCT grades

Full retinal thickness across all ETDRS subfields of HC and PWD was analysed according to
their Liverpool OCT gradekhis OCT classification basedtlo@ presence and proximityf
retinal thickening and intraretinal cysb the fovea may be helpful to guide management

decisions (Section 4.9).

AsFigure 7.6hows, NMO hada lowerretinal thickness across all subfieldsmpared to HC
and other OCT gradesnsiste with the result reported and providedvidence of retinal
thinning in PWD with no DRhis difference varietom -7.4um (RD-2.6%)in the TOM to
15.6um(RD-4.6%)in the IIM (Table 7.)1Pairwise comparisons showed that NMO had
significantly dwer thickness in the SIM¥£0.043), IIM=0.025) and TIMpE0.027)
compared to HC (Figure 7.7, Table 7.12).

The CST of HC and NCTge very similar (CST HC 28£23.9um; NCTMO
282.%16.9um).NCTMO hattigherretinal thickness across all inner and ousarbfields
compared to HCThis difference varied from 1.1p(®RD 0.3%in the [IM to 8.7umRD
2.9%) inNSOM (Table 7.11EIMO had the highest C&ith a wide Samong all participants
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(325.5t75.8um)as expectedit was also unsurprising that CIMO rhe highestretinal
thickness in the inner subfields and the SOM and NBdvever, it was interestg that
CTMO had higheetinal thickness in the IOM and TOM amongyatiupssurpassing that of
CIMO Figure 7.7Table 7.11).

(A)
400 = NMO
—A&— NCTMO
:Es. -+ CTMO
% 350
8 cIMo
=
-
(%)
2
- —
£ 300 N
[F]
= It 1T 1 T 171
/I\./|/.
250 T T T T T T T 1 -5 —a

S S 8F S S

S S 8F ST
ETDRS subfields

ETDRS subfields
Figure 7.71A) Mean full retinal thickness (um) across all ETDRS subfields of health

controls (HC) and peoplwith diabetes (PWD) with different Liverpool OCT grades
(NMO/NCTMO/CTMO/CIMO) (B) Relative difference (RD;%) of PWD with different
Liverpool OCT grades cqrared to HC in full retinal thickness across all ETDRS subfields.
RD is the difference in retinal thickness between the different Liverpool OCT groups and
HC divided by the retinal thickness of the HC expressed as a percentagea:. bars have

been omittedfor clarity.

ANOVA pairwise comparise(Table 7.12showedsigificant differences in theetinal
thickness in the G8n CIMO compared to all other groupshich are to be expected
(CTMp<0.001, NCTM®<0.001, NM(<0.001 HOQp<0.001) In the inner sukelds, CIMO
had the highest retinal thickness while NOM had the low&kerefore, it wa not

surprising thathere were significant differences in retinal thicknésfween CIMO and
NMO in the inner subfield&ll p<0.001)In the outer subfields, therevere two significant
sets of pairwise comparisons across all subfields (CIMO vsad@®KTMO vs NOM).
Subfields in the SIM, TIM and TOM shared four sets of significant pairwise comparisons

(CIMO vs NMO, CIMO vs HC, CTMO vs NOM and NCTMO vs NMO).
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Table 7.11Full retinal thickness in all ETDRS subfields in HC compared to PWD with different Liverpool grades expressed as alisoériead(AD;
calculated as difference betweetihe mean retind thickness of different retinopathy groups and HC) and relative difference (RD; calculated as AD divided

by the retinal thickness of HC expressed as a percentage)

CH SIM NIM 1M TIM SOM NOM IOM TOM
Group Meant |[AD |RD [Mean |[AD |RD [Meantz|AD |RD [Meant|AD |RD |Meant|AD |RD |Meant|AD |RD |[Meant|AD |RD [Meant+|AD |RD [Meant|AD |[RD
SD  |(um) (%) [£SD  |(um) (%) |SD  |(um)|(%) [SD  |(um)|(%) |SD  |[(um)|(%) |SD  [(um)|(%) |SD  ((um) (%) |SD  |(um) (%) |SD  |(um) (%)
(Hm) (Hm) (Hm) (pm) (pm) (Hm) (pm) (pm) (pm)
HC 282.7+ 345.6+ 347.9+ 342.4+ 331.9+ 300.3+ 317.6+ 288.6+ 282.1+
(N=50) 239 |0 0 146 |0 0 158 |0 0 13.3 |0 0 12.3 |0 0 13.7 |0 0 13.2 |0 0 11.8 |0 0 121 |0 0
NMO 270.6+ 330.6+ 332.6% 326.8+ 319.6+ 291.4+ 304.2+ 279.2+ 274.7+
(N=128) |22.9 |-12.1|-4.3 ]|16.8 |-15.0|-4.3 |18.4 |-15.3|-4.4 |16.5 |-15.6|-4.6 |16.2 |-12.3|-3.7 |14.1 |-8.9 |-3.0 |17.1 |-13.4|-4.2 |14.1 |-9.4 |-3.3 |11.9 |[-7.4 |-2.6
NCTMO |282.9+ 348.5+ 350.2+ 343.5+ 336.3+ 309.0+ 319.3+ 290.5+ 287.8
(N=31) |16.9 |[0.2 |0.1 J149 |29 |0.8 |13.9 |23 |0.7 |155 (1.1 |0.3 |13.0 |44 (13 |20.2 (8.7 |29 |17.7 |1.7 |05 |18.6 |1.9 |0.7 |149 |5.7 |2.0
CTMO |286.4% 355.8+ 358.5¢ 351.0+ 345.6+ 312.0+ 324.3+ 300.3t 300.4+
(N=42) ]19.3 (3.7 |1.3 |21.6 |(10.2|3.0 |21.8 |10.6 |[3.0 |22.6 (8.6 (25 J20.4 |13.7 |41 ]19.8 |11.7 |39 215 |6.7 |2.1 |23.8 |11.7 |4.1 |23.7 |[18.3 (6.5
CIMO 325.5¢ 361.6% 367.6x 356.5+ 347.3+ 313.7+ 326.1+ 297.5+ 293.7+
(N=91) |75.8 [42.8 |15.1]53.5 |16.0 |4.6 |65.5 |19.7 |5.7 |52.5 |[14.1|4.1 |39.1 |15.4 (4.6 |55.2 (13.4|45 |43.9 |85 |2.7 |36.5 (8.9 |3.1 [36.5 |[11.6 |4.1

Negative AD and RD indicate lower retitiackness compared to HC while positive AD and RD indicate higher tbiokmess compared to HC.
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Table 7.12Summary of statistically significant ANOVA pairwise comparisons of full
retinal thickness in HC and PWD with different Liverpool OCT grades aiifolute
difference (AD; calculated as difference between the mean retinal thickness of two
groups), relativedifference (RD; calculated as AD divided by the retinal thickness of the
less severe group expressed as a percentaaye) p value shown Only statistically
significant ANOVA pairwise comparisons are showon-statistically significant ANOVA
pairwise comparisos have been omitted for clarityAll p values were adjusted using
Bonferroni correctionsThe group with a more severe OCT gradehown on theleft

column andthe group with a less severe OCT grad®wn on theright column.

Subfield | Group/mean retinal thickness | Absolutedifference | Relativedifference |P
(um) between groups (um) between groups (%)

CS CIMOB25.5 |CTMOR86.4 39.1 13.7| <0.001
CIMORB25.5 NCTMO282.9 42.6 15.1| <0.001
CIMORB25.5 NMO/270.6 54.9 20.3| <0.001
CIMORB25.5 HCR82.7 42.8 15.1| <0.001

SIM CIMOB61.6 NMO/330.6 31.0 9.4|<0.001,
CIMOB61.6 HCRB45.6 16.0 4.6/ 0.039
CTMOB55.8 | NMO/330.6 25.2 7.6|<0.001,
NCTMOB348.5 | NMO/330.6 17.9 5.4/ 0.045
NMO/330.6 HCRB45.6 15.0 4.3|0.043

NIM CIMOB67.6 NMO/332.6 35.0 10.5|<0.001
CIMORB67.6 HCR47.9 19.7 5.7|0.029
CTMOB58.5 | NMO/332.6 25.9 7.8/ 0.001

IIM CIMORB56.5 NMO/326.8 29.7 9.1|<0.001
CTMOB51.0 NMO/326.8 24.2 7.4|<0.001
NMO/326.8 HCRB42.4 15.6 4.6|0.025

TIM CIMOBA47.3 NMO/319.6 27.7 8.7|<0.001
CIMOBA47.3 HCRB31.9 15.4 4.6/ 0.004
CTMOB45.6 | NMO/319.6 26.0 8.1|<0.001,
NCTMO3836.3 | NMO/319.6 16.7 5.2|0.007
NMO/319.6 HCR31.9 12.3 3.7|0.027

SOM CIMORB13.7 NMO/291.4 22.3 7.7|<0.001,
CTMOB12.0 NMO/291.4 20.6 7.1|0.009

NOM CIMORB26.1 NMO/304.2 21.9 7.2|<0.001
CTMOB24.3 | NMO/304.2 20.1 6.7|<0.001,
NMO/304.2 HCR17.6 13.4 4.2|10.034

IOM CIMOR97.5 NMO/279.2 18.3 6.6| <0.001
CTMOB00.3 NMO/279.2 21.1 7.6|<0.001

TOM CIMOR93.7 NMO/274.7 19.0 6.9|<0.001
CIMOR93.7 HCR82.1 11.6 4.1]10.041
CTMOB00.4 |NMO/274.7 25.7 9.4|<0.001
CTMOB00.4 |HCP82.1 18.3 6.5(0.001
NCTMO287.8 | NMO/274.7 13.1 4.8/ 0.043
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7.3.6.4Comparison of HC and Fdwho were treated (TT) or ndteated (NT)

The mean CST of HC (2823.9um) and PWD whwere NT (2850+31.2um) weresimilar
(Table 7.13)PWD whawere treatedhad much higheretinal thicknessacross all subfields
compared to HC or PWD where NT (Figures 7.8A and B as expecteas increased

CST is an indication for macular treatmertieretinal thickness between HC (N=50) and
PWD whowere NT (N=267)vassimilar (Figures 7.8A and BBwhich impliedthat the

retinal thickness of the small number of PWD wiere treated(N=25) acountd for much

of the dfferences between HC and PWBVD who were treated had a wider range of
retinal thickness and therefore larger SD compared to PWD who were NT and HC (Table
7.13).There weretwo significant sets of ANOVA pairwise comparisonssscatl subfields
between TT vs NT and TT vsad@xpecteqTable 7.1%
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Figure 7.4 A) Mean full retinal thickness (um) across all ETDRS subfields of health

controls (HC) and peoplwith diabetes(PWD) who were not treatment (NT) or were
treated (TT) (B) Relativdifference (RD;%) of PWD with different treatmesxtompared to
HC.RD is the difference in retinal thickness between the different treatment groups and
HC divided by the retinal thicknessf the HC expressed as a percentagetor bars have

been omitted for clarity.
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Table 7.13Full retinal thickness in all ETDRS subfields in HC compared to PWDvedemnot treated (NT) and PWIvho were treated (TT) expressed as
absolutedifference (AD; calculated as the difference between the mean retinal thickness of different retinopathy groups and HG3latiderdifference
(RD;calculated as AD divided by the retinal thickness of HC expressed as a percgntage

CEH SIM NIM IIM TIM SOM NOM IOM TOM

Group |[Meant|AD |RD |[|Mean [AD |RD |Meant|AD [RD |Meanz|AD |RD |Meant|AD |RD |Mean+|AD |RD |Meant|AD [RD |Meant|AD |RD |[Mean+|AD |RD
SD  |(um) (%) |=SD  |(um)|(%) |SD  |(Hm)|(%) [SD  |(um) (%) |SD  |(um)|(%) |SD  |(©m)|(%) |SD  |(um) (%) [SD  |(um)|(%) |SD  |(Hm) (%)
(Hm) (Hm) (Hm) (pm) (pm) (Hm) (pm) (Hm) (Hm)

HC 282.74 345.64 347.94 342.44 331.94 300.34 317.64 288.64 282.14

(N=50) 23.9 0 0 14.6 0 0 15.8 0 0] 13.3 0 o] 12.3 0 0] 13.7 0 0] 13.2 0 0 11.8 0 o] 12.1 0 0

NT 285.04 341.84 344.04 336.74 330.24 298.34 311.94 285.44 281.44

(N=267) 31.2 23 08 223 -38 -1.1 224 -39 -13 213 -5.7 -1.4 208 -1.7 -0 181 -20 -0.4 199 -57 -1.8 183 -3.2 -1.]] 16.2 -0.7] -0.2

T 358.24 388.24 403.04 390.4+ 372. 1+ 353.14 353.74 330.84 331.84

(N=25) 127.7 75.5 26.] 89.9 42.6 12.3 111.7 55.1) 15.4 85.8 48.0 14. 60.1 40.20 12.] 91.2 52.8 17.4 71.7) 36.1 11.4 54.2 42.2 144 54.2 49.7 17.6

Negative AD and RD indicate lower retitiackness compared to HC while positive AD and RD indicate higher tbiokmess compared to HC.
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Table 7.14Summary of statistically significant ANOVA pairwise comparisons of full
retinal thickness in HC and PWD where not treated (NT) and PWD whuwere treated
(TT) with absolutedifference (AD; calculated as differendeetween the mean retinal
thickness of two groups), relativdifference (RD; calculated as AD divided by the retinal
thickness of the less severe group expressed as a percentagep value shown Only
statistically significant ANOVA pairwise comparisong ahown.Non-statistically
significant ANOVA pairwise comparissttave been omitted for clarityAll p values were
adjusted using Bonferroni correction3.he group with a more severe gradeshown on

the left column and the group with a less severe graideshown on theright column.

Subfield | Group/mean retinal Absolute difference | Relativedifference | P
thickness (um) between groups (um) between groups (%)
CF TT/358.2 | NT/285.0 73.2 25.7|<0.001
TT/358.2 |HCR282.7 75.5 26.7|<0.001
SIM TT/388.2 |NT/341.8 46.4 13.6|<0.001
TT/388.2 |HCR45.6 42.6 12.3|<0.001
NIM TT/403.0 |NT/344.0 59.0 17.2|<0.001
TT/403.0 |HCB47.9 55.1 15.8]| <0.001
IIM TT/390.4 |NT/336.7 53.7 15.9|<0.001
TT/390.4 |HCR42.4 48.0 14.0{ <0.001
TIM TT/372.1 | NT/330.2 41.9 12.7|<0.001
TT/372.1 |HCB31.9 40.2 12.1|<0.001
SOM TT/353.1 | NT/298.3 54.8 18.4|<0.001
TT/353.1 |HCR00.3 52.8 17.6]/<0.001
NOM TT/353.7 |NT/311.9 41.8 13.4|<0.001
TT/353.7 |HCRB17.6 36.1 11.4(<0.001
IOM TT/330.8 |NT/285.4 454 15.9|<0.001
TT/330.8 | HCR88.6 42.2 14.6| <0.001
TOM TT/331.8 |NT/281.4 50.4 17.9|<0.001
TT/331.8 |HCR82.1 49.7 17.6| <0.001

7.3.6.5 Section summary

In PWD with no evidence of DR on clinical examination (RO or MO) or on OCT (NMO), there
was a smalbbut consistent thinning in full retinal thickness across most subfields compared
to HC (Sections 7.3.6713.6.3).R2 had the highest retinal thickness across most inner
subfields except TIMhere R3A was slightly highian all the other groupsR3 hadhe

highest retinal thickness across the outer subfigf8isction 7.3.6.1M1 had higher retinal
thickness in all subfields compared to HC and(Bkction 7.3.6.2CTMO had highest

retinal thickness in the IOM and TOM among all groups surpassing tG@at&(Section

7.3.6.3) Retinal thickness between HC and BWho were NT were similanplied that the

small number of PWD who were TT (N=25) accounted for much of the differences between
HC and PWD (Section 7.3.6.4).
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7.3.7B-FECT OF AGE, GENOKIRE OBIABETES, DURATIONMABETES,
HBA1c ONDIFFERENRETINAL LAYERBALL PWD IN THENTRAL, INNER AND
OUTER SUBFIELDS

Up to this point, only full retinal thicknegs eachETDRS subfielthsbeen examined.
Therefore, m this sectionthe thickness of dférent retinal layersacross the centralnner

and outer ETDRS subfielofsall PWD isnalysed The effect of various patient factors that
may influence retinal thickness is also asses$edlo so, univariate linear regression was
used to examinghe effect of age, gender, type of diabetes, duration of diabetes ldhg.

on retinal thickness in different retinal layers in the central, inner and outer subfi€kise
7.15). Adjustments for multiple comparisons were made with Bonferroni correctidhs.
results showed that there were both positive and negative correlations with age and retinal
thickness across most retinal layers in the central, inner and outer ETDRS suliofields.
particular,in the GCL and IPL, there wesignificant positiveorrelationsbetween age and
thickness in theCSFand significant negative correlations between age and retinal thickness
in the inner and outer subfieldslowever, there were no consistent generalised positive or
negative patterns of correlations that could be elwtield. Male gender appeared to be

more positively correlated with increased retinal thickness in most layers but again, this

was not consistent in all subfields.

HigherHbA:was correlated with increased retinal thickness in the INL and OPL in the
central, inner subfields and outer subfields in PWD (Table 7Th&se correlations were
significant even when adjusted for multiple comparisons except for the OPL in the inner
suldfields. Therefore, correlations of INL and OPL retinal thickness across all subfields
(central, inner and outer subfields combined) withA.were further examined (Figure
7.9).The analysis showed that there was a significant correlation of an incredse i
thickness (Pearsorr0.24,p<0.001) with an increase HbAclevels.The slope of the least
squares regression line was +0.04397 and the equation indicated an increase of 0.043um in
INL thickness with every Immol increasdtA .. Similarly, theravas a significant

correlation of an increase in OPL thickness (Pears0ri7,p=0.004) with an increase in

HbA: levels.The slope of the least squares regression line was +0.02607 and the equation

indicated an increase of 0.026um in OPL thickness wighyebmmol increase dfibA.
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Table 7.15Thickness values in the ctal subfield (CSF), inner subfieldksS) and outesubfields(OS)and the effecs of age, gender, type of diabetes,

duration of diabetes and HbA on these valuesn all people with diabetes

Age (Y Gender Type of Diabetes Duration of diabetes (y HbA: (mmol/mol)
Layer |Subfield | Thickness| Intercept| Estimated p Adjusted| Estimated p Adjusted| Estimated p Adjusted| Estimated p Adjusted| Estimated p Adjusted
(um) coefficient p coefficient* p coefficient p coefficient p coefficient p
Mean+SD i
Full CSF 291.3+51.f 241.86 0.947| <0.001 <0.00] 13.504| 0.029 0.087 -9.330| 0.264 0.792 -0.260| 0.503 1.509 0.012 0.937 2.811
IS 343.5+34.8| 342.86 -0.181 | 0.285 0.855 0.594| 0.888 2.664 -7.255| 0.205 0.615 0.172| 0.518 1.554 0.175 0.083 0.249
oS 298.6+26.4| 305.07 -0.124| 0.334 1.002 -2.128 0.509 1.527 -2.560| 0.556 1.668 -0.390| 0.054 0.162 0.125 0.101 0.303
RNFL | CSF 14.6+7.3 5.13 0.097| 0.007 0.021] 2.166| 0.016 0.048 0.624| 0.604 1.812 0.065| 0.246 0.738 0.022 0.302 0.906
IS 23.6+3.9| 19.47 0.025| 0.201 0.603 0.756 0.117 0.351 0.575| 0.375 1.125 0.009| 0.775 2.32§ 0.024| 0.032 0.096
0S 36.0+5.6 35.33 -0.014| 0.608 1.824 -1.693| 0.014 0.042 0.444| 0.630 1.89(Q 0.011| 0.796 2.388 0.026 0.104 0.312
GCL |[CSF 16.7+5.6 10.17 0.068| 0.014 0.042 1.852| 0.007 0.021] -0.753| 0.416 1.248 0.056| 0.190 0.57( 0.020 0.216 0.648
IS 48.7+6.0 52.45 -0.079 | 0.007 0.021] -0.263 0.721 2.163 0.056| 0.955 2.865 -0.023| 0.615 1.845 0.013 0.447 1.34]]
oS 34.2+4.1 40.62 -0.091| <0.001 <0.001 -1.023| 0.031 0.093 -0.648| 0.311 0.933 -0.051| 0.089 0.267 0.004 0.736 2.208
IPL CSF 22.645.2 15.39 0.067| 0.008 0.024 1.961| 0.002 0.00§ -0.122| 0.886 2.658 0.047| 0.230 0.690 0.025 0.096 0.288
IS 40.1+4.0 41.73 -0.053 | 0.007 0.021] 0.223 0.651 1.953 0.470| 0.481 1.443 -0.026 | 0.397 1.191 0.016 0.179 0.537
oS 28.243.2 31.41 -0.059 | <0.001 <0.001 -0.574| 0.128 0.384 -0.100| 0.844 2.532 -0.040| 0.092 0.276 0.013 0.134 0.402
INL CSF 23.948.3 5.82 0.177| <0.001 <0.001 3.689| <0.001| <0.001 -0.386| 0.767 2.30] 0.086| 0.159 0.477 0.073| 0.001 0.003
IS 40.4+4.7 35.88 -0.023 | 0.307 0.921 1.649| 0.004 0.012 1.434| 0.060 0.18(Q -0.006 | 0.874 2.622 0.053| <0.001| <0.001
0S 32.743.2 33.24 -0.054 | <0.001 <0.001 -0.234| 0.538 1.614 0.874| 0.089 0.267 -0.025] 0.295 0.885 0.030| 0.001 0.003
OPL |[CSF 28.746.1 19.22 0.070| 0.018 0.054 0.734| 0.318 0.954 -0.042| 0.966 2.898 0.111| 0.016 0.048 0.051| 0.004 0.012
IS 34.5+4.5 30.08 0.016| 0.478 1.434 0.046 0.934 2.802 0.696| 0.352 1.056 0.061| 0.082 0.244 0.030| 0.024 0.072
0S 28.3+2.6 25.82 0.017| 0.167 0.501 -0.002 0.995 2.985 0.075| 0.860 2.580 -0.019| 0.327 0.981) 0.025| 0.001 0.003
ONL |[CSF 92.3+15.6 85.46 0.209| 0.006 0.018 5.592| 0.003 0.009 -4.218| 0.099 0.297 -0.204| 0.086 0.258 -0.023 0.606 1.818
IS 71.1+11.1 73.85 -0.019| 0.726 2.178 3.700| 0.007 0.021] -1.145| 0.535 1.605 -0.144| 0.093 0.279 -0.013 0.690 2.070
0s 59.34+9.7 58.6( -0.082| 0.081 0.243 2.261 0.053 0.159 -0.715| 0.650 1.95(Q -0.088| 0.229 0.687 0.076| 0.006 0.018
RPE |CSF 18.0+3.0/ 19.56( -0.030| 0.001 0.003 0.798| 0.001 0.003 -0.007| 0.983 2.949 -0.010| 0.483 1.449 -0.003 0.625 1.875
IS 16.4+1.5 17.449 -0.009| 0.244 0.732 0.674| <0.001 <0.001 -0.192| 0.438 1.314 -0.029| 0.013 0.039 -0.006 0.141 0.423
0Ss 14.5+1.3| 15.737 -0.015| 0.016 0.048 0.475| 0.002 0.00§ -0.176| 0.398 1.194 -0.012| 0.215 0.645 -0.006 0.083 0.249

RNFL (retinal nerve fibre layer), GCL (ganglion cell layer), IPL (inner plexiform layer), INL (inner nuclear layeey, @&tif¢oot layer), ONL (outer nuclear laydRPE (retinal pigment layer)
Univariatelinear regression used

Statistically significant results aire bold

Adjusted p values are adjusted with Bonferroni correction for multiple comparisons

*The values fothe estimated coefficient refer to the male gender

**The values fothe estimated coeficient refer to ¥pe 2 diabetes
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—»— |NL r=0.24, p<0.001, Y = 0.04397*X + 31.90

55 OPL r=0.17, p=0.004, Y = 0.02607*X + 29.21
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Figure 7.9. Correlationf INL and OPL thicknesswith HbAsclevels Pearson correlation
coefficients and their statistical significance are showtreast squares linear regression

lines (x95% Clyith equationsare alsoshown.

7.3.8 COMPARISON OF RMEALTHICKNESS IN DIFFEREAYERIN THE
CENTRAL, INNER ANDOTE&R SUBFIELDS INAND PWD

In the previous sectiofSection 7.3%), the retinal thickness of different retinal layers in all
PWDwasexplored while consideringariouspatient factors However, the PWD were not
separated by their retinopathy, maculopathy, Liverpool @@3$sificatioror treatment
outcome.A consistent pattern has emerged where there is full retinal thickness thinming i
PWD with no evidence of DR on clinical examination or OCT (Section 7to8vByer, this
analysis leaves open the question of whether these overall thickness changes are a
reflection of ctanges in all retinal layer primarily driven by changes ingpiaular retinal
layers.Therefore, m this section, theetinal thicknesesof the different retinal layers were
compared in HC and PWIBing these classificationSpecificall, Oneway ANDVAwith
Tukey post hoc testwasperformed torevealany signifiant differences in retinal thickness
within these groupsBonferroni corrections were made for multiple comparisa@sly

statistically significanpairwise comparisonesults are shown for clarity
7.3.8.1Comparison of HC and PWD with different retinopgitgrades

Figure 7.10 showthat the lines showing theetinal thicknesses of the different retinal
layers appear quite close together in the central,@dnand outer subfields (Figure 7.20C
and E, lefhand panel)Therefore, itis easier to visuallgiscern the differences between

the retinal thicknesses of the PWD with different retinopathy grades by examinirnigbhe
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graphs (Figures 7.1®, D and F, rightand panel)The RNFL will be examined first because
it has been studied as part of DR beingeanodegenerative diseagdonsson et al., 2016)
Inthe CSF, RO had the same retinal thickness as HC (RQ.0@8, HC 13.82.4um). In the
inner and outer subfieldfR0 had the lowest RNFL thickness compared to HC and other
retinopathy grades (inner subfields 22282um; outer subfields 33#4.5um).The RNFL
thickness in RO was lower than HC by 0.6um-gR%0) in the inner subfields and 4.2um
(RD-11.3%) in the outesubfields (Table 7.16). The difference in RNFL thickness between
RO and HC was statistically significant in the outer subfipkl®.@06; Table 7.17R3 had

the highest RNFL thickness across all subfields compared to other gro&ps (CS
19.4£20.6um; innersubfields 26.63.7um; outer subfields 42+6.3um; Table 7.16).

The GCL and IPL layers kadilar trend compared to the RNFL whereby RO had a lower
thickness compared to HC in all subfields (Table 7ld#@yestingly, all PWD in the inner
subfields hadhinner GCL and IRbmpared to HCRD: GCL: R&.6%; R1;4.9%; R2-4.9%,
R3,-4.3%; IPL: R65.9%, R15.4%, R25.4%, R34.2%).

Compared to HC, PWD in all retinopathy grades had thicker INL across all subfields except
the outer subfields where RO Hahe same meaifNLthicknesscompared toHC (RO
32.0t3.0 um, HC 32#1.9um).Similarly, PWD in all retinopathy grades had thicker OPL

across all subfields compared to HC.

RO had a thinner ONL in all subfields (RIB; 38%, inner subfields3.5% anduter
subfields-4.5%) compared to HG contrast, RO had a thicker RPE in all subfields (FD: CS
1.7%, inner subfields 1.2%uter subfields 4.3) compared to HJ able 7.16)Notably,

there wasthe least number of significant pairwise comparisons in@sfmore in the

inner subfields and the mo# the outer subfields (Table 7.1.7

This section showed that RO, when compared to HC, had thinner RNFL in the inner and
outer subfields, thinner GCL and IPL and ONL in all subfields; thicker INL in thed CSF a
inner subfields; thicker OPL and RPE in all subfidinisever, only the difference in RNFL
between RO and HC in the outer subfields was statistically signifiga®i006, Table 7.17).
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Figure 7.1MMean retinal thickness (umand relativedifference RD; %)of different retinal
layersin healthy controls (HC) and peoplith diabetes (PWD) with different retinopathy
grades (RO/R1/R2/R3) in the central subfield (A, B), inner subfields (C, D) and outer
subfields (E, FRD is the difference in retinal thkness between the different retinopathy
groups and HC divided by the retinal thickness of the HC expressed as a percektage.

bars have been omitted for clarity.
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Table 7.16Retinal thickness of different retinal layers (unm the central, inner and outer subfields in HC and PWD with different retinopathy grades
(RO, R1, R2, R3) expressed in absolute difference (AD; calculatine afference betweenthe mean retind thickness of different retinopathy groups

and HC) and relave difference (RD; calculated as AD divided by the retinal thickness of HC expressed as a percentage)

Full RNFL GCL IPL INL OPL ONL RPE
Group |MeantSD |AD |RD |Mean+SOAD |RD |Mean+SOAD |[RD |MeantSOAD |RD |MeantSOAD |RD |MeantSOAD |RD |MeanzSD |AD |RD |MeanSOAD |RD
(um) (Um) (%) Jum)  Jum) (%) J@m) () (%) jEm) () (%) jEm) () (%) jum) (um) (%) J(um) (um) (%) Jum)  \(um) (%)
Central Subfield
HC 282.7#23.9 0 0] 13.3:2.0 0 0] 16.3+4.6 0 0] 22.4+4.1 0 0] 19.8+6.3 0 0] 26.55.6 0 0] 94.1x9.7| 0 0] 18.0+2.1 0 0
RO 279.323.9 -3.4 -1.74 13.3:2.4 0 0] 14.94.3 -14] -8.4 21.A#3.9 -0.7 -3.1) 21.5+6.6] 1.7| 8. 27.46.4 0.9] 3.4 90.514.9 -3.6 -3.8] 18.3=2.1] 0.3 1.7
R1 287.4:33.6 4.7 1.7 14564 1.2 9.0 17.045.6) 0.7] 4.3 22.#4.9] 0.3 1.3 23.888.1] 4.0 20.4 29.046.1] 2.5/ 9.4 91.7#13.7 -2.4 -2.6] 18.1+2.00 0.1] 0.4
R2 314.9+101.6 32.2 114 14.1:3.00 0.8 6.0 16.1+4.8 -0.2] -1.2] 22.145.7| -0.3] -1.3 24.0#8.00] 4.2| 21.4 27.35.3] 0.8 3.0 98.6:21.20 4.5 4.8 18.1x1.9 0.1] 0.9
R3 295.1453.6 12.4 4.419.420.6 6.1 459 17.89.0 1.5 9.4 23.8:8.8 1.4 6.329.3:t12.§ 9.5 48.q 31.66.9] 5.1 19.1 87.219.2 -6.9 -7.3] 17.3:1.7] -0.7| -3.9
Inner Subfields
HC 342.0:13.5 0 0] 22.%1.9 0 0] 51.3+4.4 0 0] 42.4+3.0 0 0] 39.1#3.1 0 0] 33.4£3.9 0 0] 70.948.4 0 0] 16.3+1.4 0 0
RO 333.8:18.7 -8.2] -2.4 22.3:2.2| -0.6] -2.§4 47.%5.00 -3.4] -6. 39.9%+3.8| -2.5 -59 39.7#4.00 0.6| 1.5 34.1+4.9 0.7 2.1 68.48.8 -2.5 -3.9 16.51.3] 0.2 1.2
R1 338.6:20.9 -3.4 -1.00 23.43.9] 0.5 2.2 48.86.3 -2.5| -4.9 40.1+4.1] -2.3 -54 40.044.1] 0.9 2.3 34.044.00 0.6/ 1.8 70.8:10.1 -0.1] -0.1 16.3+1.4 0 0
R2 362.8:67.6 20.8 6.1 24.2:3.3] 1.3 5.7 48.85.5 -2.5| -4.9 40.1:3.8] -2.3 -5.4 42.0¢5.1] 2.9 7.4 35.44.00 1.6/ 4.8 751+x13.2 4.2l 59 16.62.00 0.3 1.8
R3 350.#32.3 8.7] 2.5 26.6:3.7| 3.7| 16.] 49.146.0 -2.2| -4.3 40.6:4.4] -1.8| -4.2] 43.8:9.4 4.7| 12.( 40.46.4 7.0l 21. 70.2:18.6 -0.7| -1.0] 15.6:t1.5 -0.7| -4.3
Outer Subfields
HC 297.2¢11.9 0 0] 37.3+4.6 0 0] 34.743.2 0 0] 28.8t2.3 0 0] 32.0+1.9 0 0] 27.7+1.8 0 0] 57.86.1 0 0] 14.1+1.1 0 0
RO 288.313.9 -8.9 -3. 33.1+4.5 -4.2/-11.3 33.53.3 -1.2| -3.5 27.9+2.6| -0.9 -3.1 32.0t3.0 0 0] 28.42.9 0.7] 2.5 55.26.4 -2.6 -4.5 14.7#1.1 0.6 4.3
R1 294.5:17. -2.7| -0.9 35.65.2] -1.7| -4.6 33.9%4.1 -0.8 -2.3 27.%3.1] -0.9 -3.1 32.22.7] 0.2l 0.6 28.:2.3] 0.3 1.1J 58.38.00 0.5 0.9 14.51.3 0.4 2.8
R2 316.2+44.9 19.0 6.4 37.56.2] 0.2] 0.5 349439 0.2l 0.4 28.%3.3 0.1] 0.3 34.0:3.5 2.00 6.3 29.1+2.8 1.4 51 63.810.7 6.0 104 14.41.1 0.3 2.1
R3 320.8:33.7 23.6 7.9 42.145.3] 4.8 12.9 36.3#4.7] 1.6/ 4. 30.43.7| 1.6) 56 36.145.3 4.1 12.4 30.%#3.4] 3.2 11.4 67.918.9 10.1 17.§ 13.%1.7| -0.2] -1.4

Negative AD and RD indicate lower retlithackness compared to HC while positive AD and RD indicate higher thigkmess compared to HC.
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Table7.17. Summary of statisticallysignificant ANOVA pairwise comparisons of different
retinal layer thickness in the centrglA), inner (B)and outer(C)subfields in HC and PWD
with different retinopathy grades (ROR1, R2, R3) with absolutifference (AD;

calculated as difference betwen the mean retinal thickness of two groupgklative
difference (RD; calculated as AD divided by the retinal thickness of the less severe group
expressed as a percentagahd p value shown.Only statistically significant ANOVA
pairwise comparisons are stwn. Non-statistically significant ANOVA pairwise

comparisors have been omitted for clarityAll p values were adjusted using Bonferroni
corrections.The group with a more severe retinopathy grad&shown on theleft column

and the group with a less severetinopathy grades shown on theright column.

(A) Central Subfield

Retinal | Group/mean retinal Absolutedifference | Relative difference |P

layer thickness (um) between groups (um) between groups (%)

Full R2/314.9 |R1/287.4 27.5 9.6/ 0.005
R2/314.9 |R0/279.3 35.6 12.7/0.019
R2/314.9 |HC/282.7 32.2 11.4/0.011

RNFL R3/19.4 R0/13.3 6.1 45.9(0.045
R3/19.4 |HC/13.3 6.1 45.9/0.018

INL R3/29.3 |R0/21.5 7.8 36.3/0.019
R3/29.3 |HC/19.8 9.5 48.0| <0.001
R1/23.8 |HC/19.8 4.0 20.2/0.017

OPL R3/31.6 |HC/26.5 5.1 19.2|0.032

(B) Inner Subfields

Retinal | Group/mean retinal Absolutedifference | Relative difference |P

layer thickness (um) between groups (um) between groups (%)

Full R2/362.8 | R1/338.6 24.2 7.1/<0.001
R2/362.8 | R0/333.8 29.0 8.7/0.001
R2/362.8 | HC/342.0 20.8 6.1/0.012

RNFL R3/26.6 R1/23.4 3.2 13.7| <0.001
R3/26.6 | R0/22.3 4.3 19.3/0.002
R3/26.6 |HC/22.9 3.7 16.2/0.003

IPL R1/40.1 HC/42.4 2.3 5.4/ 0.003

INL R3/43.8 R1/40.0 3.8 9.5/0.010
R3/43.8 | R0/39.7 4.1 10.3/0.032
R3/43.8 |HC/39.1 4.7 12.0/0.002
R2/42.0 HC/39.1 2.9 7.410.022

OPL R3/40.4 R2/35.0 5.4 15.4/<0.001
R3/40.4 R1/34.0 6.4 18.8|<0.001
R3/40.4 R0/34.1 6.3 18.5|<0.001
R3/40.4 |HC/33.4 7.0 21.0|<0.001
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(C) Outer Subfields

Retinal | Group/mean retinal Absolutedifference | Relative difference |P

layer thickness (um) between groups (um) between groups (%)

Full R3/320.8 | R1/294.5 26.3 8.9|<0.001
R3/320.8 | R0/288.3 32.5 11.3|<0.001
R3/320.8 |HC/297.2 23.6 7.9/ 0.004
R2/316.1 |R1/294.5 21.6 7.3|<0.001
R2/316.1 |R0/288.3 27.8 9.6|<0.001
R2/316.1 |HC/297.2 18.9 6.4|0.001

RNFL |R3/42.1 |R2/37.5 4.6 12.3(0.027
R3/42.1 |R1/35.6 6.5 18.3|<0.001
R3/42.1 |R0/33.1 9.0 27.2|<0.001
R3/42.1 |HC/37.3 4.8 12.9/0.014
R0/33.1 |HC/37.3 4.2 11.3/0.006

IPL R3/30.4 |R1/27.9 2.5 9.0/0.018

INL R3/36.1 |R1/32.2 3.9 12.1{<0.001
R3/36.1 | R0/32.0 4.1 12.8(<0.001
R3/36.1 |HC/32.0 4.1 12.8|<0.001
R2/34.0 |R1/32.2 1.8 5.6/ 0.006
R2/34.0 |HC/32.0 2.0 6.250.018

OPL R3/30.9 |R1/28.0 2.9 10.4(<0.001
R3/30.9 |R0/28.4 25 8.8/0.012
R3/30.9 |HC/27.7 3.2 11.6(<0.001

ONL R3/67.9 |R1/58.3 9.6 16.5/<0.001
R3/67.9 | R0/55.2 12.7 23.0{<0.001
R3/67.9 |HC/57.8 10.1 17.5/0.001
R2/63.8 | R1/58.2 5.6 9.6/ 0.003
R2/63.8 | R0/55.2 8.6 15.6/0.001
R2/63.8 |HC/57.8 6.0 10.4/0.012

7.3.8.2Comparison of HC and PWD witlifferent maculopathy grades

Retinal thickness of different retinal layers in HC and PWD with different maculopathy
gradeswas comparedin the CSRand inner subfieldsM0 and Milhad thickerRNFL
compared to H@Figures 7.1&and 7.11D, Table 7.1.8n catrast, in the outer subfield,
MO and M1 hadhinner RNFL compared to HEigure 7.11F, Table 7.18)owever, these

differences were not statistically significant (Table 7.19).

MO and M1 hadhinner GCL and IPL compared to H@lisubfieldsexcept for M. who had
thicker GCL and IPL in the CSF (GCL b, 5.5%; IPL AD (B, RD 2.20) compared
to HC(Figure 7.11, Table 7.1L&airwise comparisons showed that MO had significantly
thinner GCL in the inner subfields compared to pHD 002, Table 7.19).

MO and M1 hadhicker INL and ORlompared to HC in adubfields compared to HEigure
7.11; Table 7.18Pairwise comparisons showed that M1 had significantly thicker INL in the
CSF[<0.001) and inner subfieldp£0.014); M1 also had significantly¢ker OPL in the CSF
compared to HC (p=0.036, Table 7.1). had a thinner ONtompared to HC while M1
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had athicker ONLlcompared to HOMIO and M1 hadhicker RPEompared to H@h all
subfieldsexcept for M1 in theCSKFigure 7.11, Table 7.18

This sedbn showedthat MO had thinner GCL, IPL and ONL and thicker INL, OPL and RPE
compared to H@ all subfields (Figure 7.11, Table 7.8gnificanfpairwise comparisons
between MO and HC were in the G@E(.002) and IPIp€0.001) in the inner subfieldsd
RPE=0.041) in the outer subfields (Table 7.19)
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Figure 7.1IMean retinal thickness (um) and relative differencRD; %) of differentetinal
layers in healtly controls (HC) and peophlith diabetes (PWD) with different
macuopathy grades (M0O/M1) in the central subfield (A, B), inner subfields (C, D) and
outer subfields (E, FRD is the difference in retinal thickness between the different
maculopathy groups and HC divided by the retinal thickness of the HC expressed as a

percentage.Error bars have been omitted for clarity.
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Table 7.18Retinal thicknesesof different retinal layers (um) in the central, inner and outer subfields in HC and PWD with different maculopathy grades
(MO, M1) expressed inlasolute difference (AD;alculated as the difference between the mean retinal thickness of different maculopathy groups and HC)

and relative difference (RD; calculated as AD divided by the retinal thickness of HC expressed as a percentage)

Full RNFL GCL IPL INL OPL ONL RPE
Group |MeanzSD |AD |RD [MeanzSOAD |RD [Mean+SD |AD |RD |[Mean+SD |AD |RD [MeantSD |AD |RD [Mean+SD |[AD |RD [Mean+SD |AD |RD |[Mean+SD |AD |RD
(um) (Um) (%) Jum)  \(um) (%) |(um) (Um) [(%) J(um) (um) |(%) J(Hm) (um) (%) J(um) (um) (%) J(um) (um) (%) J(um) (um) |(%)

Central Subfield

HC 282.7+23. 0 0] 13.32.0 0] 0] 16.3+4.6 0| 0] 22.4+4.1 0| 0] 19.8+6.3 0| 0] 26.5t5.6 0| 0] 94.149.7 0| 0] 18.0t2.1 0 0
MO 282.6:30.9 -0.1/-0.04 13.9t3.7| 0.6 4.5 16.145.3| -0.2 [-1.2} 22.3t5.1] -0.1/-0.4 22.6t7.4] 2.8/14.]] 28.45.9 1.9 7.2 90.214.00 -3.9 -4.14 18.22.1) 0.2 1.1
M1 299.2463.9 16.5 5.8 15.3:9.5 2.0/15.00 17.25.9 0.9 5.9 22.%5.3 0.5 2.2 25.1+9.0] 5.3]26.§ 29.0+6.3 2.5 9.4 94.3+16.7 0.2l 0.2 17.%+1.9] -0.1] -0.4
Inner Subfields

HC 342.0:13.5 0 0] 22.9x1.9 0| O] 51.3t4.4 0| O] 42.43.0 0| 0] 39.1+3.1 0| 0] 33.43.9 0 0| 70.98.4 0| 0] 16.31.4 0 0
MO 335.#20.5 -6.3 -1.8] 23.3t4.4/ 0.4] 1.7 48.a#5.7| -3.3-6.4 39.6:3.7| -2.8/-6.6] 39.744.2] 0.6/ 1.5 34.2t4.4/ 0.8 2.4| 69.6t10.0 -1.3/-1.8] 16.4t1.5/ 0.1 0.6
M1 348.#42.1 6.7 2.00 23.9£3.4] 1.0 4.4 49.36.2| -2.0[-3.9 40.54.3 -1.9-4.5 41.25.1 2.1 54 34.84.6] 1.4 4.2| 72.6:11.9 1.7 2.4 16.41.6/ 0.1 0.6
Quter Subfields

HC 297.211.9 0 0] 37.3+4.6) 0] 0] 34.7+3.2 0] 0] 28.82.3 0] 0] 32.0:1.9 0 0O 27.7#1.8 0] 0] 57.86.1 0 0] 14.1+11 0 0
MO 293.0616.7 -4.2| -1.4 35.3:5.3] -2.0[-5.4 33.84.1] -0.9/-2.q 27.83.00 -1.0-3.5] 32.22.9] 0.2| 0.] 28.1+2.3] 0.4 1.4 57.47.2] -04/-0.7 14.61.3] 0.5 3.5
M1 303.#31.9 6.5 2.2 36.65.7 -0.7/-1.9 34.44.1 -0.3-09 28.63.3 -0.21-0.7 33.1+34] 1.1 3.4 28.62.8 0.9 3.2 61.+11.2 3.2l 5.5 14.31.3 0.2 1.4
Negative AD and RD indicate lower retitiackness compared to HC while positive AD and RD indicate higher tbiokmess compared to HC.
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Table 7.19Summary of statistically significant ANOVA pairwise comparisons of different
retinal layer thickness in the central, inner and outer subfields in HC and PWD with
different maculopathy grales (MO, M1) with absolutalifference (AD;calculated as
difference between the mean retinal thickness of two groupselative difference (RD;
calculated as AD divided by the retinal thickness of the less severe group expressed as a
percentage)and p value shown.Only statistically ggnificant ANOVA pairwise

comparisons are showrNon-statistically significant ANOVA pairwise comparisohave

been omitted for clarity.All p values were adjusted using Bonferroni correctiornghe

group with more severe grade maculopathyshown on theleft column and the group

with less severe maculopathy grade shown on theright column.

Retinal | Group/mean retinal Absolutedifference | Relativedifference | P

layer thickness (um) between groups (um) between grous (%)

Central Subfield

Full M1/299.2 | M0/282.6 16.6 5.9/0.010

INL M1/25.1 MO0/22.6 2.5 11.1|0.030
M1/25.1 |HC/19.8 5.3 26.8|<0.001

OPL M1/29.0 |HC/26.5 2.5 9.4/0.036

Inner Subfields

Full M1/348.7 | M0/335.7 13.0 3.9/0.002

GCL M0/48.0 |HC/51.3 3.3 6.4|0.002

IPL M1/40.5 HC/42.4 1.9 4.5/0.011
MO0/39.6 |HC/42.4 2.8 6.6 <0.001

INL M1/41.2 MO0/39.7 1.5 3.8/0.016
M1/41.2 HC/39.1 2.1 5.410.014

Outer Subfields

Full M1/303.7 | M0/293.0 10.7 3.7/0.001

INL M1/33.1 | MO0/32.2 0.9 2.7/0.029

ONL M1/61.0 | MO0/57.4 3.6 6.3/0.003

RPE MO0/14.6 HC/14.1 0.5 3.5/0.041

7.3.8.3 Comparison of HC and PWD with different Liverpool OCT grades

The Liverpool OCT grades were established based on full retinal thickness meagsremen
and the presence dhtraretinal cyst However, this definition does not take into account
the retinal thickness of different retinal layerBherefore comparisons were also made
between HC and PWD defined by their Liverpool OCT grades to exargatlarretinal

layers accounted for changenretinal thicknesesbetween groups

NMO haddwer retinal thickness compared to HC in the inretinal layers (RNFL, GGRL,
and IN).and ONL across all subfields except for INL in the CSF where NMO had higher
retinal thickness compared to HIMO 20.35.4pm, HC 1945.3unt Figure 7.12, Table
7.20). Pairwise comparisons showed that NMO had significantly thinner ONL in the CSF
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(p=0.001), GClIp£0.001) and IPIp£0.001) in the inner subfields and RNp£0(004) and
IPL =0.016) in the outer subfields compared to HC (Table 7.21).

As anticipated, PWDith the most severe Liverpool OCT grade of CIMO had the highest
retinal thickness compared to other less severe Liverpool OCT grades (NMO, NCTMO and
CTMO)nd HAn the CSkcrossall layersexcept RPEFigure 7.12Table 7.2). Therefore,

most of the sigificant pairwise comparisons in the CSF were between CIMO and other less
severe OCT grades and HC (Table 7-RAyever, unexpectedly, CTMO had the highest
retinal thickness across most retinal layescept RPE the outer subfieldgFigure 7.1E).

Thisis reflected in the significant pairwise comparisamshe outer subfields thatvere

between CIMO and CTMO and other less severe OCT grades and HC (Taltles7.21).
interesting to note that d retinal layers had significant pairwise companis@xceptor

RPE (Table 7.21
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Figure 7.12Mean retinal thickness (um) and relativdifference RD;%) of various retinal

layers in healtly controls (HC) and peopleith diabetes (PWD) with different Liverpool

OCT grades (NMO/NCTMO/CTMO/CIMO) in the central subfield (A, B), inner subfields (C,

D)and outer subfields (E, FIRD is the difference in retinal thickness between the

different Liverpool OCT groups and H@ided by the retinal thickness of the HC

expressed as a percentagirror bars have been omitted for clarity.
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